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1. Cultivo del melén y fusariosis vascular

1.1. Caracteristicas generales del cultivo del melén

El melén, Cucumis melo L., es una planta de la familia Cucurbitaceae que se
ha cultivado desde antiguo en climas calidos de todo el mundo. Segun datos de la
FAOQO, en el afio 2009 se dedicaron a este cultivo mas de 1,2 millones de hectareas en
todo el mundo, con una produccién mundial de mas de 27 millones de toneladas.
Espafia es el principal productor de Europa, por encima de paises como ltalia,
Ucrania, Francia y Grecia, dedicando a este cultivo mas de 31.400 hectareas, con
una produccién anual de 1.005.800 toneladas (FAOSTAT, 2011).

Las semillas de melén germinan y crecen en semillero hasta su transplante
definitivo a campo, para asegurar de esta manera una mayor supervivencia y evitar
posibles mermas en campo debido a la existencia de plagas y enfermedades. En el
semillero, las semillas se germinan en sustratos organicos, generalmente turba, en
bandejas de poliestireno divididas en alvéolos (Foto 1). En el caso del meldn, el
tiempo de residencia en semillero es de unos 35-40 dias, dependiendo de la variedad

de meldn, el tipo de sustrato empleado o de las condiciones ambientales.

Foto 1. Imagenes de bandejas de poliestireno con plantulas de melén en el semillero.

Durante esta etapa del desarrollo, las plantulas de melén son vulnerables al
ataque de diferentes plagas y patdégenos, que reducen generalmente el crecimiento

de la plantula, haciendo inviable el cultivo para su transplante en campo en la
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mayoria de los casos. Algunas de estas plagas y enfermedades se recogen en la
Tabla 1.

Tabla 1. Plagas y enfermedades méas comunes que pueden atacar a las plantulas de melén en

semillero.
Plagas Agente causal
Arafia roja Tetranychus sp.

Mosca blanca
Pulgén
Minadores

Nematodos

Trialeurodes vaporariorum, Bemisia tabaci
Aphis gossypii, Myzus persicae
Liriomyza huidobrensis, L. trifolii

Meloidogyne sp.

Enfermedades viricas

Cmv

ZYMV

MNSV

Virus del mosaico del pepino
Virus del mosaico amarillo del calabacin

Virus del cribado del melén

Enfermedades bacterianas

Manchas angulares
Manchas bacterianas

Podredumbre blanca

Pseudomonas syringae
Xanthomonas campestres

Erwinia carotorova

Enfermedades fungicas

Oidio

Mildiu

Podredumbre radicular
Chancro gomoso del tallo
Marchitez foliar
Podredumbre de carbon
Podredumbre del hipocétilo

Fusariosis vascular

Sphaerotheca fuliginea

Pseudoperonospora cubensis, Erysiphe cichoracearum
Olpidium radicale

Didymella bryoniae

Alternaria cucumerina

Macrophomina phaseolina

Acremonium sp.

Fusarium oxysporum f. sp. melonis
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1.2. Fusariosis vascular del melén

La fusariosis vascular es una de las enfermedades mas graves que afectan al
cultivo del melén, causando enormes pérdidas a nivel mundial (Kim y col., 1993;
Martyn y Gordon, 1996). Esta enfermedad se describidé por primera vez en Espafia
en 1979 (Maroto, 1994), y estd causada por el hongo Fusarium oxysporum
Schlechtend Fr. forma specialis melonis W.C. Snyder & H. N. Hans (FOM) (Foto
2A). Este hongo mitosporico (anamorfo) posee su teleomorfo en el género
Gibberella, de la familia Nectriaceae, el orden Hypocreales, la clase Sordariomycetes
pertenecientes a la divisibn Ascomycota (Index Fungorum, 2008). La mayoria de
hongos agrupados en la especie F. oxysporum se caracterizan por invadir los vasos
del xilema de la planta, obstruyendo el paso de agua y nutrientes, y provocando la
necrosis de los haces vasculares. Esta interrupcion del transporte provoca la
marchitez de las hojas y finalmente la muerte de la planta (Agrios, 2005). Dentro de
esta especie se han definido mas de 150 formae speciales, en base del hospedador
al que infecten (Baayen, 2000).

Foto 2. Detalles de la fusariosis vascular. A) F. oxysporum creciendo en medio de cultivo; B) y C)
marchitamiento producido por este hongo en plantulas de meldn (amarillamiento, disminucién del

crecimiento y necrosis) frente a plantas sanas (verdes).
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Las plantas infectadas por este hongo en las primeras fases de crecimiento
generalmente se marchitan y mueren tras aparecer los primeros sintomas (Foto 2B y
C). Cuando el patogeno infecta la planta en un estado mas tardio, los sintomas
vienen marcados por una disminucién del crecimiento, un amarillamiento de las hojas
jovenes, y la aparicién de zonas necroticas en el tallo, hasta que finalmente la planta
muere (Blancard y col., 1991). La enfermedad puede causar verdaderos desastres
en cultivos de meldn, llegandose en algunos casos a pérdidas de mas del 90% de la

cosecha (Soriano-Matrtin y col., 2006).

Las condiciones de humedad y temperatura de los semilleros son Optimas
para la infeccion de F. oxysporum (Gomez y Tello, 2000a), produciéndose muchas

veces las infecciones en este nivel del cultivo, lo que provoca enormes pérdidas.

