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CAPÍTULO I: MONOGRAFÍA 
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Introducción 

 

 

El género Vitis, es el único de los más de 15 géneros que componen la familia Vitaceae que 

tiene frutos comestibles,  convirtiéndose en el género de mayor importancia económica 

dentro de esta familia  (Einset y Pratt, 1975; Riaz et al., 2010). Este género está dividido en 

dos subgéneros, Muscadinea Planch., cuyos miembros tienen un número de cromosomas 

somáticos de 40 (2n=40) y Euvitis Planch., que tiene un número  de cromosomas somáticos 

de 38 (2n=38). A este último subgénero pertenece la mayor parte de las especies de Vitis, 

incluyendo la uva de mesa y de vino (Vitis vinifera L.) y las especies americanas (Vitis 

rupestris, Vitis riparia, Vitislabrusca, Vitis aestivalis, Vitis cinerea) utilizadas como 

portainjertos y como fuente de resistencia a enfermedades. En el mundo existen alrededor 

de 60 especies de Vitis, concentrándose principalmente en Asia y América del Norte 

(Mullins et al., 1992; Riaz et al., 2007a). 

 

Vitis vinifera (L.) es una planta perenne de hoja caediza, de hábito trepador que bajo cultivo 

requiere ser formada sobre alguna estructura de soporte (parrón o espaldera) para potenciar 

su productividad, optimizar su crecimiento y calidad. Es una especie altamente 

heterogénea, razón por la cual es necesario propagarla mediante la generación de “clones” 

para mantener sus características distintivas y significancia económica (Riaz et al., 2007a). 

La mayoría de los cultivares comerciales de vides (V. vinifera) presentan flores 

hermafroditas que contienen estambres y pistilos funcionales; estas flores se ubican en 

inflorescencias que originan un racimo de uvas cuyo fruto se clasifica como baya. Muchas 

uvas presentan frutos con semillas, pero también varios cultivares producen frutos sin 

semilla (estenoespermocarpia), siendo este uno de los atributos más importantes en uvas de 

mesa y para pasas. El fruto es no climatérico, por lo que la baya no continúa madurando 

una vez removida del raquis (Mullins et al., 1992). 

 

Como la mayoría de las especies frutales de importancia comercial para el país, el cultivo 

de la vid está basado íntegramente en variedades desarrolladas en el extranjero, con la 

subsecuente dependencia estratégica y comercial que esto implica. De este modo, las 

variedades importadas responden generalmente a rasgos agronómicos derivados de los 

requerimientos suscitados fuera de la región y de gran interés económico como la calidad 

de la fruta hasta la resistencia a fitopatógenos. En este sentido, los programas de 

mejoramiento frutícola orientados a la solución y demanda de problemas más locales deben 

recorrer un gran camino antes de generar nuevas variedades con valor agregado.  
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Importancia económica del cultivo de la vid 

 

 

La vid es cultivada en más de 80 países en el mundo y al año 2012 la superficie mundial 

plantada con vides era de 6.969.363 hectáreas cuya mayor parte está destinada a 

vinificación. Los países con las mayores superficies plantadas son España, Francia, Italia, 

China, Turquía y EUA (FAOSTAT, 2014) . Los viñedos de América del Norte y Sur se 

mantuvieron en expansión alcanzando los 1.002 Mha. Esta evolución se atribuye 

principalmente a las variaciones positivas manifiestas desde 2006 en tres países productores 

preponderantes: Brasil, Chile y Estados Unidos (OIV, 2014).  

 

En Chile, la producción de vides se concentra entre los 27º y los 35º de latitud sur (III a la 

VII región) siendo el frutal de mayor importancia para el país, tanto en superficie plantada 

como en ingresos por las exportaciones. De acuerdo a los datos informados por ODEPA 

(2014) las vides que producen uvas para vinificación, pisco, de mesa y pasas representan en 

conjunto el 60% del total de la superficie frutal del país. La uvade mesa representa el 20% 

del total de la superficie frutal con 52.234 ha  plantadas. Al año 2013, de las 2.706.201 

toneladas de frutas exportadas, 856.355 toneladas corresponden a uva de mesa 

representando el 32% del volumen exportado siendo la principal fruta de exportación del 

país originando un ingreso FOB de US$ 912.557.000 y posicionando a Chile como el líder 

mundial en la exportación de uva de mesa (Cuadro 1)(OIV, 2014). Los principales 

mercados de destinos de la uva chilena son EUA, Europa y Asia , cerca del 50% de la fruta 

se exporta a EUA y entre el 20-25% a Europa (ODEPA, 2014). Si bien el mercado Asiático 

ha adquirido importancia los últimos 10 años los volúmenes enviados son variables (10-

23%) debido principalmente a la condición de la fruta producida en la temporada ya que 

ésta debe soportar cerca de 45 días de viaje antes de alcanzar su destino final (ODEPA, 

2014).  

 

Cuadro 1.- Resumen de superficie, producción y exportación de Vid de mesa producida en 

Chile y su relación (en porcentaje) con la superficie, producción y exportación a nivel 

mundial.  
 

 

 

 

 

 

 

Las principales variedades exportadas por Chile son ‘Red Globe’ (33,9%), ‘Crimson 

Seedless’ (21,7%),  ‘Thompson Seedless’ (20,8%) y ‘Flame Seedless’ (11,2%), 

concentrándose en estas cuatro variedades foráneas el 87% de las exportaciones del país 

(ODEPA, 2014). El mercado mundial está siendo cada vez más exigente en cuanto a la 

diversidad de productos, las nuevas variedades desarrolladas en el extranjero ya no son de 

dominio público y sus obtentores pueden limitar el acceso a ellas o restringirlo a través de 

licencias de exclusividad u otros mecanismos, ya sea por razones comerciales o 

simplemente por estrategia de competitividad de los países. Un claro ejemplo de lo anterior 

2011 MUNDIAL Chile % 

Superficie   7.517   (1000 ha)        200 (1000 ha) 3%  

Producción de Uva de mesa 212.640 (100 t)  8.670 (100 t) 4% 

Exportación de Uva de mesa 39.096   (100 t)   8.300 (100 t)  21% 

Última actualización : 18/07/2014 ©     
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lo constituye la situación de ‘Midnight Beauty’, desarrollada en California por la empresa 

“SunWorld”, cuyo uso está sujeto a una serie de restricciones, como la exclusividad de 

comercialización por ciertos viveros y la regulación de las hectáreas posibles de plantar 

porque las plantas no se venden, sino que se entregan en comodato a los productores.  

 

Por estas razones casi todos los competidores de Chile en el hemisferio sur como Perú, 

Brasil, Nueva Zelandia, Australia y Sudáfrica poseen programas de mejoramiento genético 

para esta especie. Lo anterior implica que en el actual sistema competitivo mundial los 

países que no cuenten con germoplasma, programas de mejoramiento genético y variedades 

propias, perderán competitividad porque no contarán con moneda de cambio para facilitar 

el acceso a nuevas variedades producidas por otros programas del mundo  (FIA, 2014). El 

cultivo de vides en Chile está basado íntegramente en variedades desarrolladas en el 

extranjero con la subsecuente dependencia estratégica y comercial que esto implica. De este 

modo, las variedades importadas responden generalmente a características agronómicas 

derivadas de los requerimientos suscitados en el Hemisferio Norte, yendo desde la calidad 

de la fruta hasta la resistencia a fitopatógenos propias de ese entorno. 

 

Las cifras del mercado son alentadoras, por lo tanto para mantener el producto nacional 

vigente dentro del mercado  internacional, es necesario invertir en tecnologías que permitan 

mantener la fruta en el mejor estado, considerando la selección de las variedades a cultivar 

y un manejo en campo que permitan finalmente generar condiciones óptimas de producción 

y sanidad vegetal.  Los cultivos chilenos no son inmunes frente al ataque de fitopatógenos 

virales, bacterianos, insectos, nematodos y en especial fúngicos; debido a esto, para el 

control en campo se  invierten grandes sumas de dinero con la finalidad de acotar la 

propagación de los fitopatógenos. Las vides deben cumplir con parámetros de carga 

infectiva y de no ser tratadas a tiempo los efectos negativos producen pérdidas en post-

cosecha y durante el periodo de traslado de la fruta hacia los grandes mercados 

consumidores perjudicando directamente a todo el comercio asociado a la vid.    
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Información general sobre algunas plagas y enfermedades que afectan al 

cultivo de la vid 

 

 

A nivel mundial, la vid es planta hospedera de una gran diversidad de plagas y 

enfermedades que pueden llegar a provocar graves daños mecánicos y/o fisiológicos 

afectando tanto la calidad de los racimos como la producción. En Chile, los cultivos 

vitivinícolas y pisqueros no forman parte de ninguna excepción, por lo que también se ven 

afectados por fitopatógenos que  pueden traer consigo pérdidas económicas, si no se toman 

las medidas adecuadas de prevención y/o control. Es así como debido a la incidencia de 

diversas enfermedades es posible identificar un grupo de fitopatógenos que se encuentran 

distribuidos en gran parte de país y que son los agentes causales enfermedades conocidas 

como oídio y pudrición gris; pudrición ácida; falsa arañita roja de la vid, chanchito blanco, 

virus y nematodos. A continuación, se detallaran las enfermedades de mayor impacto 

dentro del cultivo por su amplio rango de extensión por todo el territorio nacional 

describiendo para cada una sus características, síntomas y alternativas biotecnológicas 

enfocadas al control de las enfermedades.  

 

Las enfermedades producidas por virus están presentes desde hace tiempo en los viñedos. 

Actualmente ha sido posible identificar a más de 60 virus que infectan a la vid, aunque solo 

algunas especies son importantes por el daño económico que generan, tanto por su 

intrínseca agresividad como por su amplia diseminación en los cultivos (Engel et al., 2010). 

Dos de los principales virus que influyen negativamente en el desarrollo de las plantas y 

por lo tanto, en la calidad de la producción de las plantas de vid son  GFLV (“Grapevine 

fanleaf virus”) o Virus de la hoja en abanico de la vid y GLRV (“Grapevine Leafroll virus”) 

o Virus del enrollamiento de la hoja de la vid.  

 

GFLV es un nepovirus que puede ser transmitido de manera no persistente por el nematodo 

Xiphinema index (Cotten et al., 1971; Das y Raski, 1968; Mayo y Robinson, 1996) y 

mediante la injertación de material infectado. Las principales sintomatologías corresponden 

a la formación de mosaico amarillo y aclaramiento de venas de la lámina foliar en conjunto 

con la malformación en forma de abanico. Este virus causa un rápido decaimiento en los 

cultivares afectando la cuaja, maduración de la fruta, disminuyendo el rendimiento y la 

calidad de esta  (Andret-Link et al., 2004). Durante décadas se han desarrollado variedades 

resistentes al nematodo vector, como el cv. ‘Harmony’, ‘Schwarzmann’ o  ‘Freedom’, 

encontrando una solución parcial a la propagación del virus dentro del viñedo (Christensen 

et al., 2003; Ferris et al., 2012).  

 

Otro agente viral altamente infectivo es GLRV, un closterovirus que se propaga 

principalmente mediante la injertación sobre material infectado, aunque también se ha 

descrito que puede ser diseminado por insectos de la familia de los Planococcus sp. y 

Pseudococcus sp. (Engelbrecht y Kasdorf, 1984; Engelbrecht et al., 1994; Petersen y 

Charles, 1997). Una sintomatología característica es que en períodos estivales las hojas se 

enrollan hacia el haz, exponiendo las áreas intervenales que adquieren una coloración 

amarillo brillante o rojizo, permaneciendo aún verde la vena principal. Las bayas son de 

menor tamaño a la cosecha e incluso en variedades coloreadas las bayas pueden 
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permanecen verdes. No se han reportado especies resistentes a la infección del vector o del 

virus, por lo tanto, el uso del mejoramiento convencional no es una opción viable para 

desarrollar, apuntando directamente hacia la generación de variedades resistentes al virus 

utilizando la ingeniería genética (Fuchs, 2007).  

 

Con respecto a las enfermedades producidas por bacterias, una de las más comunes es la 

Agalla de la corona,  producida bacterias de la familia Agrobacterium spp., y caracterizada 

por la formación de tumores en la parte baja del tronco, sobre y bajo el suelo. Estos tumores 

presionan los vasos conductores, obstruyendo e interfiriendo en el flujo de agua y 

nutrientes. Esta bacteria puede estar presente en la planta sin que se observen síntomas, por 

lo que la propagación de la enfermedad es principalmente mediante material infectado 

usado como fuente de injerto. La generación de vides resistentes a esta enfermedad se 

realizó transfiriendo a una serie de embriones somáticos de diferentes porta-injertos, un 

plasmidio con la forma truncada de virE2 que codifica a la proteína de unión al T-DNA de 

hebra simple y que puede asociarse de forma no covalente a lo largo de la longitud de esta y 

protegerlo de la degradación (Citovsky et al., 1988; Christie et al., 1988). La expresión de 

este plasmidio confiere resistencia a la agalla de la corona, observándose una substancial 

reducción del porcentaje de sitios inoculados con la bacteria y que fueron capaces de 

producir la enfermedad con respecto a plantas silvestres (Krastanova et al., 2010). 

 

Otro problema fitosanitario de origen bacteriano es la Pudrición ácida, provocada por 

diversos géneros de bacteria pertenecientes principalmente al grupo Acetobacter. Estas 

bacterias viven en restos orgánicos de hojas, yemas o frutos momificados y son trasmitidos 

principalmente por las patas de la mosca de la fruta (Drosophila melanogaster). La 

pudrición ácida se caracteriza por la descomposición de las bayas maduras, produciendo la 

pérdida de cualidades organolépticas de las bayas y racimos utilizados para la vinificación 

debido al  incremento de la acidez de los restos de fruta infectados (Duncan y Stapleton, 

1994; Pinilla y Álvarez, 2002). 

 

La pudrición gris y el oídio son las principales enfermedades fungosas que afectan el 

cultivo de la vid en Chile. El control químico de estas enfermedades, suele perder eficiencia 

sistemáticamente debido al desarrollo de resistencia por parte del fitopatógeno (Jones et al., 

2014; Leroch et al., 2011). Además del alto costo de producción, la aplicación de fungicidas 

tiene un significativo efecto sobre la contaminación del medio ambiente y sobre la salud de 

los trabajadores agrícolas. 