Ademas, las esporas de este hongo presentan una gran facilidad de
dispersion, ya sea a través del agua de riego y salpicaduras, de semillas infectadas,
del aire, o del uso de maquinaria y material contaminado. Asi, por ejemplo, uno de
los mejores modos para evitar la aparicion y desarrollo de esta enfermedad es la
eliminacion de posibles restos del hongo que hayan podido quedar tras el cultivo en
semillero. Muchas veces esto no es posible, ya que en los semilleros se suelen
reutilizar las bandejas empleadas para la germinacion de las semillas. En el peor de
los casos, cuando los sintomas de la enfermedad no son visibles en el semillero y las
plantas se trasplantan al campo, se produce un agravamiento del problema al
producirse la dispersion del patégeno (Blancard y col.,, 1991). Esto provoca un
aumento en los niveles de indculo en esas areas favoreciendo que la enfermedad
persista en el tiempo convirtiendose en endémica. En efecto, las esporas de
resistencia (clamidosporas) de F. oxysporum pueden permanecer en el sustrato o los
materiales infectados durante afios, siendo muy dificil la eliminacibn de este

patdgeno (Suarez-Estrella y col., 2003; Zhang y col, 2005).

El control de la fusariosis vascular mediante medios quimicos no es sencillo.
Entre los fungicidas que se han empleado para el control de esta enfermedad,
durante el cultivo, destaca etridiazol 48% (cuya retirada de uso en la UE esta prevista
para el 31 de diciembre de 2011) y procloraz 45% (compuesto toxico para aves,
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mamiferos y organismos acuaticos). Otros medios de prevencién consisten en la
desinfeccion de los materiales de partida, destacando la higienizacion de bandejas
mediante hipoclorito de sodio. Estos agentes no son totalmente efectivos, causando
ademas serios problemas de toxicidad en plantas jovenes, y conllevando riesgos
para los empleados y el medio ambiente (Soriano-Martin y col.,, 2006). Otros
productos quimicos como el bromuro de metilo también se han utilizado para eliminar
las esporas de F. oxysporum. Sin embargo el protocolo de Montreal establecié su
retirada progresiva comenzando en el afio 2005 hasta el 2015 (Ricardez-Salinas y
col., 2010), debido a los graves riesgos que presenta para la salud humana y para el

medio ambiente, estando relacionado su uso con la destruccion de la capa de ozono.

No existen por ello medios quimicos eficaces ni medioambientalmente
sostenibles para la eliminacion del hongo patégeno vascular. Por ello, es
fundamental la busqueda de métodos de deteccion y control del agente fitopatégeno
(Suarez-Estrella y col., 2007), que permitan la localizacion de las plantas infectadas
en los primeros estadios del cultivo, y que ayuden a reducir la incidencia de la

enfermedad y las pérdidas asociadas a la misma.

2. Control bioldgico de enfermedades de plantas

En contraposicion al control quimico, caracterizado por el empleo de productos
guimicos en agricultura, ha surgido el concepto de control biolégico. El control
bioldgico o biocontrol fue definido por Cook y Baker (1983) como “la reduccion de
la cantidad de in6culo o de la actividad de un patégeno para producir una
enfermedad por o0 a través de uno 0 mas organismos distintos al hombre”. Asi, dentro
del control biolégico se encuentran el uso de variedades del patégeno menos
virulentas o avirulentas, el empleo de cultivariedades mas resistentes del
hospedador, y el uso de microorganismos antagonistas, denominados agentes de
control biolégico (ACBs), asi como también la rotacién de cultivos y la adicion de
abonos de origen animal y vegetal.

El empleo de estas practicas de control biolégico reduce la necesidad de

utilizar tanto fertilizantes como fungicidas quimicos, disminuyendo los problemas
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ambientales que conllevan estos productos, asi como el desarrollo de resistencias a
determinados patégenos por el repetido uso de estas sustancias, y la eliminacion de
microorganismos beneficiosos del suelo, como las micorrizas y los hongos

antagonistas, tras la aplicacion de fungicidas de amplio espectro.

2.1. Agentes de control biol6gico (ACBs)

Los microorganismos antagonistas, también llamados agentes de control
biolégico (ACBs), suelen encontrarse de forma natural en el suelo, y conllevan
efectos beneficiosos para los cultivos. Sin embargo, el uso intensivo de los suelos
agricolas suele provocar un descenso en las poblaciones de los mismos,
disminuyéndose por tanto su efecto beneficioso para los cultivos. Entre los
microorganismos antagonistas del suelo encontramos aislados de géneros de
hongos tales como Penicillium, Aspergillus, Trichoderma y Gliocladium, asi como
bacterias de los géneros Bacillus, Enterobacter, Pseudomonas y Streptomyces
(Suérez-Estrella y col.,, 2007). Estos microorganismos interaccionan con los
patbgenos de plantas de diferentes modos: compitiendo por los nutrientes,
generando metabolitos secundarios con efecto antibidtico o parasitando directamente
a los organismos fitopatdgenos. Ademas, mejoran el crecimiento de las plantas y
generan resistencia inducida en estas frente a situaciones de estrés (Alabouvette y
col., 2006). Estos efectos beneficiosos justifican su uso como alternativas reales a los
fungicidas quimicos.

Una de las principales criticas del uso de ACBs es su falta de consistencia en
el control de enfermedades. Sin embargo, esta falta de consistencia esta mas
relacionada con fallos en los modos de aplicacion que en la falta de accién
propiamente dicha. Es importante conocer y estudiar qué tipo de inéculo es el
adecuado, asi como cuales son las mejores condiciones para su inoculacién, tales
como tasa o tiempo de aplicacién (Montesinos y col., 2008). También es necesario
monitorizar el desarrollo del ACB una vez aplicado en un cultivo, asi como realizar
una seleccién de ACBs con un elevado efecto supresor frente a un determinado
patdogeno. Todo ello puede mejorar enormemente los resultados obtenidos en

resistencia a la enfermedad. A su vez, como han apuntado autores como Hjeljord y
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Trosnmo (1998), es importante definir qué se quiere conseguir con el control
biol6gico. Aunque a simple vista la reduccion de la enfermedad en un cultivo sea lo
mas importante, los agentes de control biol6gico ayudan a reducir las enfermedades
en futuros cultivos en esa zona, ya que los microorganismos inoculados pueden
sobrevivir en el suelo, a diferencia de los productos quimicos, que deben aplicarse

de nuevo cada temporada de cultivo.