 

El agente causal  de la pudrición gris, es  Botrytis cinerea (Pers.), [tel. Botryotinia 

fuckeliana (de Bary)], un hongo necrotrófico, de organización filamentosa y que pertenece 

al orden de los Helotiales. Es capaz de producir estructuras llamadas esclerocios como 

forma de resistencia en invierno y que en ambientes favorables, se caracteriza por generar 

un abundante micelio gris que da el nombre a la infección. Ambas formas germinan en 

primavera para producir conidióforos, en cuyos extremos terminales se generan los 

conidios (estructuras reproductivas asexuales) que serán dispersados por el viento y  lluvia 

causando nuevas infecciones (Canessa et al., 2013; Giraud et al., 1997). La pudrición gris 

afecta a una serie de cultivos, por lo que se indica que el agente fúngico  posee un amplio 

rango de hospederos produciendo daños severos a nivel económico en la agricultura 

mundial (Elad et al., 2004; Keller et al., 2003). El control de la pudrición gris se ve 
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dificultado por la capacidad del hongo de infectar varios órganos de la planta durante su 

desarrollo y por su rápido ciclo de vida de germinación, colonización y esporulación en 

campo. Se han descrito un amplio rango de condiciones, incluyendo las bajas temperaturas, 

altos porcentajes de humedad en conjunto con condiciones de oscuridad, las que permiten 

la activación de la enfermedad causando significativas pérdidas en pre y post-cosecha 

(Fernandez-Baldo et al., 2011). En uvas, las inflorescencias pueden llegar a ser infectadas 

durante el período de cuaja  sin presentar  síntomas evidentes. Durante este proceso, el 

patógeno permanece latente hasta una muy temprana etapa de desarrollo (Choquer et al., 

2007; Powelson, 1960). El largo periodo de latencia que existe desde la infección hasta que 

aparecen los primeros síntomas en los frutos maduros dificulta el control del patógeno por 

fungicidas y también aumenta la susceptibilidad a la selección de cepas resistentes a estos  

(De Kock y Holz, 1992; Jarvis, 1994). 

 

Los cultivos de vid también son afectados en una gran proporción por patógenos biotróficos 

fúngicos representados principalmente por el Oídio (Erysiphe necator sin. Uncinula 

necator Burr). Este patógeno afecta a todos los tejidos suculentos de la vid, incluyendo 

tallos, fruta y principalmente hojas en las cuales es posible observar la sintomatología 

característica de la enfermedad: la generación de una cubierta de micelio gris-blanquecino 

en forma de estrella en el lado axial de las hojas (Feechan et al., 2011; Gadoury et al., 

2012). Esa capa de micelio genera retraso en el desarrollo de la baya,  afectando la tasa 

fotosintética, que se traduce en la reducción del contenido de azúcar de las bayas y pérdida 

del sabor en variedades viníferas (Campbell et al., 2007). 

 

Aunque se han descrito fuentes naturales de resistencia a hongos en Vitis spp., su 

transferencia a cultivares de Vitis vinifera ha sido parcial, principalmente debido a que la 

fruta obtenida en estas cruzas no cumple con los estándares requeridos para su 

comercialización (Alleweldt y Dettweiller, 1994; Peterlunger et al., 2003; Vidal et al., 

2006a), por lo que aún queda mucho por desarrollar para lograr integrar genes de 

resistencia a hongos en variedades de interés comercial. De forma alternativa, se ha 

desarrollado la tecnología de transformación genética o transgenia de vides. Ésta tecnología 

permite la transferencia específica de genes conocidos desde una especie no relacionada 

hacia una especie vegetal específica de interés, de forma que ésta incorpore los rasgos 

determinados por ese gen. En este campo, uno de los aspectos de mayor desarrollo es 

precisamente la introducción de resistencia a fitopatógenos fúngicos.  
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Programas de mejoramiento genético y colecciones de germoplasma 

  

 

Mejoramiento genético convencional 

 

Para que una nueva variedad sea exitosa debe presentar características superiores para 

producción y/o calidad. La productividad define la cantidad de producto mientras que la 

calidad generalmente decide el precio obtenido. La calidad es un parámetro importante en 

la comercialización de la uva de mesa y define que una variedad se inserte en el mercado. 

Los atributos de calidad incorporados dentro de los objetivos de la mayoría de los 

programas de mejoramiento de uva de mesa son apirenia, firmeza, uniformidad del tamaño 

de la baya, buen color y apariencia, buena estructura de raquis, buena capacidad de 

almacenaje y transporte, estructura de racimo y compactación, resistencia a enfermedades y 

épocas de maduración (Einset y Pratt, 1975; Riaz et al., 2007a). La mayoría de los países 

productores de uva poseen programas de mejoramiento genético. Entre ellos se cuenta a los 

EUA, Francia, Italia, España, Australia, Israel, China, Alemania, Japón, Rusia, Hungría, 

Argentina, Brasil, Chile, Turquía, Irán, Grecia, Sudáfrica, Portugal y países del norte de 

África  (Hinrichsen et al., 2006). 

 

En EUA, el USDA (“United States Department of Agriculture”) trabaja constantemente  en 

mejoramiento de uva de mesa y pasas, tanto en atributos de calidad como en resistencia a 

enfermedades. Los primeros cruzamientos se realizaron en 1923 y la primera variedad de 

uva de mesa, ‘Cardinal’, fue liberada en 1946. A la fecha han liberado 18 nuevas 

variedades, donde se incluyen variedades tan conocidas como ‘Flame Seedless’, mejorada 

por John Weinberger y liberada en 1973, la que se ha convertido en la principal variedad 

rosada a nivel mundial. Posteriormente, D. Ramming (USDA-Fresno) ha presentado 

muchas selecciones promisorias, algunas de las cuales se han convertido en importantes 

variedades como es el caso de ‘Crimson Seedless’, liberando en los últimos cuatro años las 

variedades ‘Autumn King’, ‘Sweet Scarlet‘ y ‘Scarlet Royal‘. Los principales objetivos del 

programa son obtener variedades sin semilla, de gran calibre, con buena aptitud de 

transporte y almacenaje, de colores blancos, negros y rojos que maduren en diferentes 

épocas; dando énfasis al desarrollo de uvas blancas tempranas con gran calibre, bajo 

requerimiento de mano de obra parar arreglos de racimos, buen desarrollo de azúcar y una 

apariencia atractiva. También están enfocados en obtener variedades con excelente calidad 

de fruta que incorporen además resistencia a enfermedades como el oídio, causada por el y 

la enfermedad de Pierce, causada por la bacteria Xylella fastidiosa. El programa también 

desarrolla marcadores moleculares para ambas fuentes de resistencia (Ramming et al., 

2011; Ramming et al., 2012). 

 

Además, USDA posee dos grandes colecciones públicas de germoplasma de uva, una se 

encuentra en Geneva, Nueva York y la otra en Davis, California. La colección de Geneva 

opera en conjunto con la Universidad de Cornell y se especializa en uvas adaptadas a 

climas fríos. El repositorio de Davis contiene una gran colección de material proveniente de 

todo el mundo. El listado de materiales disponibles de ambos sitios incluye variedades 

comerciales de uva de uso actual, especies nativas y materiales provenientes de programas 
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de mejoramiento que pueden ser interesantes para los mejoradores, investigadores e incluso 

académicos. 

 

En el Departamento de Viticultura y Enología de UC-Davis, que data desde 1931, el Dr. 

Andrew Walker trabaja en mejoramiento genético de portainjertos con resistencia a 

nematodos, resistencia GFLV (Hwang et al., 2010),  filoxera y salinidad (Ferris et al., 2012; 

Grzegorczyk y Walker, 1998; Jin y Walker, 1999), mejoramiento para incorporar 

resistencia a oídio y enfermedad de Pierce principalmente en uva vinífera (Ferris et al., 

2012), estudiando además la genética de la resistencia a estas enfermedades, su 

heredabilidad, mapeo de genes y desarrollo de marcadores moleculares asociados (Riaz et 

al., 2009; Riaz et al., 2007b). En la Universidad de Cornell, el Dr. Bruce Reisch trabaja en 

mejoramiento genético de uva de mesa, para vino,  jugo y climas fríos. También desarrolla 

portainjertos con resistencia a filoxera, nematodos, tolerancia a calcio, desarrollo radicular 

que potencie tolerancia a sequía, frío y transgenia (Cheng y Reisch, 1989; Kikkert et al., 

2009; Lodhi y Reisch, 1995; Vidal et al., 2006b). 

  

El programa de mejoramiento de la Universidad de Arkansas es el mayor programa de 

mejoramiento de uva de mesa de los EUA fuera de California (Clark, 1997).  Esta zona es 

de mucho frío invernal y gran pluviometría en verano, por lo que en la región existe una 

alta incidencia de enfermedades fungosas, lo que no permite el uso de variedades 

tradicionales de V. vinifera. Por esta razón, han desarrollado variedades híbridas con V. 

labrusca, especie más adaptada a las condiciones climáticas de la zona. Algunas 

características de calidad buscadas son la resistencia al frío invernal, variedades sin semilla 

de mejor calidad, resistencia a la partidura (“cracking”) y resistencia a enfermedades. Las 

principales variedades liberadas por este programa han sido ‘Sunbelt’ (para jugo), ‘Venus’, 

‘Reliance’, ‘Mars’, ‘Saturn’, ‘Júpiter’ y ‘Neptune’. Todas ellas son híbridos V. vinifera x V. 

labrusca sin semilla, con sabor moscatel a “foxy”, característico de V. labrusca. Una de las 

características de calidad buscada en este programa es el tipo de piel de la baya. Las 

variedades de V. labrusca tienen un tipo de piel muy suelta, la cual se desprende con 

facilidad al apretar la baya (“slipskin”). Esta característica se transmite fácilmente a los 

híbridos con V. vinifera, se asocia a baja calidad por los consumidores y presenta problemas 

de post-cosecha (Clark, 1997; Stafne y Clark, 2013). 

 

El aporte de los capitales privados también se ha canalizado hacia la búsqueda de nuevas 

variedades de vides. En California empresas comerciales como “Sunworld” (Dr. Michael 

Striem) e “International Fruit Genetic” (Dr. David Cain) tienen potentes programas de 

mejoramiento genético de uva de mesa. Los objetivos principales son sabor, calibre, 

firmeza, apirenia, uniformidad del tamaño de la baya, buen color y apariencia, buena 

estructura de raquis, buena aptitud de transporte y almacenaje, mejorar la estructura del 

racimo para reducir costos de producción, resistencia a enfermedades y madurez para 

nichos específicos de mercado (Cain et al., 1984; Klein et al., 2000). El segundo programa 

mencionado,  además de los objetivos mencionados, incluye obtención de sabores exóticos 

y moscatel, alta productividad, bajo desgrane y tolerancia a la sequía (patentes 

US20070163017Al, US20070163018P1). 
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Los países europeos han desarrollado programas de mejoramiento que implican la 

generación de grandes colecciones de germoplasmas como producto final. En Italia, uno de 

estos programas pertenece a la Universidad de Udine que es parte importante del grupo de 

investigación de uva y cuenta con un banco de germoplasma que además de especies 

nativas incluye cultivares locales e internacionales y líneas mejoradas que incorporaron 

genes de resistencia a enfermedades (Riaz et al., 2007a). Las principales variedades de uva 

mesa usadas son ‘Regina’ e ‘Italia’. ‘Regina’ es una de las variedades de mesa más antigua, 

apreciada por su sabor y apariencia, blanca, grande y elíptica.  ‘Italia’, obtenida por el Prof. 

Pirovano en 1911 mediante la cruza de las especies ‘Bicane’ con ‘Moscato d’Ambrogio’. 

Esta es una las uvas de mesa mayormente comercializada en el mundo y muy apreciada por 

su sabor levemente moscatel, su apariencia y su firmeza (ZIPMEC, 2013). Existen 343 

variedades registradas, una vasta lista de variedades nativas que han sido colectadas y 

analizadas (Gay-eynard y Mannini, 1998).   

 

En  Francia, el INRA (“Institut national de la recherche agronomique”) de Montpellier,  

mantiene la mayor colección de recursos genéticos de vid, con 2.262 genotipos únicos de 

38 países diferentes, los que representan la mitad del total de cultivares de uva existentes. 

Esta colección ha sido genotipada mediante microsatélites (SSR) y fenotipada para 50 

atributos morfológicos (Le Cunff et al., 2008; This et al., 2006). El INRA ha trabajado 

durante décadas en mejoramiento genético de vides por métodos convencionales, apoyados 

en años recientes por métodos biotecnológicos. Este trabajo ha considerado vides para vino, 

mesa, portainjertos y ha estado orientado hacia mejorar la resistencia al oídio y el mildiú, 

resistencia al nematodo Xiphinema index y a la transmisión del virus GFLV, a la obtención 

de variedades apirenas, de buen calibre, color, textura, y que soporten el frío invernal (-

25ºC) (Bouquet et al., 2006). La primera variedad aceptada en el registro de variedades de 

Francia fue ‘Danuta’, blanca, apirena, sin requerimientos de GA3 para crecimiento de 

bayas, obtenida en 1964. Otras variedades liberadas han sido ‘Madina’, ‘Ora’, ‘Carla’,  

‘Alvina’ y ‘Prima’, entre otras  (Hinrichsen et al., 2006). 

 

El Instituto de Mejoramiento de la Vid de Alemania (Geilweilerhof), concentra sus 

investigaciones en variedades resistentes a enfermedades, variedades resistentes a estrés 

abiótico como sequía y frío, estudio de compuestos determinantes de sabor y aromas (Riaz 

et al., 2007a; Riaz et al., 2007b). El Instituto mantiene colecciones de germoplasma de la 

especie, incluyendo uva de mesa y maneja la base de datos Vitis (http://www.eu-vitis.de), 

donde se describen las principales características de unas 18.000 accesiones, incluyendo 

datos ampelográficos, sinonimias, origen, parentesco, existencias en los bancos y usos 

(Hinrichsen et al., 2006). 

 

En España, el IMIDA (Instituto murciano de investigación y desarrollo agrario y 

alimentario) de Murcia, tiene un programa de mejora genética de uva de mesa dirigido por 

el Dr. Juan Carreño, cuyo objetivo es la obtención de variedades apirenas de alta calidad 

productiva y organoléptica, que se cosechen en diferentes épocas del año, de modo de 

ampliar el calendario productivo, que sean poco exigentes en técnicas de cultivo y de buena 

calidad de racimos y bayas (Carreño et al., 2005; López-Pérez et al., 2005). El programa 

está apoyado por el uso de marcadores genéticos moleculares que permiten la evaluación 

precoz de los caracteres más importantes de calidad y productividad. Para ello se trabaja en 

la construcción de un mapa genético utilizando marcadores moleculares (microsatélites y 
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otros), para el mapeo de los loci responsables de caracteres poli-génicos como la apirenia, 

precocidad, tamaño de baya, fertilidad de yemas, el sabor y firmeza de la baya (Hinrichsen 

et al., 2006). 