2.2. Précticas culturales en control biolégico

Como complemento a la aplicacion de ACBs, existen también diferentes
practicas culturales que ayudan a controlar la enfermedad y también se incluyen en
el control bioldgico. Estas se basan principalmente en métodos profilacticos, que
evitan la aparicion de la enfermedad en el cultivo, evitando la introduccion del
patdgeno y su posible desarrollo en un éarea determinada. Estos métodos
profilacticos incluyen el empleo de semillas y material no contaminado, la eliminacién
de residuos procedentes de cultivos anteriores, y otras practicas como la solarizacion
y/o biosolarizacion (solarizacién-biofumigacion) de los suelos (Tamietti y Valentino,
2006).

El empleo de compost como enmiendas organicas es otra de las estrategias
empleadas para favorecer el control bioldégico de fitopatégenos (Alabouvette y col.,
2006). Los compost se definen como el producto obtenido de la descomposicion de
materia organica bajo condiciones controladas de humedad, temperatura y aireacion.
Los compost se han utilizado como enmiendas organicas del suelo porque se
encuentran libres de patdgenos, y son agronémicamente ventajosos y relativamente
baratos (Ros y col., 2005). Su composicion puede ser muy heterogénea, desde lodos
de aguas residuales, a residuos soélidos urbanos asi como de la industria
agroalimentaria, pasando por residuos de plantas o estiércol animal (Yogev y col.,
2006). Entre sus principales ventajas se incluyen su alto contenido en nutrientes y
materia organica. Ademas, los microorganismos que contienen los compost pueden
producir un efecto supresor contra numerosas enfermedades vegetales producidas

por los hongos del suelo.
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Otras practicas culturales incluyen el empleo de productos naturales como la
quitina y sus derivados, extractos de algas o de plantas, etc. Estos compuestos no
solo contribuyen a mejorar el cultivo debido a su aporte de nutrientes y de materia
organica, sino que también pueden poseer propiedades antimicrobianas. Por dichas
caracteristicas, los productos naturales se han empleado en el control biolégico de
enfermedades (Alabouvette y col., 2006). Ademas, la aplicacion de estos productos
en combinacion con determinados ACBs podria mejorar enormemente el efecto de

control bioldgico frente a algunos fitopatégenos.

3. Control bioldgico y cultivo ecolégico en semillero

La produccion de plantas en los semilleros sin emplear productos quimicos es
muy reducida. Las principales limitaciones de esta baja produccion se deben al
riesgo de enfermedades que pueden limitar el rendimiento de la produccién, junto a
la aun poca superficie dedicada por los paises para la agricultura ecoldgica,

también llamada organica o biol6gica (Lammerts van Bueren y col., 2003).

Esta situacion, sin embargo, ha ido cambiando durante los Gltimos afios. A la
mayor concienciacion de una parte de la sociedad de desarrollar actividades
sostenibles con el medio ambiente, debemos afiadir la nueva regulacion de la Union
Europea, enfocada en la reduccion del empleo de productos quimicos
potencialmente peligrosos para el ser humano y la naturaleza. Ambas situaciones
han llevado a una mayor demanda de productos biolégicos y al consiguiente
aumento de la superficie destinada al cultivo ecolédgico. Asi, en el afio 2009, se
dedicaron a agricultura ecoldgica en Espafia mas de 1,6 millones de Ha. Esta cifra
sitla a Espafia como la primera productora de agricultura ecoldgica a nivel europeo,
y como una de las mayores a nivel mundial por detrds de Australia, Argentina,
Estados Unidos, China y Brasil (MAPA, 2010). Todo esto ha generado la necesidad

de aumentar la produccion de plantulas ecoldgicas en semillero.

El control de enfermedades de forma bioldgica en el semillero no es una tarea

sencilla. Ello es debido, por un lado, a la elevada sensibilidad de las plantulas en esta
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etapa del cultivo, junto a la imposibilidad de utilizar fungicidas de sintesis quimica

(Lammerts van Bueren y col., 2010).

La utilizacion de medidas profilacticas que eviten la dispersion del patégeno en
el semillero o la utilizaciébn de compost como sustrato de cultivo de las plantulas,
estan entre los métodos mas efectivos. Esto se debe principalmente a la capacidad
supresora o de control bioldgico que presentan algunos compost, en contraposicion a
las turbas usadas tradicionalmente en semillero, que son especialmente conductivas
a muchos patégenos (Yogev y col., 2006). Algunas de las diferentes enfermedades
controladas por los compost como sustratos incluyen el colapso de las plantulas y las
podredumbres de la raiz, causadas por hongos tales como Pythium ultimun,
Rhizoctonia solani, y Phytophthora sp., asi como las marchitamientos vasculares
causados por F. oxysporum y Verticillum dahliae. Este caracter supresivo es debido
principalmente a la composicion microbiolégica del compost. Durante el proceso de
compostaje, el aumento de temperatura en la fase termofila produce un “vacio
biol6gico”, permitiendo la posterior recolonizacibn de numerosos microorganismos,
muchos de los cuales son ACBs, de forma natural. Sin embargo, cuando esta
colonizacién natural no ocurre, el compost puede ser inoculado artificialmente con
ACBs, mejorado la capacidad de control biolégico del mismo (De Ceuster y Hoitink,
1999). Asi, la inoculacion de aislados del hongo Trichoderma en compost se ha
mostrado efectiva para controlar enfermedades producidas por patdgenos fangicos
como Cloanephora cucurbitarum (Siddiqui y col., 2008), Rhizoctonia solani (Trillas y
col., 2006) Sclerotinia cepivorum (Coventry y col., 2006), Botrytis cinerea (Horst y
col., 2005), Phytophthora sp. (Khan y col., 2004) y F. oxysporum (Cotxarrera y col.,
2002; Santy col., 2010) en semillero.

Ademas, el empleo de compost mejora el crecimiento de la planta, debido a su
aporte nutritivo y a la posible presencia de compuestos similares a hormonas que
actian como promotores del crecimiento (Bernal-Vicente y col., 2008). A su vez, el
aporte de materia organica fomenta la retencion de agua, favoreciendo la reduccion
del riego (Singer y col., 2006).

11
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Estas caracteristicas hacen de los compost buenas alternativas al uso de
turbas tradicionales en semilleros. En este sentido, se esta reconsiderando
tltimamente el uso de turbas, debido a factores tanto econémicos (el elevado precio
de la turba) como medioambientales (las turberas son un recurso no renovable cuya
explotacibn no es sostenible) (Tittarelli y col., 2009). Este planteamiento de
sustitucion de turbas por compost depende del tipo de compost empleado (que
presente unas caracteristicas fisicas y una conductividad eléctrica similares a las de
la turba). En otros casos, el compost puede mezclarse en diferentes proporciones
con la turba, para conseguir un sustrato apto para el desarrollo de las plantas
(Tittarelli y col., 2009). Ademas, el empleo de compost contribuye al reciclaje de

residuos organicos (Hoitink y col., 1997; Alabouvette y col., 2006).

4. Trichoderma harzianum en el control biolégico de fitopatégenos

4.1. Caracteristicas generales de Trichoderma sp.

Los aislados del género Trichoderma se encuentran entre los agentes de
control biolégico mas utilizados en agricultura, ya que actian eficazmente contra
numerosos hongos fitopatdgenos presentes en el suelo (Chet, 1987). Las especies
con mayor efecto en control biolégico incluyen T. atroviride, T. hamatum, T.
asperellum y T. harzianum. Estas especies se caracterizan por presentar un rapido
crecimiento, poseer una gran capacidad de esporulacion y de adaptacion a un amplio
rango de suelos agricolas. Los aislados de Trichoderma son sensibles a diferentes
condiciones abidticas medioambientales como temperatura, humedad y nutrientes, si
bien su gran adaptabilidad les permite sobrevivir en gran cantidad de habitats
(Hjeljord y Tronsmo, 1998). Estos hongos compiten bien en la rizosfera de la planta,
como enddfitos, siendo capaces de colonizar completamente la superficie radicular.
Ademas, penetran en el tejido de la raiz, normalmente hasta la primera o segunda
capa de células, y soélo en los espacios intercelulares (Brotman y col., 2010). Todas
estas caracteristicas hacen de este hongo uno de los principales ACBs utilizados en
agricultura (Tabla 2). Cerca del 50% de los ACBs fungicos del mercado pertenecen al

género Trichoderma (Whipps y Lumsden, 2001).
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Tabla 2. Especies del género Trichoderma empleadas en el control bioldgico de hongos y bacterias

fitopatdgenas en diferentes cultivos.

Especie

Antagonista frente a

Cultivo

T. atroviride

Rhizoctonia solani
Botrytis cinerea
Sclerotinia sclerotium

Armillaria mellea

Patata (Lahlali y Hijri, 2010)
Fresa (Faize y col., 2003)
Alfalfa (Liy col., 2005).

Uva (Savazzini y col., 2008).

T. asperellum

Fusarium oxysporum

Pseudomonas syringae
Rhizoctonia solani

Pythium sp.

Tomate (Cotxarrera y col., 2002; Segarra
y col., 2010).

Pepino (Yeddidia y col., 2003).
Pepino (Trillas y col., 2006).

Tomate (Aerts y col., 2002)

T. hamatum

Fusarium oxysporum
Sclerotinia minor
Botrytis cinerea

Xanthomonas vesicaria

Rébano (Heremans y col., 2005).
Lechuga (Rabeendran y col., 2006).
Begonia (Horst y col., 2005).

Tomate (Alfano y col., 2007).

T. harzianum

Botrytis cinerea

Sclerotinia sclerotium

Pseuperonospora cubensis
Sphaeroteca fusca

Fusarium oxysporum

Rhizoctonia solani

Pythium sp.

Bipolaris oryzae

Phaeomoniella chlamydospora

Pepino(Elad, 2000), tomate (Fiume y
Fiume, 2006)

Pepino (Elad, 2000), soja (Menéndez y
Godeas, 1998)

Pepino (Elad, 2000)

Pepino (Elad, 2000)

Abeto de Douglas (Mousseauxy col.,
1998), meldn (Lépez-Mondéjar y col.,
2010), vid (ElI-Mohamedy y col., 2010)
Tomate (Strashnov y col., 1985; Amery
Abou-El-Seoud, 2008), rabano (Lee y
col., 2008).

Maiz (Harman y col., 2004), tomate (Aerts
y col., 2002).

Arroz (Abdel-Fattah y col., 2007)

Vid (Di Marco y Osti, 2007)
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Las especies del género Trichoderma se clasifican dentro de la familia
Hypocraceae, en el orden Hypocreales, y en la clase Sordariomycetes de la division
Ascomycota (Index Fungorum, 2008). Morfolégicamente se distinguen alrededor de
30 especies del género Trichoderma. Sin embargo, la introducciéon de los métodos
moleculares en micologia evolutiva en los ultimos afios ha revelado la existencia de

mas de 100 especies distintas (Druzhinina y col., 2006).