 

En Israel, la Organización de Investigación Agronómica (ARO) en el centro Volcani, 

desarrolla el programa de mejoramiento genético, donde se han considerado aspectos como 

la época de madurez, firmeza y naturaleza crocante del fruto, alto contenido de azúcar, 

aromas especiales, racimos sueltos y uniformes, bayas naturalmente grandes, buena post-

cosecha y bajos costos de manejo, especialmente dirigido a bajo requerimiento de GA3 para 

crecimiento. Las principales variedades liberadas por este programa son ‘Prime’, ‘Vered’, 

‘Mystery’, ‘Spring Blush’, ‘Green-finger’, ‘Red-finger’ y ‘Black-finger’. Otro de los 

aspectos de calidad enfocados por este programa es la obtención de variedades sin semilla. 

En este sentido han trabajado en la eliminación de las semillas de plantas transgénicas de 

‘Red Globe’ y selecciones locales mediante la incorporación de genes que producen 

ablandamiento de la cubierta seminal o la incorporación de un gen para la expresión de 

estreptavidina, proteína obtenida de Streptomyces avidinii que se une fuertemente a la 

biotina en los estados embriogénicos tempranos, impidiendo la formación de la semilla 

(Ginzberg et al., 2004; Hanania et al., 2009; Perl et al., 1996). 

 

En Australia, el CSIRO tiene un programa de mejoramiento genético en vides de mesa, 

apoyado por estudios genómicos, orientados al color y aroma, calidad de fruta, en aspectos 

como genes reguladores de floración y desarrollo de frutos, resistencia a enfermedades, y 

cómo afecta el manejo agronómico la actividad y expresión de estos genes. La post-cosecha 

también es un área de fuerte estudio, para ayudar a los exportadores a llegar con productos 

de calidad a los mercados distantes. El programa de mejoramiento de uva de mesa ha 

liberado la variedad ‘Maroo Seedless’, negra, grande, sin semilla y ‘Millennium Muscat’, 

temprana con semilla y de sabor moscatel. Además del programa de uva de mesa, desde 

1960 han desarrollado un programa de mejoramiento de vino y portainjertos. La producción 

en Australia se ha basado en clones seleccionados por CSIRO o variedades entregadas por 

ellos (Wei et al., 2002). 

 

En Sudáfrica, el Centro Tecnológico de Investigación de Frutas y Alimentos en 

Stellenbosch el mejoramiento en uva de mesa ha estado orientado a la obtención de 

variedades sin semilla, tardías o rosadas de media estación, de fácil manejo agronómico y 

de buena aptitud de post-cosecha tales como ‘Regent’, ‘Sun-Red Seedless’, ‘Sundance’, 

‘Muscat Seedless’, ‘Regal Seedless’ y ‘Lady Ann' (Burger y Botha, 2004). 

 

En Chile, el Instituto de Investigaciones Agropecuarias (INIA) inició el año 1986 en el 

Centro Regional de Investigación La Platina, un programa de mejoramiento, con el objetivo 

de desarrollar variedades de calidad y prolongada vida de post-cosecha. El énfasis del 

programa de mejoramiento chileno está en la obtención de variedades apirenas, para lo cual 

se recurre principalmente al cruzamiento de padres no semillados y al posterior rescate de 

embriones con el objeto de optimizar la obtención de progenies sin semilla (Hewstone et 

al., 2006; Pommer et al., 1995). A la fecha se han realizado más de 550 cruzamientos entre 

variedades comerciales de diferentes colores y épocas de maduración (‘Beauty’, ‘Superior 

Seedless’, ‘Flame Seedless’, ‘Perlette’, ‘Thompson Seedless’, ‘Centennial’, ‘Red Seedless’, 

‘Black Seedless’, ‘Ruby Seedless’, etc.), incorporándose durante los últimos años 
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segregantes promisorios obtenidos en el propio programa. Hasta el año 2006, se generaban 

anualmente entre 500-850 segregantes, logrando registrar el año 2006 las primeras dos 

variedades: ‘Ilusión’, que se caracteriza por producir racimos cónicos de 750 a 1.000 g con 

bayas esféricas, parcialmente semilladas y de color ámbar a verde, con calibres de unos 20 

mm y de sabor moscatel; e ‘Isela’, con racimos cónicos de 750 a 1.000 g y bayas de 20 mm 

sin semilla, de color verde y forma esférica, que se alargan cuando se les aplica GA3 

(Hewstone et al., 2006, 2007). A partir del año 2007 con el financiamiento del Consorcio 

de Biotecnología Frutícola S.A. el número anual de segregantes, obtenidos a partir del 

rescate de embriones desde semillas o rudimentos obtenidos de bayas polinizadas 

artificialmentese, ha aumentado a 2.500 segregantes. Como producto de este trabajo, se han 

generado segregantes promisorios que reúnen diversas características de interés, 

evaluándose actualmente unas 20 selecciones a nivel pre-comercial en cinco o más sitios 

agroecológicos.  

 

Actualmente, los principales objetivos de mejoramiento son apirenia, calibre, firmeza, 

uniformidad del tamaño de la baya, buena apariencia, buena aptitud de almacenaje y 

transporte, en uvas de diferentes colores y diferentes épocas de madurez. En los últimos años 

se ha incorporado la estructura de racimo, de modo de privilegiar la producción natural de 

racimos sueltos que permitan reducir costos de producción. La más reciente variedad 

presentada por INIA corresponde a “Iniagrape-one” (Uquillas et al., 2013), correspondiente a 

una variedad apirena, de color negro y de media estación, presenta una buena respuesta a la 

aplicación de GA3, generando racimos cónicos, de tamaño medio-grande que pesan 600 a 800 

g,  lo que permite un fácil arreglo de racimos y cosecha. Con respecto a sus cualidades 

organolépticas, posee un excelente balance de sabor azúcar/acidez y bayas firmes no 

crocantes. Además de estas características, es óptima para su trasporte y comercialización a 

largas distancias, su vida de post cosecha es por sobre los 90 días, los racimos mantienen 

excelente apariencia y sabor, el raquis se mantiene verde, las bayas no desgranan y  es muy 

tolerante al desarrollo de hongos en el almacenaje. El programa de mejoramiento genético de 

uva cuenta con una colección de germoplasma, establecida en La Platina, que incluye unos 70 

genotipos de vides de los cuales 41 corresponden a uva de mesa.  
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Mejoramiento genético no convencional 

 

El uso de la mutagénesis inducida a través de radiaciones ionizantes o de productos 

químicos es una técnica que ha resultado en la obtención de un sin número de variedades de 

diferentes especies, mejoradas para caracteres de interés que no siempre están presentes en 

la especie. Variabilidad somaclonal y mutagénesis inducida con rayos gamma fueron 

descritos en el cv. ‘Podarok Magaracha’, en el que se indujo un 7% de tetraploidía  

(Kuksova et al., 1997).  Por otro lado, en el trabajo de Khawale et al. (2004), fue generada 

una población de mutantes que fueron analizados mediante RAPD. El 36,6% de estos 

presentaron polimorfismos estables, por lo que fueron clonados in vitro y posteriormente 

transferidos a un invernadero, generando una de las primeras selecciones de mutantes 

seleccionados de manera específica mediante técnicas moleculares (Khawale et al., 2006). 

 

Con la finalidad de inducir variabilidad genética mediante mutagénesis, fueron aplicadas 

diferentes dosis de etilmetanosulfonato (EMS),  dietilsulfato y azida sódica (Acanda et al., 

2014; Wallace et al., 2006). Los descendientes evaluados en terreno mostraron variabilidad 

en forma de bayas y racimos, fertilidad de flores (millerandaje), presencia y tamaño de 

rudimentos y semillas, color y época de madurez. En general, las mutaciones resultaron en 

fenotipos de inferior calidad que las variedades originales, exceptuando algunos casos, 

como una mutación de forma y color de baya del cv. ‘Ruby Seedless’. 

 

Un  rasgo de gran interés a desarrollar es la resistencia a hongos. La introducción de esta 

resistencia mediante mejoramiento no convencional, utilizando prototipos identificados, 

podría incrementar la producción y a la vez, reduciría los costos derivados de la aplicación 

de fungicidas, con la subsecuente reducción en la contaminación ambiental y en los riesgos 

que la aplicación de estos productos ejerce sobre los trabajadores. En las especies del 

género Vitis, se han encontrado fuentes genéticas de resistencia a muchas enfermedades 

fúngicas y  su transferencia a cultivares de Vitis vinifera  ha sido parcialmente exitosa, ya 

que no han sido generadas variedades comerciales mediante transformación genética, pero 

sí se han desarrollado varios híbridos interespecíficos de gran interés (Balík et al., 2013; Li 

et al., 2011; Thimothe et al., 2007), los que podrían posibilitar la introgresión de sus genes 

de tolerancia a enfermedades fúngicas hacia  cultivares de interés. Por lo tanto, el uso de 

procedimientos alternativos tales como la transformación genética de vid ha llegado a ser 

de especial interés a partir del año 1996 (Kikkert et al., 1996), principalmente apoyada por 

el uso de los sistemas de embriogénesis somáticas, los cuales están en continuo desarrollo y 

optimización (Li et al., 2008; Tapia et al., 2009). 

 

Es posible generar, mediante la transformación genética de Vitis, la transferencia de genes 

que sobre-expresan proteínas o sustancias antifúngicas producidas por plantas (Coutos-

Thevenot et al., 2001; Hain et al., 1993), incrementando la reacción de hipersensibilidad 

por la expresión de algunos genes de sus rutas (Chen et al., 1996; Punja, 2006; Rommens et 

al., 1995) , o por la transferencia de genes que codifican péptidos antimicrobiales (Li et al., 

2001; Vidal et al., 2006a; Vidal et al., 2006b) o enzimas antifúngicas como quitinasas o 

glucanasas de plantas (Chye et al., 2005; Vellicce et al., 2006; Yamamoto et al., 2000), 

levaduras (Carstens et al., 2003), hongos microparásitos (Bolar et al., 2001; Carsolio et al., 

1999; Emani et al., 2003; Esposito et al., 2000; Liu et al., 2004), entre otros.  
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Una alternativa para reducir la incidencia de Botrytis es la introducción de genes que 

exacerben los sistemas de defensa de las plantas. El primer trabajo en esta línea lo 

constituye la introducción del gen que codifica para la enzima estilbeno sintetasa (STS, EC 

2.3.1.146) de vid en plantas de tabaco. En las plantas transformadas con este gen se 

incrementaron los niveles endógenos de la fitoalexina resveratrol concomitantemente a una 

mayor resistencia a la infección por Botrytis (Hain et al., 1993). Una segunda aproximación 

corresponde al uso de una endoquitinasa extracellular de 42kDa (ech42, EC 3.2.14) de 

Trichoderma harzianum y Trichoderma virens. Se  ha descrito que esta quitinasa cumple un 

papel importante en el control biológico de Botrytis cinerea y otros patógenos (Woo et al., 

2002; Woo et al., 2006).  

 

El uso de estos genes ha permitido la generación de líneas transgénicas tolerantes en 

muchas especies de papa y tabaco (Lorito et al., 1998), manzana (Bolar et al., 2000); 

petunia (Esposito et al., 2000), brocoli (Mora-Avilés y Earle, 2004), algodón (Emani et al., 

2003) y uva (Kikkert et al., 1996). Existen otras endoquitinasas identificadas en 

Trichoderma como chi33, proteína símil a las quitinasas tipo III de plantas (Limón et al., 

1995), que han mostrado inducir fenotipos tolerantes en tabaco tanto para estrés biótico 

(Rhizoctonia solani y Pseudomonas syringae pv. tabaci) como estrés abiótico (metales 

pesados) (Dana et al., 2006). Por otro lado, una quitinasa de mayor peso molecular aislada 

de T. harzianum P1, la N-acetyl-β-D-hexosaminidasa (nag70, EC 3.2.1.52) también ha sido 

usada en la generación de manzanas ‘Marshall McIntosh’ para generar líneas transgénicas 

tolerantes  a Venturia inaequalis (Bolar et al., 2001). La actividad sinérgica obtenida 

utilizando la combinación de estos genes de enzimas quitinolitícas de Trichoderma  spp. ha 

sido ampliamente usada permitiendo la generación de altos niveles de tolerancia cuando 

están juntos (Bolar et al., 2001; Dana et al., 2006; Liu et al., 2004) 

 

Gracias a dos grandes programas de mejoramiento no convencional de vitis, en territorio 

nacional se ha desarrollado la plataforma de trasformación genética y cultivo in vitro de 

material generado mediante embriogénesis somática, utilizado principalmente en la 

obtención de plantas de vid transgénicas resistentes a fitopatógenos (Tapia et al., 2009). Las 

vides transgénicas desarrolladas como productos finales de estos proyectos, expresan genes 

de quitinasas de Trichoderma spp. en niveles que permiten reducir el impacto de la 

infección de la pudrición gris y oídio sobre la planta, resultados detallados en profundidad 

en la próxima sección.  

 

 

 

 

 

 

 

 

 

 

 

 



20 

 

Vides tolerantes a Botrytis cinerea 

 

 

En Chile, desde el año 2000 se han llevado a cabo dos proyectos FONDEF, de los cuales se 

derivó la plataforma de transformación genética de vid cultivar ‘Thompson Seedless’ 

(Reyes et al., 2005). En el marco del proyecto FONDEF D99I1001, fue iniciada una línea 

de investigación y desarrollo para lograr el mejoramiento genético de la vid mediante 

transgenia. En dicho proyecto, se logró optimizar la metodología de transformación 

genética para introducir en vides genes relacionados con la resistencia al ataque de hongos 

fitopatógenos. Como producto final de esta primera etapa, se obtuvieron  plantas 

transformadas, las que fueron evaluadas durante la ejecución del segundo proyecto 

FONDEF D01I1064. Ambos proyectos posicionaron a Chile en la frontera de la 

biotecnología aplicada a vides, la especie frutal de mayor relevancia para el país.  

 

Estos proyectos, desarrollados íntegramente por INIA-La Platina, permitieron la 

implementación de sistemas de embriogénesis somática y transformación genética de la 

variedad ‘Thompson Seedless’ utilizando Agrobacterium tumefaciens (sin.  Rhizobium 

radiobacter) como aproximación técnica, para generar fuente de resistencia en el uso de 

genes estudiados ampliamente y que codifican para enzimas quitinolíticas o quitinasas (EC 

3.2.1.14) o que emplean la tecnología de péptidos antimicrobianos (Vidal et al., 2006b; 

Vidal et al., 2003) (Cuadro 2).  

 

En la generación de las líneas genéticamente modificadas (GM), se utilizaron  dos clones 

de la variedad ‘Thompson Seedless’: el clon TS, (procedente de Agrícola Brown) y el clon 

GI (procedente de la Universidad de Cornell). La mayoría de las líneas obtenidas a partir de 

este programa se desarrollaron utilizando los genes chi42 y  nag70 de Trichoderma 

harzianum P1, y el gen chi33 proveniente de un aislado local de Trichoderma virens. 

Alrededor de 3.000 líneas  fueron establecidas exitosamente en invernadero, de las cuales 

103 líneas representadas en 568 plantas GM se liberaron a un campo de bioseguridad en 

Septiembre de 2004. Durante los periodos comprendidos entre 2006 y 2009, fueron 

evaluadas ex vivo las 568 líneas, mediante ensayos de infección utilizando Botrytis cinerea 

y analizando la capacidad de tolerar o resistir a nivel foliar, el daño producido por el hongo 

(Hinrichsen et al., 2004).  

 

Cuadro 2.- Genes utilizados en el programa de transformación genética de INIA-La Platina 

(Proyectos FONDEF D99I1001 y D01I1064 ).  
 

Genes Fuente 

Endoquitinasas Trichoderma atroviride 

Exoquitinasa Staphylococcus aureus 

N-acetilglucosamina Trichoderma atroviride 

Glucanasas Trichoderma atroviride 

Indolicina Reversa Péptido sintético 

Magainina Péptido sintético 
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En forma adicional, en la temporada 2007-9 se realizó en el total de la población, la primera 

evaluación de campo para determinar su grado de infección por oídio bajo la presión 

natural a esta enfermedad que se registra durante la temporada estival en el sector de La 

Platina. Esta evaluación también fue ampliada a la determinación de algunas de las 

características agronómicas básicas que presentaba la población, como la presencia de 

frutos, forma de hojas, número de frutos por planta, entre otras. 

 

Posterior a estos, fueron desarrollados dos proyectos focalizados en la aplicación de las 

plataformas implementadas. Es así como para el desarrollo de los proyectos FONDEF 

G02P1002 y G07I1003, fue necesario establecer un consorcio para la investigación en 

genómica de vegetales, incluyendo el modelo de Vitis vinifera. El desarrollo de estos 

programas involucró la participación de Universidades estatales y privadas, Institutos de 

investigación agropecuaria y a representantes del sector productivo privado, lo que 

constituyó una red de investigación con la masa crítica requerida para un programa de 

genómica funcional de vid que apunta a características de alto valor productivo y de calidad 

y que a la vez, establece los fundamentos para otros proyectos futuros. Inicialmente, fue 

desarrollado el estudio genómico de una progenie experimental diseñada ad hoc y que 

permita el desarrollo de un mapa genético de la vid; seguidamente, este trabajo permitió  la 

identificación, generación y validación de marcadores moleculares que permiten la 

selección temprana de ciertos caracteres de interés. Además, al contar con aporte de 

privados, fue indispensable generar una serie de productos como la generación de nuevas 

líneas transgénicas de vid y nuevas variedades producidas utilizando las nuevas técnicas 

genómicas que fueron desarrolladas e instrumentos de propiedad intelectual, derivada de 

los productos anteriores, bajo un contexto de administración y promoción por parte de 

BioFrutales S.A. (FONDEF G09I1007). 

 

En el presente trabajo, publicado recientemente en la revista Transgenic Research se 

describe,  de manera sistematizada, los primeros resultados generados a partir de la 

evaluación de estas líneas contra infección fúngica durante tres temporadas consecutivas. 

Se definieron las mejores líneas tolerantes en esta población de plantas GM, utilizando para 

ellos los niveles de infección obtenidos en sistemas de laboratorio diseñados 

específicamente para B. cinerea, más los niveles de infección determinados en campo para 

la presión natural de oídio en el mencionado campo de bioseguridad. Se utilizaron diversos 

análisis estadísticos para determinar un grupo de plantas GM y se realizó la caracterización 

molecular de las líneas tolerantes a la infección fúngica para definir el mejor prototipo 

dentro de esta población. 

 

 

 

 

 

 

 

 

 



22 

 

Conclusión 

 

 

Con  la intención de obtener características deseables en vides que poseen un alto impacto 

económico, se han desarrollado programas de mejoramiento genético  enfocados al 

desarrollo de nuevas variedades. Debido a que la aproximación desde el mejoramiento 

convencional ha sido parcialmente exitosa en la obtención de variedades con mejores 

cualidades organolépticas pero deficientes en  su respuesta a uno o más tipos de estrés 

biótico y/o abiótico, el mejoramiento genético no convencional se ha presentado como una 

solución frente a este problema por tratarse de una herramienta biotecnológica que a la 

fecha ha entregado resultados promisorios frente al desarrollo de nuevos cultivares 

comerciales en otras especies.  

El Consorcio Biofrutales S.A. mediante un proyecto INNOVA-Chile, generó una propuesta 

con la cual se aumentó significativamente el impacto del actual Programa de Mejoramiento 

Genético de Vides de Mesa desarrollado por INIA. La investigación y desarrollo de 

tecnologías de mejoramiento genético incluyeron el establecimiento de una plataforma de 

transformación genética al mismo tiempo que el acceso a la base de datos que contiene el 

genoma de la vid permitió explorar los recursos genéticos, genómicos y moleculares para 

ofrecer soluciones mediante el uso de  mejoramiento genético no convencional. 

Los productos resultantes de la integración del programa de mejoramiento, la plataforma de 

transformación genética y los estudios genómicos descritos, se resumen en la generación de 

nuevas variedades producidas utilizando las técnicas desarrolladas en cultivo y propagación 

de tejido in vitro, permitiendo enfrentar el desafío de obtener de variedades tolerantes tanto 

a enfermedades fúngicas (Rubio et al., 2015) como al estrés salino (Aguirre, 2015) 

Finalmente, la participación del sector privado formando parte activa de esta iniciativa, 

requiere que los productos obtenidos se consoliden comercialmente mediante la obtención 

de propiedad intelectual de las tecnologías y variedades que se han desarrollado, por lo que 

nos encontramos en la parte final del proceso, donde es hora es exhibir los productos e 

incorporarlos a un sistema agrícola productivo.  
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Abstract The fungi Botrytis cinerea and Erysiphe

necator are responsible for gray mold and powdery

mildew diseases, respectively, which are among the

most devastating diseases of grapes. Two endochitin-

ase (ech42 and ech33) genes and one N-acetyl-b-D-

hexosaminidase (nag70) gene from biocontrol agents

related to Trichoderma spp. were used to develop a set

of 103 genetically modified (GM) ‘Thompson Seed-

less’ lines (568 plants) that were established in open

field in 2004 and evaluated for fungal tolerance

starting in 2006. Statistical analyses were carried out

considering transgene, explant origin, and plant

response to both fungi in the field and in detached

leaf assays. The results allowed for the selection of the

19 consistently most tolerant lines through two

consecutive years (2007–2008 and 2008–2009 sea-

sons). Plants from these lines were grafted onto the

rootstock Harmony and established in the field in 2009

for further characterization. Transgene status was

shown in most of these lines by Southern blot, real-

time PCR, ELISA, and immunostrips; the most

tolerant candidates expressed the ech42–nag70 double

gene construct and the ech33 gene from a local

Hypocrea virens isolate. B. cinerea growth assays in

Petri dishes supplemented with berry juices extracted

from the most tolerant individuals of the selected

population was inhibited. These results demonstrate

that improved fungal tolerance can be attributed to

transgene expression and support the iterative molec-

ular and physiological phenotyping in order to define

selected individuals from a population of GM

grapevines.

Keywords Botrytis tolerance � Transgenic
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 lL containing 1 lg of total protein extract and

250 lM of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred lL of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen lg of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/lL, subdivided into 100 lL

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 lL final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 lM primers, and a 0.2 lM specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 lM BA, 0.25 lM IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 lM BA, 0.5 lM IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 lM

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 lM BA, 0.25 lM indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete

Transgenic Res

123

Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 lL containing 1 lg of total protein extract and

250 lM of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred lL of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen lg of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/lL, subdivided into 100 lL

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 lL final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 lM primers, and a 0.2 lM specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 lM BA, 0.25 lM IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 lM BA, 0.5 lM IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 lM

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 lM BA, 0.25 lM indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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auré SL, Broekaert WF, Depicker A, Cammue BPA, De

Bolle MFC (2004) Stable high-level transgene expression

in Arabidopsis thaliana using gene silencing mutants and

matrix attachment regions. Plant J 39:440–449

Chye M, Zhao K, He Z, Ramalingam S, Fung K (2005) An

agglutinating chitinase with two chitin-binding domains

confers fungal protection in transgenic potato. Planta

220:717–730

Dalla Costa L, Vaccari I, Mandolini M, Martinelli L (2009)

Elaboration of a reliable strategy based on real-time PCR to

Transgenic Res

123

Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 lL containing 1 lg of total protein extract and

250 lM of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred lL of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen lg of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/lL, subdivided into 100 lL

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 lL final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 lM primers, and a 0.2 lM specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 lM BA, 0.25 lM IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 lM BA, 0.5 lM IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 lM

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 lM BA, 0.25 lM indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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Höenicka H, Fladung M (2006) Biosafety in Populus spp. and

other forest trees: from non-native speciesto taxa derived

from traditional breeding and genetic engineering. Trees

Struct Funct 20:131–144

IPGRI, UPOV, OIV (1997) Descriptors for grapevine (Vitis

spp.). International Union for the Protection of New

Varieties of Plants, Geneva/Office International de la

Vigne et du Vin, Paris/International Plant Genetic

Resources Institute, Rome

Jaillon O, Aury J, Noel B, Policriti A, Clepet C, Casagrande A,

Choisne N, Aubourg S, Vitulo N, Jubin C, Vezzi A, Legeai

F, Hugueney P, Dasilva C, Horner D, Mica E, Jublot D,

Poulain J, Bruyère C, Billault A, Segurens B, Gouyvenoux

M, Ugarte E, Cattonaro F, Anthouard V, Vico V, Del

Fabbro C, Alaux M, Di Gaspero G, Dumas V, Felice N,

Paillard S, Juman I, Moroldo M, Scalabrin S, Canaguier A,

Le Clainche I, Malacrida G, Durand E, Pesole G, Laucou

V, Chatelet P, Merdinoglu D, Delledonne M, Pezzotti M,

Lecharny A, Scarpelli C, Artiguenave F, Pè ME, Valle G,
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 lL containing 1 lg of total protein extract and

250 lM of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred lL of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen lg of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/lL, subdivided into 100 lL

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 lL final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 lM primers, and a 0.2 lM specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 lM BA, 0.25 lM IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 lM BA, 0.5 lM IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 lM

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 lM BA, 0.25 lM indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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G, Windsor A, Navajas-Pérez R, Torres M, Feltus A, Porter

B, Li Y, Burroughs M, Luo M, Liu L, Christopher D,

Mount S, Moore P, Sugimura T, Jiang J, Schuler M,

Friedman M, Mitchell-Olds T, Shippen D, dePamphilis C,

Palmer J, Freeling M, Paterson A, Gonsalves D, Wang L,

Alam M (2008) The draft genome of the transgenic tropical

fruit tree papaya (Carica papaya Linnaeus). Nature

452:991–996. doi:10.1038/nature06856

Mora-Avilés A, Earle E (2004) Expression of pathogenesis-

related genes in transgenic broccoplants expressing the

Trichoderma harzianum-endochitinase gene. Rev Cha-

pingo Ser Hortic 10:141–146

Müller F, Werner K, Kasai M, Francesconi A, Chanock S,

Walsh T (1998) Rapid extraction of genomic DNA from

medically important yeasts and filamentous fungi by high-

speed cell disruption. J Clin Microbiol 36:1625–1629
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MR, Muñoz C, Prieto H, Hinrichsen P (2005) A mid-scale

platform for genetic transformation of different grapevine

varieties: use of ‘Thompson Seedless’ as a model. In:

International symposium on biotechnology of temperate

fruit crops and tropical species, October 10–14, Daytona

Beach, FL, USA

Rigotti S, Gindro K, Richter H, Viret O (2002) Characterization

of molecular markers for specific and sensitive detection of

Botrytis cinerea Pers.: Fr. in strawberry (Fragar-

ia 9 ananassa Duch.) using PCR. FEMS Microbiol Lett

209:169–174

Rozen S, Skaletsky H (2000) Primer3 on the WWW for general

users and for biologist programmers. In: Krawetz S, Mis-

ener S (eds) Bioinformatics methods and protocols:

methods in molecular biology. Humana Press, Totowa,

pp 365–386

Schuster A, Schmoll M (2010) Biology and biotechnology of

Trichoderma. Appl Microbiol Biotechnol 87:787–799

Sharma P, Saravanan K, Ramesh R, Kumar V, Singh D, Sharma

M, Henry M, Deep S (2012) Cloning and semi-quantitative

expression of endochitinase (ech42) gene from Tricho-

derma spp. Afr J Biotechnol 11:12930–12938

Steenkamp J, Wiid I, Lourens A, van Helden P (1994) Improved

method for DNA extraction from Vitis vinifera. Am J Enol

Vitic 45:102–106

Tapia E, Sequeida A, Castro A, Montes C, Zamora P, Prieto H

(2009) Development of grapevine somatic embryogenesis

using an air-lift bioreactor as an efficient tool in the gen-

eration of transgenic plants. J Biotechnol 139:95–101

Urtubia C, Devia J, Castro A, Zamora P, Aguirre C, Tapia E,

Barba P, Dell’Orto P, Moynihan MR, Petri C, Scorza R,

Prieto H (2008) Agrobacterium-mediated genetic trans-

formation of Prunus salicina. Plant Cell Rep

27:1333–1340

Vain P, James A, Worland B, Snape W (2002) Transgene

behaviour across two generations in a large random pop-

ulation of transgenic rice plants produced by particle

bombardment. Theor Appl Genet 105:878–889

Velasco R, Zharkikh A, Troggio M, Cartwright D, Cestaro A,

Pruss D, Pindo M, Fitzgerald L, Vezzulli S, Reid J, Mal-

acarne G, Iliev D, Coppola G, Wardell B, Micheletti D,

Macalma T, Facci M, Mitchell J, Perazzolli M, Eldredge G,

Gatto P, Oyzerski R, Moretto M, Gutin N, Stefanini M,

Chen Y, Segala C, Davenport C, Demattè L, Mraz A,
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 lL containing 1 lg of total protein extract and

250 lM of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred lL of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen lg of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/lL, subdivided into 100 lL

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 lL final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 lM primers, and a 0.2 lM specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes

Transgenic Res

123

development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 lM BA, 0.25 lM IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 lM BA, 0.5 lM IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 lM

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 lM BA, 0.25 lM indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 lL containing 1 lg of total protein extract and

250 lM of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred lL of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double

Transgenic Res

123

were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen lg of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/lL, subdivided into 100 lL

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 lL final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 lM primers, and a 0.2 lM specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 lM BA, 0.25 lM IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 lM BA, 0.5 lM IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 lM

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 lM BA, 0.25 lM indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 l L containing 1 l g of total protein extract and

250 l M of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred l L of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen l g of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/l L, subdivided into 100 l L

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 l L final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 l M primers, and a 0.2 l M specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 l M BA, 0.25 l M IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 l M BA, 0.5 l M IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 l M

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 l M BA, 0.25 l M indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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Muñoz G, Hinrichsen P, Brygoo Y, Giraud T (2002) Genetic

characterisation of Botryticinerea populations in Chile.