Una de las mas frecuentes en la mayoria de ambientes es T. harzianum.
Ademas, esta especie es una de las principales utilizadas como ACB, siendo en
muchos casos su nombre sinénimo de control biol6gico (Foto 3). Las especies de
Trichoderma son la fase anamorfica de especies del género teleomaorfico Hypocrea.
Asi, por ejemplo, se ha relacionado la especie T. atroviride con H. atroviridis (Dodd y
col., 2003), T. virens con H. virens (Chaverri y col., 2001) o T. ressei con H. jecorina
(Kuhls y col., 1996).

Foto 3. Diferentes aislados de T. harzianum (de color verde) creciendo en placa frente al patdgeno F.

oxysporum (de color rosa).

T. harzianum se ha relacionado con la especie teleomorfa H. lixii (Chaverri y
col., 2003). Sin embargo, los ultimos estudios moleculares rechazan el holomorfo H.
lixii/T. harzianum, en favor de dos especies separadas (Druzhinina y col., 2010). T.
harzianum Rifai presenta un crecimiento muy rapido, con una produccién abundante
de conidias que rapidamente cambian de color verde amarillento a verde oscuro.
Suelen presentar pustulas rodeadas de micelio blanquecino. Los conidiéforos forman
una estructura piramidal, produciendo conidias de un aspecto subgloboso a ovoide,
de color hialino a verde palido (Grams y Meyer, 1998). La gran capacidad de
produccion de conidias de esta especie facilita su uso como ACB, ya que la mayor
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tolerancia de estas esporas a condiciones medioambientales adversas, a diferencia
del micelio, favorece la preparacion de distintas formulaciones de productos (Verma 'y
col., 2007). Asi, por ejemplo, las suspensiones de conidias de estos hongos se han
empleado para reducir las enfermedades postcosecha producidas por hongos como

Rhizopus stolonifer, Botrytis cinerea o Penicillium expansum (Batta, 2007).

El control de enfermedades fungicas y bacterianas de plantas no es el Unico
uso que ha recibido T. harzianum. También se han utilizado aislados de este hongo
para controlar invertebrados patdogenos de la rizosfera de la planta como los
nematodos (Sahebani y Hadavi, 2008), y plagas foliares como los afidos (Ganassi y
col., 2000). T. harzianum también se ha empleado como promotor del crecimiento
vegetal. Algunos investigadores han sugerido que estos aislados producen
compuestos que actian como hormonas del crecimiento en la planta, ademas de
mejorar la transferencia de minerales desde el suelo a la raiz, mejorando de este

modo la nutricién y, por tanto, el crecimiento de la planta (Bailey y Lumsden, 1998).

Algunos aislados de T. harzianum también se han utilizado como
biorremediadores de ciertos productos contaminantes. Las enzimas producidas por
estos hongos son capaces de degradar diferentes compuestos quimicos como
pesticidas y herbicidas, como el pentaclorofenol, el endosulfan o dicloro difenil
tricloroetano (DDT), asi como también algunos hidrocarburos aromaticos policiclicos
(Verma y col., 2007).

4.2. Principales mecanismos de accion de T. harzianum

Los modos de accién de estos hongos antagonistas pueden resumirse en
mecanismos directos, que engloban el micoparasitsmo, la antibiosis y la
competiciéon; e indirectos, que incluyen la estimulacién del crecimiento y la induccion
de resistencia vegetal a estrés bidtico y abidtico. Todos estos mecanismos pueden
darse de forma simultdnea en un mismo aislado, no siendo excluyentes ninguno de
ellos. De la eficacia de cada uno de ellos o de su combinacion dependera el éxito en

la supresion de la enfermedad del aislado.
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4.2.1. Mecanismos directos

Micoparasitismo

El ataque directo a los fitopatdgenos producido por los aislados de T.
harzianum, basado principalmente en la secrecion de enzimas hidroliticas, es uno de
los principales mecanismos de accion de estos hongos. Las principales
caracteristicas e importancia de este modo de accion se describiran en el Apartado
5.

Antibiosis

T. harzianum es capaz de segregar un gran cantidad de compuestos
antimicrobianos capaces de afectar a los fitopatogenos. Estos metabolitos
secundarios, que pueden ser tanto volatiles como no volatiles, pueden actuar
mediante contacto directo con los patdgenos o mediante contacto en la distancia
(Hjeljord y Tronsmo, 1998). Su produccion puede depender del medio en el que se
encuentren, asi como de las condiciones y edad del cultivo. Segin su estructura
podemos distinguir dos tipos de metabolitos secundarios: los metabolitos de bajo
peso molecular, no polares, que incluyen compuestos aromaticos, pironas,
butendlidos y metabolitos derivados del isocianato, que pueden difundir en el agua y
actuar a cierta distancia, y los metabolitos de alto peso molecular, denominados
peptaiboles, con caracteristicas amfipaticas, que pueden alterar la permeabilidad de
las membranas lipidicas de las células del patdgeno (Sivasithamparam y Ghisalberti,
1998) .

Competencia por espacio y nutrientes

Los aislados de T. harzianum se caracterizan por presentar un rapido
crecimiento, que les confiere mayor capacidad a la hora de colonizar un espacio. De
este modo, compiten directamente por los mismos nichos que algunos hongos
fitopatdogenos (Sivan y Chet, 1989). La colonizacion de los sitios de unidon de estos
patdégenos en la planta por T. harzianum permite reducir la enfermedad. Ademas, su
caracter saprofitico les permite utilizar un amplio rango de sustratos, compitiendo

directamente por los nutrientes presentes en el medio (Hjeljord y Tronsmo, 1998).
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Algunos de estos nutrientes son esenciales para el desarrollo de los fitopatdégenos,
como el hierro, que es secuestrado del medio por la accién de sideroforos producidos
por T. harzianum (Verma y col., 2007).

4.2.2. Mecanismos indirectos

Estimulacion del crecimiento

Otro de los mecanismos antagonistas producidos por T. harzianum se basa en
la promocion del crecimiento de la planta (Bailey y Lumsden, 1998). Diversos
aislados de esta especie la estimulan el crecimiento vegetal hasta un 300%, debido a
gue son capaces de sintetizar determinados compuestos con caracter hormonal
(Brotman y col., 2010). Estos aislados producen ademas diferentes acidos organicos
gue disminuyen el pH, solubilizando el fésforo del medio, asi como otros nutrientes,
mejorando el desarrollo de la planta. Ademas, las enzimas hidroliticas producidos por
estos hongos movilizan la materia organica del medio, mejorando igualmente la
absorcion de compuestos mas simples por parte de la planta, y en definitiva su

estado nutricional (Verma y col., 2007).

Induccion de resistencia

Numerosos autores han revelado que las asociaciones de T. harzianum con la
planta, asi como algunos de los compuestos producidos por el hongo, favorecen la
induccién de mecanismos de resistencia en la planta. La presencia del hongo y los
elicitores que produce son capaces de activar mecanismos de defensa en plantas
(Bailey y Lumsden, 1998), reprogramando la expresion de diferentes genes de la
planta y activando diferentes rutas enzimaticas (Shoresh y col., 2010). Esta induccién
de los mecanismos acelera la respuesta frente al ataque de un patégeno o un
insecto, mejorando de este modo la resistencia de la planta. Una respuesta mas
rapida frente a un ataque disminuird el impacto de la enfermedad o el dafio

producido.
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5. La importancia del micoparasitismo de T. harzianum en el control
bioldgico

Uno de los principales modos de accién de T. harzianum relacionado
directamente con el control biolégico de fitopatdgenos se basa en su capacidad de
parasitar otros hongos (Chet y col.,, 1998). Este mecanismo puede actuar junto a
fendmenos de antibiosis y competencia. Las hifas de T. harzianum son capaces de
detectar la presencia de un posible huésped en el medio, mediante la deteccion de
moléculas liberadas por el posible huésped debido a la accion de las enzimas liticas
producidas por T. harzianum. Mediante quimiotropismo, T. harzianum es capaz de
crecer hasta el hospedador, reconociéndolo mediante lectinas especificas. Es
entonces cuando T. harzianum es capaz de crecer rodeando al patégeno, mediante
la formacién de ovillos y apresorios, que atraviesan la pared celular del hongo y
permiten que las hifas de Trichoderma penetren en el huésped (Brotman y col.,
2010). Este fendbmeno esta ligado a la sintesis de una gran bateria de enzimas liticas
que degradan la pared del patdgeno. Entre estas enzimas destacan las quitinasas,
las B-glucanasas y las proteasas (Viterbo y col., 2002). La combinacion de estas
hidrolasas es capaz de lisar completamente la pared celular del hospedador,
compuesta principalmente por quitina, un polimero formado por N-acetil-glucosamina
unida mediante enlace B-1,4, o de celulosa en el caso de los oomicetos. Ademas,
también encontramos en la pared fibras de B-glucano, polisacarido lineal de residuos
de glucosa unidos por enlace B-1,3 con ramificaciones con enlace B-1,6. Todos estos
compuestos estan inmersos a su vez en una matriz proteica. El sistema hidrolitico
encargado de lisar esta estructura ha sido profundamente estudiado en algunas
especies de Trichoderma. De esté modo, para T. harzianum, se han descrito hasta
cinco quitinasas (CHIT42, CHIT33, CHIT37, CHIT52, y CHIT40) y dos N-acetil-
glucosaminidasas (EXC1 y EXC2); cuatro B-1,3-glucanasas (BGN13.1, GLUCY78,
GLU36 y LAM1.3) y tres B-1,6-glucanasas (BGN16.1, BGN16.2, y BGN16.3); y tres
proteasas (PRB1, PAPA, y PRA) (Rincén y col., 2008).

Estas actividades hidroliticas estan codificadas por genes conocidos como
genes relacionados con el micoparasitismo (MGRs). El conocimiento de estos genes,
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implicados directamente en el micoparasitismo, es de gran ayuda para mejorar la
eficacia del empleo de estos microorganismos en control biolégico. De hecho,
algunas de estas mejoras pueden obtenerse mediante modificaciones genéticas.
Estas técnicas se basan en la sobreexpresion de genes de interés en el aislado, o
introducir nuevos genes que les confieran nuevas caracteristicas implicadas en el
control biolégico no presentes en el aislado silvestre (Montesinos y col., 2008).
Algunos autores han demostrado que la inactivacion de determinados genes también
puede mejorar la expresion de los MGRs, y por lo tanto el efecto de control bioldgico
del hongo (Mendoza-Mendoza y col.,, 2003). Sin embargo, la aplicaciéon de esta
tecnologia no siempre resulta sencilla. La introduccion de determinados genes en el
ACB puede afectar a la expresion de otros genes, alterando otras propiedades como
su crecimiento o capacidad de colonizacién (Flores y col., 1997). Ademas, el empleo
de estos organismos modificados genéticamente (OMGs) puede conllevar riesgos
cuando se apliquen de forma practica. Hay que estar seguros de que estos ACBs
mejorados no afecten a las poblaciones microbianas del lugar donde se apliquen. A
su vez, también es importante tomar en consideracion posibles interacciones entre
estos aislados y los naturales, y de las posibles transferencias de material genético
entre ellos. La legislacion actual permite el empleo de OMGs con unos requisitos
muy estrictos y exhaustivos, recogidos en la directiva 2001/18/EC, y los posteriores
reglamentos CE 1829/2003, CE 1830/2003, CE 65/2004 y CE 641/2004. Sin
embargo, la UE no permite el empleo de OMGs en la agricultura ecoldgica, como

viene descrito en el reglamento CE 834/2007.