Mycol Res 106:594–601

Peterlunger E, Di Gaspero G, Cipriani G, Sivilotti P, Zulini L,

Marrazzo MT, Andreetta D, Testolin R (2003) Breeding

strategy for the introgression of disease resistance genes

into European grapevine. Acta Hortic 603:665–670

Pons E, Peris J, Peña L (2012) Field performance of transgenic

citrus trees: assessment of the long-term expression of

uidA and nptII transgenes and its impact on relevant

agronomic and phenotypic characteristics. BMC Biotech-

nol 12:41. doi:10.1186/1472-6750-12-41

Quiroz-Figueroa F, Rojas-Herrera R, Galaz-Avalos R, Loyola-

Vargas V (2006) Embryo production through somatic

embryogenesis can be used to study cell differentiation in

plants. Plant Cell Tissue Organ Cult 86:285–301

Ramming D, Gabler F, Smilanick J, Cadle-Davidson M, Barba

P, Mahanil S, Cadle-Davidson L (2011) A single dominant

locus, Ren4, confers rapid non-race-specific resistance to

grapevine powdery mildew. Phytopahology 101:502–508

Reyes F, Reyes MA, Castro A, Araya S, Dell’Orto P, Moynihan
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Cubero J, López M, Juárez J, Navarro L, Peña L (2004)

Characterisation of regenerants obtained under selective

conditions after Agrobacterium-mediated transformation

of citrus explants reveals production of silenced and chi-

meric plants at unexpected high frequencies. Mol Breed

14:171–183

Driver JA, Kuniyuki AH (1984) In vitro propagation of paradox

walnut rootstock. Hort Sci 19:507–509

Dutt M, Dhekney A, Gray D (2007) Transgenic plants from

shoot apical meristems of Vitis vinifera L. ‘‘Thompson

Seedless’’ via Agrobacterium-mediated transformation.

Plant Cell Rep 26:2101–2110

Elad Y, Williamson B, Tudzynski P, Delen N (2004) Botrytis:

biology, pathology and control. Kluwer, Dodrecht

Emani C, Garcı́a J, Lopata-Finch E, Pozo M, Uribe P, Kim D,

Sunilkumar G, Cook D, Kenerly C, Rathore K (2003)

Enhanced fungal resistance in transgenic cotton expressing

an endochitinase gene from Trichicoderma virens. Plant

Biotechnol J 1:321–326

Esposito S, Colucci M, Frusciante L, Filippone E, Lorito M,

Bresan R (2000) Antifungal transgenes expression in

Petunia hybrida. Acta Hortic 508:157–161

Faize M, Malnoy M, Dupuis F, Chevalier M, Parisi L, Chevreau

E (2003) Chitinases of Trichoderma atroviride induce scab

resistance and some metabolic changes in two cultivars of

apple. Phytopathology 12:1496–1504. doi:10.1094/

PHYTO.2003.93.12.1496

Faize M, Faize L, Burgos L (2010) Using quantitative real-time

PCR to detect chimeras in transgenic tobacco and apricot

and to monitor their dissociation. BMC Biotechnol

10:53–60

Figueiredo A, Fortes A, Ferreira S, Sebastiana M, Sousa L,

Acioli-Santos B, Pessoa F, Verpoorte R, Hae Choi Y, Pais

M (2008) Transcriptional and metabolic profiling of grape

(Vitis vinifera L.) leaves unravel possible innate resistance

against pathogenic fungi. J Exp Bot 59:3371–3381

Flachowsky H, Riedel M, Reim S, Hanke V (2008) Evaluation

of the uniformity and stability of T-DNA integration and

gene expression in transgenic apple plants. Electron J

Biotechnol 11:1–15

Gentile A, Deng Z, La Malfa S, Distefano G, Domina F, Vitale

A, Polizzi G, Lorito M, Tribulato E (2007) Enhanced

resistance to Phoma tracheiphila and Botrytis cinerea in

transgenic lemon plants expressing a Trichoderma har-

zianum chitinase gene. Plant Breed 126:146–151

Gray DJ, Li Z, Dhekney S (2014) Precision breeding of grape-

vine (Vitis vinifera L.) for improved traits. Plant Sci.

doi:10.1016/j.plantsci.2014.03.023

Haggag W (2008) Biotechnological aspects of plant resistant for

fungal diseases management. American-Eurasian J Sustain

Agric 2:1–18

Hayes CK, Klemsdal S, Lorito M, Di Pietro A, Peterbauer C,

Nakas JP, Tronsmo A, Harman G (1994) Isolation and

sequence of an endochitinase-encoding gene from a cDNA

library of Trichoderma harzianum. Gene 138:143–148

Hily J-M, Scorza R, Webb K, Ravelonandro M (2005) Accu-

mulation of the long class of siRNA is associated with

resistance to Plum pox virus in a transgenic woody

perennial plum tree. Mol Plant Microbe Interact

18:794–799. doi:10.1094/MPMI-18-0794

Hinrichsen P, Reyes MA, Castro A, Araya S, Garnier M, Prieto
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Hinrichsen, Paola Dell’Orto and Mike R. Moynihan by their

participation in the founding works developing the GM

‘Thompson Seedless’ lines funded by the FONDEF CHILE

D01I1064 grant.

References

Bhat S, Srinivasan S (2002) Molecular and genetic analyses of

transgenic plants: considerations and approaches. Plant Sci

164:673–681

Bolar J, Norelli J, Wong K, Hayes C, Harman G, Aldwinckle H

(2000) Expression of endochitinase from Trichoderma

harzianum in transgenic apple increases resistance to apple

scab and reduces vigor. Phytopathology 90:72–77

Bolar J, Norelli J, Harman G, Brown S, Aldwinckle H (2001)

Synergistic activity of endochitinase and exochitinase from

Trichoderma atroviride (T. harzianum) against the patho-

genic fungal (Venturia inaequalis) in transgenic apples

plants. Transgenic Res 10:533–543

Butaye KJM, Goderis IJWM, Wouters PFJ, Pues JM-TG, Del-
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel

Transgenic Res

123

phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line

Transgenic Res

123

full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 l L containing 1 l g of total protein extract and

250 l M of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred l L of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen l g of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/l L, subdivided into 100 l L

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 l L final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 l M primers, and a 0.2 l M specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 l M BA, 0.25 l M IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 l M BA, 0.5 l M IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 l M

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 l M BA, 0.25 l M indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season

Transgenic Res

123

strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 l L containing 1 l g of total protein extract and

250 l M of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred l L of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen l g of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/l L, subdivided into 100 l L

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 l L final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 l M primers, and a 0.2 l M specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 l M BA, 0.25 l M IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 l M BA, 0.5 l M IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 l M

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 l M BA, 0.25 l M indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.

Acknowledgments This work was funded by the

BIOFRUTALES Consortium and the grant INNOVA CHILE

09PMG-7229. Authors are grateful to Carlos Muñoz, Patricio
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 lL containing 1 lg of total protein extract and

250 lM of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred lL of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen lg of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/lL, subdivided into 100 lL

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 lL final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 lM primers, and a 0.2 lM specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 lM BA, 0.25 lM IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 lM BA, 0.5 lM IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 lM

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 lM BA, 0.25 lM indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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G, Windsor A, Navajas-Pérez R, Torres M, Feltus A, Porter

B, Li Y, Burroughs M, Luo M, Liu L, Christopher D,

Mount S, Moore P, Sugimura T, Jiang J, Schuler M,

Friedman M, Mitchell-Olds T, Shippen D, dePamphilis C,

Palmer J, Freeling M, Paterson A, Gonsalves D, Wang L,

Alam M (2008) The draft genome of the transgenic tropical

fruit tree papaya (Carica papaya Linnaeus). Nature

452:991–996. doi:10.1038/nature06856

Mora-Avilés A, Earle E (2004) Expression of pathogenesis-

related genes in transgenic broccoplants expressing the

Trichoderma harzianum-endochitinase gene. Rev Cha-

pingo Ser Hortic 10:141–146

Müller F, Werner K, Kasai M, Francesconi A, Chanock S,

Walsh T (1998) Rapid extraction of genomic DNA from

medically important yeasts and filamentous fungi by high-

speed cell disruption. J Clin Microbiol 36:1625–1629
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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auré SL, Broekaert WF, Depicker A, Cammue BPA, De

Bolle MFC (2004) Stable high-level transgene expression

in Arabidopsis thaliana using gene silencing mutants and

matrix attachment regions. Plant J 39:440–449

Chye M, Zhao K, He Z, Ramalingam S, Fung K (2005) An

agglutinating chitinase with two chitin-binding domains

confers fungal protection in transgenic potato. Planta

220:717–730

Dalla Costa L, Vaccari I, Mandolini M, Martinelli L (2009)

Elaboration of a reliable strategy based on real-time PCR to

Transgenic Res

123

Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line

Transgenic Res

123

full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 l L containing 1 l g of total protein extract and

250 l M of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred l L of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen l g of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/l L, subdivided into 100 l L

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 l L final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 l M primers, and a 0.2 l M specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 l M BA, 0.25 l M IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 l M BA, 0.5 l M IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 l M

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 l M BA, 0.25 l M indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Hinrichsen, Paola Dell’Orto and Mike R. Moynihan by their

participation in the founding works developing the GM

‘Thompson Seedless’ lines funded by the FONDEF CHILE

D01I1064 grant.

References

Bhat S, Srinivasan S (2002) Molecular and genetic analyses of

transgenic plants: considerations and approaches. Plant Sci

164:673–681

Bolar J, Norelli J, Wong K, Hayes C, Harman G, Aldwinckle H

(2000) Expression of endochitinase from Trichoderma

harzianum in transgenic apple increases resistance to apple

scab and reduces vigor. Phytopathology 90:72–77

Bolar J, Norelli J, Harman G, Brown S, Aldwinckle H (2001)

Synergistic activity of endochitinase and exochitinase from

Trichoderma atroviride (T. harzianum) against the patho-

genic fungal (Venturia inaequalis) in transgenic apples

plants. Transgenic Res 10:533–543

Butaye KJM, Goderis IJWM, Wouters PFJ, Pues JM-TG, Del-
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Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,

Transgenic Res

123

Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 lL containing 1 lg of total protein extract and

250 lM of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred lL of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen lg of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/lL, subdivided into 100 lL

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 lL final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 lM primers, and a 0.2 lM specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 lM BA, 0.25 lM IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 lM BA, 0.5 lM IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 lM

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 lM BA, 0.25 lM indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 l L containing 1 l g of total protein extract and

250 l M of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred l L of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen l g of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/l L, subdivided into 100 l L

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 l L final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 l M primers, and a 0.2 l M specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 l M BA, 0.25 l M IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 l M BA, 0.5 l M IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 l M

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 l M BA, 0.25 l M indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 l L containing 1 l g of total protein extract and

250 l M of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred l L of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen l g of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/l L, subdivided into 100 l L

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 l L final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 l M primers, and a 0.2 l M specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 l M BA, 0.25 l M IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 l M BA, 0.5 l M IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 l M

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 l M BA, 0.25 l M indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium
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Morgante M, Caboche M, Adam-Blondon AF, Weissen-

bach J, Quétier F, Wincker P (2007) French-Italian public

consortium for grapevine genome characterization: the

grapevine genome sequence suggests ancestral hexaploi-

dization in major angiosperm phyla. Nature 449:463–

467

Keller M, Viret O, Cole F (2003) Botrytis cinerea infection in

grape flowers: defense reaction, latency, and disease

expression. Phytopathology 93:316–322

Kikkert JR, Ali GS, Wallace PG, Reisch B, Reustle GM (2000)

Expression of a fungal chitinase in Vitis vinifera L.

Transgenic Res

123

work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 l L containing 1 l g of total protein extract and

250 l M of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred l L of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen l g of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/l L, subdivided into 100 l L

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 l L final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 l M primers, and a 0.2 l M specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 l M BA, 0.25 l M IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 l M BA, 0.5 l M IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 l M

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 l M BA, 0.25 l M indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)

Transgenic Res

123

(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section
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(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 l L containing 1 l g of total protein extract and

250 l M of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred l L of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double
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were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen l g of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/l L, subdivided into 100 l L

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 l L final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 l M primers, and a 0.2 l M specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 l M BA, 0.25 l M IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 l M BA, 0.5 l M IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 l M

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 l M BA, 0.25 l M indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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work from a local T. virens teleomorph isolate was

represented by just a single transgenic line. Regardless

of the transgene insertion and position effects, there

are at least two causes that might lead to these results:

a) different species of Trichoderma and isolates of

same species have been described to differ in their

biocontrol potential and chitinase activity (Sharma

et al. 2012), suggesting more active candidate genes,

and/or b) differential gene expression levels caused by

promoters (35S vs. 34S) that behave differentially in

Vitis spp. In a simplistic rationale, this latter alterna-

tive can be excluded by the fact that the other two

35S driven constructs (i.e., nag70 and ech42-nag70)

were scarcely represented; in addition, this issue must

be specifically addressed by further qPCR evaluations.

On the other hand, since the pioneering work of Lorito

et al. (1998), ech42 has been shown to be by far one of

the most functionally active Trichoderma spp. genes

in fruit trees conferring disease tolerance/resistance

phenotypes. Expression of ech42 gene increased

resistance to V. inaequalis with reduced plant growth

in apples (Bolar et al. 2000) and in lemons led to

enhanced resistance to Phoma tracheiphila and B.

cinerea with a significant correlation between resis-

tance and transgene expression (Gentile et al. 2007;

Distefano et al. 2008). The presence of predominant

ech42 individuals among the most tolerant lines may

be consistent with works where the use of this gene led

to successful generation of fungal tolerant fruit crops.