Una alternativa a la modificacién genética, seria la busqueda de aislados que
presenten de forma natural una elevada expresién de alguna de las actividades
hidroliticas anteriores. Estos aislados suUper productores podrian utilizarse para

mejorar la eficacia del control biol6gico sobre los huéspedes.
6. Métodos de deteccion y cuantificacion de hongos

El seguimiento y monitorizacion de los ACBs aplicados en agricultura, incluido

T. harzianum, requiere de herramientas que nos permitan conocer, detectar y
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cuantificar la cantidad de un determinado microorganismo ACB presente en nuestra
muestra. A su vez, la deteccion de los microorganismos responsables de una
determinada enfermedad, como en el caso de F. oxysporum, resulta de vital
importancia, ya que permitird el poder decidir que estrategias se van a seguir y el
poder buscar soluciones para su control. Dentro de la metodologia disponible para
este fin podemos encontrar dos tipos: la metodologia clasica, usada
tradicionalmente en microbiologia, y los métodos moleculares, que se han

desarrollado en las Ultimas décadas y se basan en el estudio de los acidos nucleicos.

6.1. Metodologia clasica

La deteccién y cuantificacion de hongos del suelo es una tarea compleja. Los
primeros métodos que permitian conocer la cantidad de microorganismos se
centraban principalmente en las técnicas de microscopia. Estas técnicas se basan
en el empleo de colorantes que se unen a determinadas proteinas o acidos nucleicos
presentes en los microorganismos, tiiendo asi diferentes componentes de los
mismos, tales como paredes celulares, ndcleos, etc. Entre los colorantes mas
utilizados encontramos el isocianato de fluoresceina, el naranja de acridina, el
bromuro de etidio, el azul fenol de anilina o el diacetato de fluoresceina. Estas
tinciones sin embargo presentan algunas limitaciones, debido a las dificultades para
distinguir entre diferentes especies dentro del mismo género de microorganismos.
Ademas, estas técnicas suelen llevar asociados errores de conteo de los
microorganismos una vez tefidos. Otras veces, las hifas pueden ser observadas
directamente sin la necesidad de colorantes. Estas observaciones ofrecen datos de
longitud de hifas que necesitan medidas lo mas exactas posibles del diametro,
porcentaje de ramificacion o humedad de las hifas para ser convertidas en biomasa
(Raidl y col., 2005).

Durante décadas, las técnicas de dilucién en placa en medios mas o menos
selectivos han sido el método mas utilizado para cuantificar los hongos del suelo.
Estas técnicas se basan en obtener diluciones seriadas de una muestra original para
su siembra en placas con un determinado medio de cultivo. Los hongos creceran en

esas placas, y las diluciones nos permitiran conocer la cantidad de unidades
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formadoras de colonias (UFCs) por unidad de peso de suelo o sustrato de cultivo. Sin
embargo, la cuantificacion de la comunidad fangica con esta técnica también
presenta algunas limitaciones; los datos obtenidos suelen referirse mas al nimero de
esporas de ese hongo en la muestra que a la cantidad o biomasa de ese hongo en el
suelo, ya que por lo general esos parametros no estan siempre relacionados
(Weaver y col., 1994). Otras limitaciones de esta técnica radican en que no todos los
hongos son cultivables. Algunos autores han estimado que sélo el 17% de los
hongos conocidos puede crecer en medios de cultivo (Bridge y Spooner, 2001). Este
no es el caso de T. harzianum ni de F. oxysporum, ya que ambos hongos pueden

crecer en medios de cultivo selectivos y generales de hongos.

Se han utilizado también diferentes métodos quimicos y fisiol6gicos para
cuantificar la cantidad de hongos en el suelo. Los métodos quimicos se han basado
en la medida de diferentes componentes del hongo, tales como la quitina y el
ergosterol (Djajakirana y col., 1996; Ekblad y col., 1997). La quitina puede presentar
problemas por ser un compuesto que también se encuentra en los artrépodos, lo cual
puede influir en los datos obtenidos. A su vez, el contenido en ergosterol de las hifas
fungicas puede variar segun la edad del micelio. Los métodos fisiolégicos se basan
en medidas de respiracion en las muestras tras la adicion de diferentes sustratos,

determinando la cantidad de CO, producido u O, consumido (Weaver y col., 1994).

Cabe mencionar también en este apartado el uso de métodos
inmunoldgicos para calcular la biomasa de los hongos. Los inmunoensayos ofrecen
una buena opcion a la hora de detectar y cuantificar los hongos crecidos en cultivos
puros, si bien presentan problemas cuando se aplican en muestras que presentan
varias poblaciones de distintos microorganismos (Karpovich-Tate y col., 1998). La
tecnologia del hibridoma, y el desarrollo de anticuerpos monoclonales, ha facilitado la
deteccion y cuantificacion de algunos hongos, entre ellos Trichoderma sp. (Thornton,
2008), basados en la deteccion de antigenos que nos permiten monitorizar la
presencia de los diferentes aislados. La mayoria de estos trabajos nos ofrecen una
cuantificacion de la biomasa mediante ensayos ELISA (enzyme-linked

immunosorbent assay) e inmunofluorescencia (Bermingham y col., 1995, Plasencia y
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col., 1996). Sin embargo, la dificultad y laboriosidad para producir anticuerpos con

una alta especificidad limita mucho su empleo (McCartney y col., 2003).