The convergence of genome sequencing on V.

vinifera (‘Pinot Noir’ (Jaillon et al. 2007; Velasco

et al. 2007) and TS (Di Genova et al. 2014)) with

improved somatic embryogenesis for high throughput

gene transfer methods (Tapia et al. 2009) will result in

an enhanced evaluation opportunity for both new

candidate genes and regulatory sequences from Vitis

spp. (Gray et al. 2014). Recently, a V. vinifera

thaumatin-like protein gene (vvtl-1) was cloned from

‘Chardonnay’ and used in the generation of ‘TS’ lines

that showed delayed powdery mildew infection in

greenhouse screenings and reduced severity of black

rot disease in field tests (Dhekney et al. 2011). In

addition, this approach is expected to avoid those

secondary effects and reinforce the impact of gene

transfer methodologies in the improvement of Vitis

spp.

Botrytis cinerea is a major post-harvest problem in

grapes, timely maturity of transgenic lines has just

allowed for the evaluation of fruits. Berry juices from

the most tolerant plants demonstrated an important

inhibitory effect in B. cinerea growth assays. These

results support the phenotyping and genotyping pipe-

line described in the generation of the selected

population, which, in addition, agrees with the obser-

vations obtained by light microscopy.

In conclusion, after 8 years of field establishment,

we have successfully identified a GM population of

grapevines that shows enhanced tolerance to both B.

cinerea and E. necator. The experimental data gener-

ated support these results, however to further charac-

terize the agronomical behavior of the selected

individuals is necessary, as described for transgenic

citrus trees (Pons et al. 2012). Due to the possibility of

transgene chimerism among the lines, additional

somatic embryogenesis combined with a stringent

transgene selection and evaluation may be needed in

order to obtain new individuals with a more stable (and

possibly more effective) presence of these tolerance

traits.
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Different studies have reported that transgenic traits

may get lost during subsequent generations (Bhat and

Srinivasan 2002; Vain et al. 2002; Butaye et al. 2004),

as well as during the cycles of vegetative propagation,

particularly occurring in fruit trees (Flachowsky et al.

2008). In addition, successful examples of new

varieties generated by gene transfer techniques in

fruit crops such as plum (Hily et al. 2005) and papaya

(Ming et al. 2008) have revealed that T-DNA inser-

tions into host genomes resulted in more complex

arrangements and insertions than expected. Values of

transgene CNs within the tissue of the same line

obtained in this work may suggest the presence of

chimeric insertion. As previously pointed out (Dalla

Costa et al. 2009), the combination of SB and qPCR

enable the discovery of such outcomes and, according

to CN values, suggest the presence of cell mixtures

where GM and not GM cells may coexist in the tissues

of the same plant. These results could be the drawback

of somatic embryo gene transfer since multicellular

origin of somatic embryos has been proposed for

grapes (Quiroz-Figueroa et al. 2006; Martinelli and

Gribaudo, 2009) and other fruit crops (Faize et al.

2010; Flachowsky et al. 2008).

Moreover, exogene chimeras and escapes may be

the results of transient expression of the selectable

marker gene (in this case nptII) during the early stages

of the regeneration process (pre-MB step), the pre-

sence of R. radiobacter cells in the infected tissues,

and/or the protection of non-transgenic cells by the

surrounding GM cells (Domı́nguez et al. 2004). In the

present work, 16 mg/L of kanamycin was used for

primary selection of GM lines, as suggested by Dutt

et al. (2007). This dosage proved not stringent enough,

since individuals that were ‘‘non-homogeneous’’ for

the transgenes were obtained. With these consider-

ations taken into account, all of the tolerant lines

defined in the present work have been re-introduced

into further somatic embryogenesis analysis with the

goal of avoiding the regeneration of chimeric plants by

permanent selection pressure.

A marked predominance of ech42 transgenic indi-

viduals was found within the most tolerant population

(Table 1). In comparison, the ech33 cloned in this

Fig. 5 Antifungal activity

assays on GM lines showing

the highest tolerance to B.

cinerea. The antifungal

activity of grapes was

determined by comparing B.

cinerea growth 10 days

after incubation of fruit juice

extracts from GM and non-

GM plants or heat-

inactivated GM fruit juices

on fungal mycelium-

containing PDA Petri dishes

(a). PDA slides without

light-dense areas from Petri

dishes containing fruit juice

from GM plant were

analyzed by microscopy

observations (b); limited or

no reproductive structures

were found (red arrows in

controls). The relevant

magnifications are indicated

in the upper left of each

panel
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phenotypic variability, as also shown by Pons et al.

(2012).

Similarly, the ELISA and nptII immunostrip results

obtained during 2011–2012 season (second experi-

ment with selected lines) confirmed data from the

preliminary PCR screening done on in vitro plants

leaves carried out during kanamycin selection (a pre-

MB step); however, a more thorough molecular

characterization of the 19 selected lines confirmed

the transgenic status for 11 of these lines in 2012 and

2013 analyses using both SB and qPCR assay. Such

discrepancies could be explained by the likely chime-

ric nature of these regenerated transgenic plants, an

outcome previously reported (Dalla Costa et al. 2009).

Fig. 4 Transgene copy number detections in the selected

‘Thompson Seedless’ population using Southern blot and qPCR

techniques. Selected tolerant lines (Table 1) were analyzed for

nptII transgene insertion by Southern blot (SB) hybridizations

(a) confirming the transgenic status for 11 of the 19 selected

lines (numbers indicate the corresponding line, C DNA from a

non-GM plant, V2 molecular size marker). Alternatively,

genomic DNAs were subjected to copy number (CN)

determination of each transgene (b) based on qPCR; plots on

exogene cassettes for each construct (from top to bottom ech42;

ech33; nag70; ech42-nag70) are shown indicating the CN (y-

axis) per line (x-axis). Similarly, determinations of the nptII

cassette (when possible) are included. The data were subjected

to multiple comparisons using Tukey’s honest significant

difference test (a = 0.05)
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(Höenicka and Fladung 2006; Flachowsky et al. 2008).

In the present study, differences in plant size (Fig. 3c)

and changes in cluster morphology (Fig. 3d) have

been seen in some of the selected transgenic

individuals after 3 years of observation for the resis-

tance phenotype (second experiment). These results

demonstrate the importance of detailed agronomic-

oriented studies for properly screening interesting

Fig. 3 Characterization of transgenic ‘Thompson Seedless’

plants that are tolerant to B. cinerea and powdery mildew.

Individuals exhibiting the highest tolerance to both fungi were

planted in a field mimicking commercial settings in 2009–2010

for further molecular characterization. Five plants representing

each selected tolerant line were grafted onto Harmony

rootstocks and planted to form a random block with control

non-GM ‘Thompson Seedless’ (TS) plants (a). Field status for

the 2012–2013 season (b), phenotype differences in plant size

(c) and clusters shapes (d) were also obtained in some specific

lines (dwarf line 35 is shown). Absorbance from ELISA

detections of the neomycin phosphotransferase II protein

(e) and chitinase activity assays (f; means for relative

fluorescence units by plant number are shown with 95 % LSD

intervals) over all of the selected individuals were evaluated in

leaf batches from each plant group representing the correspond-

ing GM line
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full-length T-DNA was consistently integrated in

these lines.

These results show the generation of B. cinerea

tolerant transgenic plants bearing chitinase activity

over the controls (lines 14 and 101) with one or two

copies of ech42 and nag70, respectively. In addition,

lines with chitinase activity comparable to the controls

(lines 21 and 160) with more than two copies of ech42

have been also generated. Antifugal activity of fruit

juices from these specific lines was assayed by

supplementing Petri dishes with B. cinerea-containing

PDA with corresponding fruit juices. Clusters from

transgenic and control vines were harvested in the MB

and 100 l L of juice extracts were used for the assay to

determine B. cinerea growth after 10 days of incuba-

tion. Differences in fungal growth were observed

between treatments with fruit juice from transgenic

clusters compared to the controls (Fig. 5a). The effect

of juice from transgenic berries on fungal growth was

confirmed by microscopy observations and showed a

substantial decrease in the reproductive structures of

the fungal mycelium (Fig. 5b). Interestingly, all four

media supplemented with each of the different

selected GM fruit extracts led to a decrease in these

light-dense structures, producing the clear areas

observed in the growth dishes (Fig. 5a).

Discussion

In this study, GM grapevines tolerant to B. cinerea and

E. necator were identified by a first screening of 568

individuals followed by a further characterization of

individuals exhibiting the highest tolerance level. This

stepwise process lasted more than 8 years and relied

on statistical analyses of plant reaction to fungal

infections in the field and detached leaf assays for the

grouping of individuals based on tolerance to both B.

cinerea and E. necator. Although only preliminary

data about GM status were initially linked to tolerance,

the data obtained after three seasons of evaluations

produced consistent information about the gradient of

tolerance. The transgenic status of these plants was

later confirmed using commercial antibodies for the

detection of the nptII gene product, chitinase activity

assays in the leaves and qPCR amplifications for

transgene CN evaluation. This characterization gen-

erated evidence for the insertion and the expression of

the transgenes (ech33 or ech42 and/or nag70) and

marker gene (nptII) in the majority of the selected

lines and consistently supported the phenotypic results

deduced from the statistical process.

Suitability of transgenesis for fruit crop improve-

ment largely relies on the production of individuals

possessing satisfactory agronomic traits. Along with

effects caused by tissue handling, regeneration and

clonal propagation, these new crops need attention on

both the possible pleiotropic effects of integrated

DNA and the influence of the integration site and

transgene architecture. Whereas these latter effects

can be documented by molecular characterization

studies such as CN and exogene expression, long term

field studies allow for the identification of stability

issues and eventual pleiotropic effects (Bolar et al.

2000; Pons et al. 2012). For instance, little seasonal

variation was observed in the expression levels of

markers genes, i.e., b-glucuronidase (uidA) and nptII,

in citrus trees among plants of the same transgenic line

in different organs and over 3 years (Pons et al. 2012).

In addition, in different studies on transgenic trees,

transgenic traits were less stable than expected

Table 1 Most tolerant transgenic lines successfully estab-

lished for additional molecular characterization

Line no. Gene Transgenic status

confirmed by

5 Chi42 qPCR

8 Chi42-cNAG None

14 Chi42 qPCR–SB

18 Chi42 qPCR–SB

19 Chi42 None

20 Chi42 qPCR–SB

21 Chi42 qPCR–SB

23 cNAG None

25 cNAG None

33 Chi42 qPCR

35 Chi42-cNAG qPCR–SB

49 Chi42 qPCR–SB

71 Chi33 qPCR–SB

74 Chi42-cNAG qPCR–SB

84 Chi42 qPCR–SB

101 cNAG qPCR–SB

114 Chi42-cNAG None

115 Chi42-cNAG None

160 Chi42 qPCR–SB

qPCR real-time PCR, SB Southern blot, None neither SB nor

qPCR allowed for successful GM confirmation
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construct cannot be considered suitable, due to

technical problems affecting primer/probe attachment

on the nptII sequence of that construct (represented by

dashed lines in Fig. 4b). It is worth stressing that the

consistent CN estimates of nptII and the other

transgenes in qPCR (Fig. 4b) would indicate that the

Fig. 2 Reaction of transgenic ‘Thompson Seedless’ to infec-

tion by E. necator in the field. All plants in the field (a) were

inspected twice in 2007–2008 and 2008–2009 and scored for

disease symptoms (b) such as whitish and grayish patches on

leaves at the early stages and black spots later in the season using

the IPGRI modified scale (UPOV, OIV 1997) with values

ranging from very low (1) to very high (9) infection rates. Box-

and-whisker plots for infection degrees (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section. All of the plants in the field

were scored twice each season
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strong sporulation, and abundant mycelium) (Fig. 2c).

No outliers were observed during these analyses and

individuals with a minimal score of 3, displaying low

infection with very limited patches, sporulation and

mycelium, were scored for all of the exogenes used in

the experimentation (Fig. 2c).

These analyses revealed the possible occurrence of

combined tolerant lines to B. cinerea and powdery

mildew. Plants with either ech42 or nag70 genes

frequently showed differential tolerance to single

infection by B. cinerea or powdery mildew, while

plants with ech42 ? nag70 and ech33 genes were the

most tolerant to infection with both fungi.

Second field trial of GM ‘Thompson Seedless’

A preliminary selection of the best 20 GM individuals

sharing both tolerances was done (Table 1) and used

in the design of a new field that mimicked commercial

settings (Fig. 3a). The resulting field was successfully

established in spring 2009, with 19 of these 20 selected

lines (Fig. 3a–d) in which most of them contained

ech42 gene. Five replicates from each original plant

were randomly planted and this population was further

characterized. Interesting phenotypic differences in

some of the selected lines (23 and 35) were observed,

in which plant size (Fig. 3c) and cluster shape

(Fig. 3d) were markedly affected.

The transgenic status of the 19 lines with the

highest tolerance to fungal infection was confirmed in

leaf tissue by ELISA for NPTII (Fig. 3d) and NPTII

immunostrips (data not shown) carried out in 2011.

When these top-ranked individuals were assayed for

total chitinase activity in 2011, non-homogeneous

behavior was observed (Fig. 3e); whereas line 35

showed similar total activities compared with control

plants, other lines (14, 23, 25, 33, 71, 74, 101, 114, and

115) showed total chitinase activities above those of

the control individuals. Molecular analyses to corrob-

orate transgene insertions were carried out in 2012

(Southern blot; SB; Fig. 4a) and transgene CN

estimation in 2013 (qPCR; Fig. 4b). The presence of

transgenic traits could not be confirmed in six out of

19 lines by any of these procedures (lines 8, 19, 23, 25,

114, 115; Table 1), including the double nptII—

antifungal exogene assays in the case of qPCR. In

addition, two lines obtained with ech42 (5 and 33)

were confirmed by the qPCR detections but not by

hybridization. Together, 11 out of 19 lines were

confirmed for transgene insertion using both tech-

niques; seven for ech42 (lines 14, 18, 20, 21, 49, 71,

84, and 160), two for the double ech42-nag70 (35 and

74), one in the case of ech33 (71), and one using the

nag70 (101) gene construct (Table 1). SB detections

of genomic DNA/HindIII digestions hybridized with a

nptII probe showed that this latter group presented

between 1 (line 14) and at least 4 insertions (line 18) of

this gene, with a size range between 1 and 16 kb

(Fig. 4a). On the other hand, determinations using

qPCR of ech42, nag70, ech33, and nptII revealed the

occurrence of six lines with CNs between 1 and 2

(lines 5, 14, 33, 35, 71, and 101; Fig. 4b) and seven

lines with more than 2 transgene copies (lines 18, 20,

21, 49, 74, 84, and 160). The calculated CN of qPCR

detections for different transgenes integrated within

each line was not significantly different (Fig. 4b), with

the only exception for nptII and nag70 in line 35.

Furthermore, SB analysis revealed that several plants

presented hybridization bands with smaller sizes than

expected for HindIII digestions when complete

T-DNA insertions were assumed (i.e., hybridization

bands under 2.6 kb for ech42, nag70, and ech42-

nag70 and bands under 3.2 for ech33 events). In

addition, nptII qPCR data of GM lines for ech42

b Fig. 1 Botrytis cinerea infection on leaves from GM TS plants.

Leaves from field-grown plants were collected and inoculated

using B. cinerea agar slices obtained from full growth in Petri

dishes. Time course analyses of B. cinerea infections were first

conducted in order to define the best inoculation time using

wild-type plants (n = 60) and data acquisition was set

according to the infection pattern in these plants in which spots

reached 2 cm in diameter, usually after 72 h post-infection (hpi)

(a). Infections were measured as necrotic spots (in pixels) by

image scanning of challenged leaves (b); responses in control

plants are shown at left. Six to eight leaves per plant were

challenged (b) and each plant was evaluated at least in triplicate

each season; images were acquired (b, color pictures) and

processed for automatized necrotic area quantification (b,

necrotic areas with red borders in black-white images). Box-

and-whisker plots for infection pixels (c) during two seasons

(2007–2008 and 2008–2009) of evaluations per explant source

(left plots) and gene used (right plots) were derived from ranked

data sets processed using the Kruskal–Wallis test in which

medians in the columns (stripes) were compared. The average

rank for these values (red symbols) was computed to identify

medians that were significantly different from each other.

Statistically significant differences among the medians at the

95.0 % confidence level were defined when the P value was

\ 0.05. GI and TS are GM TS plants from somatic embryos

obtained from two different sources, as indicated in the

‘‘Materials and methods’’ section

Transgenic Res

123

(ech42 ? nag70) construct exhibited low infection

rates (3) (Fig. 2c).

In the second season, the control plants again

exhibited an invariable very high disease infection rate

(Fig. 2c), whereas the transgenic plants had a lower

infection rate (P value \ 0.05). GM plants ranked

between 5 (limited patches; 39 % GI and 40 % TS)

and 7 (plants with vast patches, some limited, with

strong sporulation, and abundant mycelium; 45 % GI

and 47 % TS) (Fig. 2c). Some GM individuals

reached maximum disease levels (i.e., 9; 6 % GI and

8 % TS) and a few lines had an infection rate of 5 or

lower (10 % GI and 5 % TS). In terms of transgenes,

whereas GM individuals obtained with the ech33 gene

had a median value of 5 (i.e., patches usually limited to

a diameter of 2–5 cm), GM individuals generated with

ech42 or nag70 genes and their combination showed

median values of 7 (i.e., vast patches, some limited,
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Reagent (Thermo Fisher Scientific Inc., Rockford, IL,

USA) according to the manufacturer’s instructions.

Chitinase activity (EC 3.2.1.14) was determined for

each protein extract according to the procedure of

Dana et al. (2006), with modifications. Assay mixes of

100 l L containing 1 l g of total protein extract and

250 l M of the fluorescent substrate 4-methylumbel-

liferyl N-acetyl-b-D-glucosaminide (4-MU GlcNAc,

Sigma-Aldrich Co, St. Louis, MO, USA) in 100 mM

sodium citrate buffer, pH 3.0 were incubated for

15 min at 30 � C in the dark. Next, 2.9 mL of 0.5 M

Gly-NaOH buffer, pH 10.4 was added to stop the

reactions and fluorescence was measured at 350 nm

excitation and 440 nm emission wavelengths in a

Shimadzu RF-5301 PC fluorimeter (Shimadzu Cor-

poration, Kyoto, Japan). Three measurements were

performed for each transgenic plant using three

independent protein extracts and chitinase activity

was expressed in relative fluorescence units.

Qualitative assays of berry extracts

Selected lines from the top-ranked list were chosen

and all of their clusters collected from their corre-

sponding sources in the MB (first experiment). Upon

reaching 18� Brix fruits were cut, ground and the berry

juice was collected. One hundred l L of juice extracts

were added to previously dispensed PDA Petri dishes

and inoculated using 105 spores of B. cinerea. Dishes

were incubated at 20 � C under a 16/8 h light/darkness

photoperiod for 10 days and fungal growth visually

evaluated.

Results

Tolerance to B. cinerea

A pattern of B. cinerea infections on grape leaves was

first defined by application of agar slices from fully

grown B. cinerea Petri dishes on leaves of non-GM TS

field plants (n = 60 in the MB). Since necrotic spots of

approximately 2 cm in diameter were obtained after

72 h (Fig. 1a), this time was defined as an adequate

duration to generate noticeable infections in control

plants and was considered suitable for comparison

with the symptoms produced in GM plants from the

MB (Fig. 1b). Analysis of the necrotic areas caused by

B. cinerea challenges of the 103 GM TS lines (Fig. 1b;

568 plants divided into TS and GI groups) revealed

that (at P value \ 0.05) both TS and GI groups had

smaller lesions than the control plants in 2007–2008

and 2008–2009 (Fig. 1c). Although differences in the

response of GM plants were observed in 2007–2008

by explant source (TS or GI), these differences were

reduced in the second season. Using the same analysis,

GM individuals for ech42 and nag70 genes and their

combinations resulted in more tolerant individuals

than the control individuals in both seasons. Interest-

ingly, the GM individuals for the ech33 gene were

tolerant during the first evaluation season but their

tolerance was less pronounced in 2008–2009

(Fig. 1c).

Chronological improvement in the precision of the

infection assays was seen over the time (see the results

distribution in Fig. 1c) and most of the outlier GM

individuals in 2007–2008 were included into their

contiguous quartiles (mostly Q4) of their correspond-

ing populations. Individuals that consistently occupied

Q1 or were present in the lower whisker, i.e., the

lowest 25 % of the data for each group throughout the

trial, were filtered by explant group and ranked from

most tolerant to least tolerant TS or GI plants, allowing

for the establishment of a B. cinerea tolerant selection

within each GM group.

Tolerance to E. necator

Screens for the natural presence of E. necator (Fig. 2a)

in the MB was conducted. Visual inspections were

carried out during the early stages of the 2007–2009

seasons for whitish or grayish patches on leaves

(Fig. 2b; panels 1 and 3). Later in the season, the

occurrence of powdery black spots and finally full leaf

coverage were observed (Fig. 2b; panels 5, 7, and 9).

All of the control plants exhibited an invariable

infection rate of 9 late in the first season

(2007–2008), showing unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium (Fig. 2c). In the same period, the transgenic

populations showed a different response (P value

\ 0.05) and ranked mostly at the 7 level (91 % GI and

93 % TS; Fig. 2c), exhibiting basically the same

symptomatology as the controls, with the exception of

zones with vast limited patches. During this same

analysis, no differences associated between transgenes

were detected and the mean values were 7. Interesting

outlier individuals transformed with the double

Transgenic Res

123

were: ech33_RT_probe: FAM-50-CAGCAGCCGAT

TGAGCAGCACCT 30-TAMRA, ech42_RT_probe:

FAM-50-TGAACTTCCAAGCAGACGGCACTGT-30-

TAMRA, and nag_RT_probe: FAM-50-TGTCGCTG

CCAAGAGTCAGGTTCCA-30-TAMRA. The thermal

profile was: uracil DNA glycosylase PCR

decontamination for 2 min at 50 �C and 2 min at

95 �C, followed by 50 cycles of denaturation and

annealing/extension for 15 s at 95 �C and of 1 min at

60 �C, respectively. Standard curves for chi, nptII, and

exogenes were built by means of four decreasing

concentrations of the respective multiple-target plasmid

calibrator, in a serial dilution of 1:5 (1,000,000, 200,000,

40,000, and 8,000 plasmid molecules). The number of

inserted exogenes in transgenic plants was calculated

with the following formula: (exogene CN/chi CN) 9 2.

In the formula, the copy number (CN) of the chi

endogene and the specific exogene are the mean values

of two replicate threshold cycles (Ct) obtained with the

iCycler iQ optical System Software, version 3.0a

(Biorad). For each plant sample, two real-time PCR

(qPCR) reactions were carried out and the final exogene

CN value is the mean of the two measures. Nuclease-free

water was used as a negative control.

Southern blot hybridizations

DNA extraction from the selected plants was con-

ducted according to the procedure of Steenkamp et al.

(1994). Fifteen l g of Hind III-digested genomic DNAs

(New England Biolabs, Ipswich, MA, USA) was

electrophoretically resolved on 1 % (w/v) agarose gels

and transferred to positively charged nylon mem-

branes (Roche Diagnostics Corporation, Indianapolis,

IN, USA) after 48 h using 209 saline-sodium citrate

(SSC) following the manufacturer’s instructions.

Hybridization on membranes was carried out for 3 h

using the pre-hybridization buffer [50 % formamide

deionized; 59 SSC; 0.1 % N-lauroylsarcosine;

0.02 % sodium dodecyl sulfate (SDS); 2 % blocking

reagent (Roche, Basel, Switzerland)] at 37 � C and

16 h of hybridization at 42 � C using 59 SSC in the

presence of the probe. Two low-stringency washes

(29 SSC ? 0.1 % SDS) were performed for 5 min at

37 � C and were followed by two high-stringency

washes (0.59 SSC ? 0.1 % SDS) for 15 min at

60 � C. We prepared a dioxigenine 11-dUTP alkali-

labile (Roche) nptII probe following the manufac-

turer’s instructions using primers NPTIIF-50-ATGAT

TGAACAAGATGGATTGCACG-30 and NPTIIR-50-

CGAATGGGCAGGTAGCCGGATCAAGC-30, which

generated a 400 bp fragment. Hybridizations were

detected using alkaline phosphatase-conjugated anti-

DIG antibodies and revealed using the CDP-Star

(Roche) reactives and Amersham Hyperfilm ECL films

(GE Healthcare, UK), following the manufacturer’s

instructions. The size marker (V2) was built by [ech42-

nag70] vector (Faize et al. 2003)/HindIII digestion.

Electrophoretical separation and blotting for V2 fol-

lowed the same experimental procedures as described.

Detection of V2 was carried out by hybridization with a

35S probe prepared using the same experimental

procedures as for nptII. The 35S probe was prepared

by PCR using primers Apu35s2F 50-TCTCAGATCG-

GACCATCACATCAAT-30 and Apu35sR 50-TG

CAGGTCCGATCTGAGACTTTTCA-30, which gen-

erated a 300 bp fragment.

ELISA

The npt II product (NPTII) was detected using the

Complete Kit PSP 73000/0288 (Agdia, Elkhart, IN,

USA). Leaf clusters were prepared for every line

represented by collecting two leaves from each

replicate of the plant; leaves were ground and

processed following the manufacturer’s instructions.

Positive and negative control tissues supplied in the kit

were prepared by rehydration in the provided phos-

phate buffer just prior to use and processed following

the manufacturer’s instructions. Optical densities

values (OD650) were determined in a Multiskan EX

(Thermo Scientific, Waltham, MA, USA) and data

from negative samples were subtracted from sample

data.

Chitinase activity

Chitinase activity was determined in the most tolerant

transgenic plants using total proteins extracted from

100 mg of fresh young leaf tissue from the field,

ground in 1 mL of extraction buffer (100 mM acetate

buffer; pH 5.0, 0.5 M NaCl, 1 % (w/v) polyvinylpyr-

rolidone (PVP40), 0.1 % Triton X-100, 2 %

2-mercaptoethanol, and 20 % glycerol). The samples

were incubated at room temperature for 3 h and then

the supernatant was recovered by centrifugation at

5,0009 g for 5 min. The total protein content was

quantified using Coomasie Plus Protein Assay
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mycelium; 5—medium (patches usually limited to a

diameter of 2–5 cm); 7—high (vast patches, some

limited, strong sporulation, and abundant mycelium);

9—very high (vast unlimited patches or totally

attacked leaf blades, strong sporulation, and abundant

mycelium). All of the leaves of each GM and control

plants (6–8 TS individuals) were assayed twice per

season and scored for the indicated symptoms. Scoring

times for young leaves were 3 weeks after flowering

and mature leaves after harvest, in 2007–2008 and

2008–2009 seasons.

Statistical analyses

Data values obtained from infection pixels (B. cine-

rea) or disease annotations (E. necator) were ranked

and processed by Kruskal–Wallis test in order to

evaluate the null hypothesis that the medians within

each of the columns is the same. The data from all the

columns was first combined and ranked from smallest

to largest. The average rank was then computed for the

data in each column. Median notch in the columns

were compared and represented using box-and-whis-

ker plots. Comparisons considered explant source and

transgene used as variables. The average rank for these

values was computed to identify medians that were

significantly different from each other. Statistically

significant differences amongst the medians at the

95.0 % confidence level were defined when the

P value was \ 0.05. All the statistical tools were

executed using Statgraphics Centurion XV software

(Statpoint Technologies, Warrenton, VA, USA).

Characterization of plants tolerant to B. cinerea

and E. necator infections

Lines located in the first quartiles and down in the

lower whiskers from both infection data sets were

filtered using MS-Excel datasheets (Microsoft, Red-

mond, WA, USA) and the 20 top-ranked lines were

selected for the second experiment. The successfully

established lines were further characterized.

Characterization of the most tolerant plants

Real-time PCR exogene quantifications

Design of calibrator plasmids Three calibratorplas-

mids were built for each target gene (ech42, ech33,

and nag70) by cloning into the calibrator plasmid

p-nptII/chi (Dalla Costa et al. 2009). For cloning,

target genes were amplified by PCR using ApaI- and

SacI-primer adapters (in bold), as follows: ech33_for:

50-TTA TCC GCG GTT GAA CGG GGC CGA ACA

T-30, ech33_rv: 50-AAT GGG CCC CTC GGC GGC

GAT TCC TA-30, ech42_for: 50-ATA TGG GCC
CTC GGC GTA GGC ATC TCC A-30, ech42_rev: 50-

ATA TCC GCG GGG TCG CGT CGG ACA TCA

C-30, nag_for: 50-TTT GGG CCC CCC AGC CAC

GAT TGA ACG-30, and nag_rev: 50-AAA CCG CGG
CGC CCA GGG TCT TTC ACC-30. Amplifications

were performed on a PCR Thermocycler Tgradient

(Biometra, Göttingen, Germany) using a first

denaturing step of 9 min at 95 � C, followed by 45

cycles of denaturation, annealing, and extension of

30 s at 95 � C, 30 s at 60 � C, and 30 s at 72 � C,

respectively. A final extension at 72 � C for 5 min was

used. Primers were designed with Primer3 software.

Amplicons (Apa adapter-target gene-Sac adapter) and

calibrator plasmid (p-nptII/chi) were double digested

with ApaI and SacI (Promega, Madison, WI, USA),

purified from 1 % agarose gels using the NucleoSpin

Extract II kit (Machinery-Nagel, Düren, Germany).

Ligation reactions were carried out mixing linearized

p-nptII/chi and the corresponding ech42, ech33, or nag

digested amplicons in a 3:1 insert:vector molar ratio

during an overnight incubation at 4 � C in the presence

of T4 DNA ligase (Promega). Ligation mixtures were

used in E. coli JM109 (Promega) transformation and

positive clones were used for plasmid purification

using the QIAprep Spin Miniprep Kit (Qiagen). Target

gene calibrator plasmids were checked by sequencing

in an ABI 3730xl using pUC/M13 forward and reverse

universal primers. Plasmid solutions were prepared in

water at 108 copies/l L, subdivided into 100 l L

aliquots, and stored at - 20 � C.

Real-time PCR amplifications The reactions were

performed in 96-well reaction plates on the iCycler iQ

Thermocycler (Biorad) in a 25 l L final volume. The

reaction mix contained 19 Platinum Quantitative PCR

SuperMix-UDG (Invitrogen), 100 ng of genomic

DNA, 0.3 l M primers, and a 0.2 l M specific

Taqman probe. Primers and Taqman probes for chi

and nptII amplifications were as in Dalla Costa et al.

(2009), while the primers for ech33, ech42, and nag70

were the same as used for the design of calibrator

plasmids without adapter sequences. Taqman probes
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development, embryos at the cotyledonary stage were

transferred to Petri dishes containing C2D medium

supplemented with 0.4 l M BA, 0.25 l M IBA, 2 g/L

glycine, and 0.5 g/L activated charcoal for 20 days.

Plantlets were selected and cultured in C2D medium

supplemented with 5 l M BA, 0.5 l M IBA, and

1 mg/mL glycine for acclimatization. All these pro-

cedures were carried out at 24 ± 2 � C.

DNA extraction and characterization of putatively

transgenic plantlets by PCR

Total DNA isolates from regenerated plantlets were

obtained by processing approximately 100 mg of leaf

tissue from shoots of rooted regenerants using the

Invisorb Spin Plant Mini Kit (Invitek, Berlin, Ger-

many) following the protocol described by the man-

ufacturer. Preliminary PCR analyses were set using

these isolates using primers complimentary to the

neomycin phosphotransferase II (nptII) gene (Urtubia

et al. 2008) and the V. vinifera stilbene synthase gene

as internal control (primers STS_F 50-TTGACCGAA

GAAATGCTTGAGGAG-30 and STS_R 50-AAAAG

GGCTTGGCCAACTAAAGAG-30) for the amplifi-

cation of a 430 bp fragment.

Establishment of transgenic lines in open field

Two vineyard experiments were established for the

present work. The first experiment was established with

all transgenic plants that were positive according to

nptII PCR analysis. For acclimatization, plants were

transferred to a greenhouse using 8 9 20 cm plastic

bags containing sterile soil (200 mL). Cultivation

conditions in the greenhouse were 24 ± 2 � C with

constant photoperiod of 16 h light/8 h darkness. After

5–10 months, plants were pre-conditioned in a shade-

house for 2 weeks before planting in open field in a

mother block (MB). Planting distances used in MB

were 50 cm between plants and 2.5 m between rows, in

a completely random distribution of 4–6 replicates per

line. Each plant in the field was labeled using a barcode

system reporting data on source, vector, line, and plant

(Hinrichsen et al. 2005). A total of 568 genetically

modified (GM) plants (103 GM lines; 81 TS lines

generating a population of 461 and 22 GI lines

generating a population of 107) and 60 non-transgenic

TS control plants were successfully established. The TS

control population was obtained from somatic embryos

without gene transfer. A second experiment was carried

out after the last season of evaluations for plants in the

MB; five dormant canes were selected from each of the

20 tolerant top-ranked lines and from one TS control,

grafted onto Harmony rootstocks and re-planted in

another section of the field. Planting distances were

2.5 m between and across rows to mimic commercial

production conditions. Grafted plants were randomly

distributed. Nineteen GM lines were successfully

established in the second experiment.

Evaluation of tolerance to B. cinerea infection

An isolate of B. cinerea obtained from naturally

infected grape berries (Muñoz et al. 2002; Rigotti

et al. 2002) was prepared and maintained by plating on

potato-dextrose-agar (PDA) in Petri dishes at 5 � C in

the dark. Inoculation dishes were prepared, allowing for

complete fungal growth at 20 � C under a photoperiod of

16 h of light and 8 h of darkness for 6–7 days. Leaves

were collected from plant shoots between the fourth and

sixth node and inoculated in the laboratory by contact

on their adaxial surface with agar slices extracted from

prepared fungal dishes using a puncher (7 mm diam-

eter) and incubated at 18–20 � C using a photoperiod of

16 h light/8 h darkness. Control infections were carried

out by incubating fungal agar slices on adaxial surfaces

of 60 leaves from 6 to 8 TS plants from the same field

and evaluated by time course analyses in order to define

the best inoculation time. Data acquisition was set

according to the infection pattern in these control leaves

in which spots reached 2 cm in diameter (usually 72 h

post-infection). Infections on GM individuals were

measured as necrotic spots (in pixels) by image

scanning of challenged leaves. Scoring times for these

assays were between 4 and 6 weeks after flowering in

2007–2008 and 2008–2009.

Powdery mildew disease ranking

Disease annotations of E. necator infections were

made in the transgenic and control individuals planted

in the field using a modified scale for descriptors for

grapevines (Descriptors for Grapevine; IPGRI,

UPOV, OIV (1997); using scale values of 1, 3, 5, 7,

and 9). Infection degrees were scored as follows: 1—

very low (tiny spots or no symptoms, neither visible

sporulation nor mycelium); 3—low, limited patches

smaller than 2 cm in diameter, limited sporulation and
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Materials and methods

Plant materials

Two different TS plant materials were used: certified

TS plants commercially available from Brown Group,

Inc., (Los Andes, Chile) and a TS accession (GI)

introduced from the United States (Dennis Gray,

Apopka Station, University of Florida, USA). Plantlets

from these accessions were grown in C2D medium

(Chée and Pool 1987) supplemented with 4 l M

6-benzyladenine to induce multiple budding in a

period of about 30 days. Cultivation chambers for

these materials were set at 24 ± 2 � C with a constant

photoperiod of 16 h light/8 h darkness.

Somatic embryogenesis

Apical and axial buds with 2–4 leaves were cut from

in vitro-grown TS and GI plants. Buds were excised

using a stereoscopic lens and incubated for callus

induction in NB2 medium following the general

procedures introduced by Li et al. (2001) by cultiva-

tion in darkness for 30 days at 24 ± 2 � C to form pro-

embryogenic calli. Pro-embryogenic masses were

transferred to X6 medium (Li et al. 2001) and kept

at the same temperature under a 16 h light/8 h

darkness photoperiod for up to 90 days. Somatic

embryos were harvested from the masses according to

their developmental stage and maintained on the same

medium. To induce development, embryos at cotyle-

donary stage were transferred to C2D medium

supplemented with 0.4 l M BA, 0.25 l M indolbutyric

acid (IBA), 2 g/L glycine, and 0.5 g/L activated

charcoal and kept under the same conditions of

temperature and photoperiod for 20 days. The total

time involved in the entire induction and development

of embryos was at least 110 days. Somatic embryos

were used for the gene transfer experiments.

Gene constructs

Constructs for ech42 and nag70 genes

Constructs for the ech42 and nag genes from T.

harzianum P1 were developed at Cornell University

(New York, USA), as previously described by Bolar

et al. (2001).

Gene construct for ech33

We built the construct pCAMBIA2300-34S-ech33 by

cloning the ech33 gene from a local H. virens isolate

(GenBank accession number FJ358733). The ech33

gene was obtained by polymerase chain reaction

(PCR) from genomic DNA prepared as described by

Müller et al. (1998). Primers chi33for 50-ATGCCT

TCCTTGACTGTTCTTGCG-30and chi33rev 50-TTA

CCTCAAAGCATTGACAACCTG-30 were designed

with Primer3 software v. 0.4.0 (Rozen and Skaletsky

2000; http://bioinfo.ut.ee/primer3-0.4.0/primer3/

input.htm) using three previously described sequen-

ces as a reference (De la Cruz et al. 1992; Hayes et al.

1994; Limón et al. 1995). A gene fragment of 1,157

base pairs was cloned into pGEM-T (Promega, Mad-

ison, WI, USA) and sequenced (Macrogen, Seoul,

South Korea) (EMBL EBI sequence accession number

FJ358733.1). This construct was used as a template for

a new round of PCR, in which the same primers were

tailed with SpeI sites in order to generate a SpeI-ech33-

SpeI fragment that was cloned into the same site in

pUC18FMV (Marlene Rosales, Pontificia Universidad

Católica de Chile). A 34S Figwort mosaic virus

(FMV) promoter—ech33-35S CaMV terminator

fragment was excised from the pUC18FMV-ech33

construct by restriction with PstI and cloned into the

same site in pCAMBIA2300 (CAMBIA, Australia) to

generate the final construct pCAMBIA2300-34S-

ech33.

Gene transfer

In each gene transfer experiment, 200 mg of embryo-

genic mass was pre-conditioned in DM medium

(Driver and Kuniyuki 1984) for 14 days in darkness.

Embryo cells were incubated for 20 min in a solution

(OD600 = 0.6) of A. tumefaciens EHA105-harboring

vectors expressing the ech42, ech33, or (ech42 ?
nag70) genes and co-cultured for 2 days in darkness.

Infected grape cells were washed three times with

distilled water and cultured in Petri dishes containing

DMcck medium (DM supplemented with 200 mg/L

carbenicillin, 200 mL/L cefotaxime, and 100 mg/L

kanamycin) for 21 days using the same photoperiod

and transferred into modified X6cck medium (X6

supplemented with 200 mg/L carbenicillin, 200 mL/L

cefotaxime, and 200 mg/L kanamycin) in Petri dishes

for 60 days under the same photoperiod. To complete
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Introduction

Grapevine growers invest millions of dollars to

mitigate the impact of fungal diseases (Haggag

2008). Among these diseases, gray mold caused by

the necrotrophic fungus Botrytis cinerea Pers. [tel.

Botryotinia fuckeliana (de Bary)] attacks leaves or

inflorescences and results in serious economic damage

(Haggag 2008). Flowers typically become infected

during the late blooming period without showing

symptoms. Then, the pathogen enters into the young

fruit at a very early stage of development (Elad et al.

2004; Keller et al. 2003). Low temperatures and other

environmental conditions cause gray mold onset;

disease results in significant pre- and post-harvest

losses. On the other hand, infection caused by the

biotrophic fungus Erysiphe necator; sin. Uncinula

necator Burr., the causal agent of powdery mildew,

also depends on the timing of the first infection.

Infections can occur in all succulent tissues on a

grapevine (including the stem, leaves, and fruits),

decreasing the rate of photosynthesis and leading to

reduced berry sugar content in table grapes and

unpleasant flavors in wine. Infections that occurred

at early developmental stages of the fruit, i.e., a few

days after fruit setting, will cause berry stunting and

scarring.

Although resistance sources to many fungal dis-

eases have been found in Vitis species and their

transfer to Vitis vinifera cultivars has been carried out

with some success (Peterlunger et al. 2003; Figueiredo

et al. 2008; Ramming et al. 2011), resistant varieties of

commercial value derived from these interspecific

hybrids are not yet available. Thus, the use of

alternative procedures such as gene transfer have

garnered interest due to the possibility of establishing

disease tolerance or resistance in elite grapevine

varieties and rootstocks without changing other geno-

type-specific characteristics.

Several approaches have been used in plants to

engineer fungal resistance (Wally and Punja 2010).

One approach includes the use of anti-fungal enzymes,

e.g., chitinases or glucanases, from different sources,

including plants (Chye et al. 2005; Vellicce et al.

2006) or mycoparasitic fungi (Lorito et al. 1998; Bolar

et al. 2001; Emani et al. 2003; Liu et al. 2004). A

42 kDa extracellular endochitinase (ech42, EC 3.2.14)

from Trichoderma harzianum and Trichicoderma

virens has been described as playing a key role in

the biological control of B. cinerea and other

pathogens (Schuster and Schmoll 2010) and the

use of the corresponding genes has led to the

generation of tolerant transgenic lines in several

species such as potatoes and tobacco (Lorito et al.

1998), apples (Bolar et al. 2001), petunias (Esposito

et al. 2000), broccoli and canola (Mora-Avilés and

Earle 2004), cotton (Emani et al. 2003), rice (Liu

et al. 2004), and grapes (Kikkert et al. 2000).

Another endochitinase gene identified in Tricho-

derma, ech33, whose protein showed significant

similarity to some pathogenic response-associated

class-III plant chitinases (Limón et al. 1995), was

used for tolerance in tobacco to biotic (Rhizoctonia

solani and Pseudomonas syringae pv tabaci) and

abiotic stresses, such as heavy metals (Dana et al.

2006). In addition, a T. harzianum P1 N-acetyl-b-D-

hexosaminidase (nag70, EC 3.2.1.52) has also been

used to generate transgenic ‘Marshall McIntosh’

apples and produce lines with enhanced tolerance

against Venturia inaequalis (Bolar et al. 2001).

Higher tolerance levels have been obtained by

stacking several chitinolytic genes from Tricho-

derma compared with using single genes (Dana

et al. 2006; Liu et al. 2004; Bolar et al. 2001).

Since 2002, a high-throughput Agrobacterium

tumefaciens (updated scientific name: Rhizobium

radiobacter)-mediated gene transfer of somatic

embryos of V. vinifera ‘Thompson Seedless’ (TS)

has been used at La Platina Research Station of the

National Agriculture Institute (Santiago de Chile)

(Reyes et al. 2005; Tapia et al. 2009). Transgenic lines

were developed using ech42 and nag70 from T.

harzianum P1 and ech33 from a local isolate of the

teleomorph of T. virens, Hypocrea virens (Acc. no.

FJ358733). Of the 3,000 transgenic lines that were

established in the greenhouse (Hinrichsen et al. 2005),

103 lines, from which 568 plants were produced, were

released in the field in September 2004. This study

reports the field evaluation of transgenic TS during

two consecutive seasons and the identification of

transgenic lines exhibiting tolerance to B. cinerea and

E. necator. Controlled leaf infections and symptoms at

the field level due to natural disease occurrence were

used. The statistical analysis and further molecular

characterization used to define a tolerant population

are described.
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