6.2. Métodos moleculares

Los ultimos avances en filogenia, clasificacion, e identificacion de hongos, asi
como las nuevas técnicas de deteccion y cuantificacion de hongos (antagonistas y
fitopatbgenos) estan basados en técnicas que incluyen la extraccién de acidos
nucleicos (ADN y ARN) y el uso de la reaccion en cadena de la polimerasa
(PCR). Los métodos de extraccion del ADN y ARN se basan en la homogeneizacion
de la muestra, y rotura de las paredes celulares del hongo mediante agentes
guimicos como enzimas o detergentes, y mecanicos, con perlas de vidrio y agitacion.
Una vez rotas las células y liberados los acidos nucleicos, se purifican con productos
guimicos como el fenol y el cloroformo, y se precipitan con alcoholes como el
isopropanol. Ademas de los métodos manuales, actualmente existen numerosos
protocolos y kits en el mercado de diferentes casas comerciales que ofrecen buenos

resultados para la extraccion de ADN y ARN de diferentes tipos de muestras.

La PCR se basa en la seleccion de unos cebadores (secuencias determinadas
de bases de hasta 25 nucleétidos) que se unen a una region especifica del genoma
del hongo, permitiendo que la enzima polimerasa pueda copiar el ADN. Los
sucesivos ciclos de la PCR ofrecen un producto final formado por millones de copias
(amplicones) de la region del genoma seleccionada, permitiendo la obtencion de una

cantidad suficiente para el estudio de la biologia del hongo.

La seleccion de diversas regiones conservadas del genoma de los hongos
como dianas de los cebadores para la PCR es una practica habitual para la
identificacion de microorganismos. Muchos de estos estudios se realizan en el
complejo ribosomal formado por los genes 18S, 5.8S y 28S, y los espaciadores
ribosomales internos (ITS1 e ITS2). Este complejo de genes se encuentra repetido
multiples veces en el genoma del hongo (Bridge y Spooner, 2001). Ademas, las
regiones ITS presentan numerosas diferencias en su secuencia entre las distintas

especies de hongos, facilitando de este modo el disefio de cebadores especificos
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gue hibriden en estas regiones (White y col., 1990). La secuenciacion del complejo
ribosomal también sirve para conocer las relaciones filogenéticas entre las diferentes
especies. Otros genes empleados como dianas de la PCR incluyen la B-tubulina, la
topoisomerasa Il o el factor de la elongacion la, codificando todos ellos para

moléculas imprescindibles en la biologia del hongo.

Cuando no se tiene informacion acerca de la secuencia del microorganismo, o
los genes estudiados estan demasiado conservados para el disefio de cebadores en
esas regiones, la identificacion de microorganismos puede ser mas complicada. En
estos casos, se pueden utilizar técnicas basadas en la PCR como el RAPD-PCR
(random amplified polymorphic DNA) (Welsh y McClelland, 1990; Williams y col,
1990). Estas técnicas estan basadas en el uso de cebadores de secuencia aleatoria
gue amplifican regiones al azar del genoma. Los productos amplificados ofrecen un
patron de bandas caracteristico de cada aislado analizado. Estas bandas pueden
usarse como marcadores SCAR (sequence characterised amplified region),
permitiendo el disefio de cebadores o sondas especificas en estas regiones. La
técnica de RAPD-PCR se ha empleado con éxito en la identificacion de hongos
fitopatdbgenos, antagonistas y micorrizas, asi como en estudios filogenéticos (Schena
y col., 2004).

Uno de los puntos mas importantes en la deteccion de hongos radica en la
sensibilidad de la técnica. La PCR ofrece mayor sensibilidad que otros métodos
comentados anteriormente, tales como el cultivo en placa. Esta sensibilidad, sin
embargo, puede estar afectada por la presencia de inhibidores en las muestras. La
extraccion de los acidos nucleicos de los hongos de suelos, sustratos o material
vegetal puede conllevar también la extraccién de diferentes compuestos presentes
en esos medios, tales como acidos humicos, taninos, ligninas, materia organica, etc.
(Bridge y Spooner, 2001). Estos compuestos pueden interferir en las reacciones de la
PCR disminuyendo la sensibilidad o incluso inhibiendo la reaccion. Por ello es
necesaria la obtencién de protocolos de extraccion y purificacion capaces de eliminar
estas sustancias, asi como la dilucion de las muestras hasta que la concentraciéon de

inhibidores no afecte a la amplificacion.
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Las ventajas conseguidas con la aplicaciéon de la PCR en la deteccion y
estudio de los hongos son muchas. A la mayor sensibilidad se unen la posibilidad de
deteccidén de una molécula diana en una mezcla compleja, y la independencia de las
técnicas de cultivo, lo que reduce los tiempos de analisis. Sin embargo, entre sus
principales limitaciones se encuentra su caracter no cuantitativo (Schena y col.,
2004). Heid y col. (1996) desarrollaron una técnica conocida como PCR cuantitativa
o PCR a tiempo real (QPCR o real time PCR), que ha abierto la puerta a la
cuantificacion de microorganismos con PCR. El empleo de esta técnica ha
revolucionado no sélo la deteccion de microorganismos en toda clase de muestras
biolégicas, sino que también ha ofrecido la capacidad de cuantificar microorganismos

en dichas muestras.

7. Usos de la PCR a tiempo real en el estudio del control biolégico

de enfermedades

7.1. Fundamentos y metodologias de la PCR a tiempo real

Esta técnica se basa en el empleo de cebadores y marcadores fluorescentes
gue nos permiten medir la intensidad de la fluorescencia emitida en los distintos
ciclos de la PCR (Heid y col., 1996). Esta intensidad sera proporcional a la cantidad
de ADN generado durante la amplificacion. Esta técnica es ademas mucho mas

sensible que la PCR convencional (Lees y col., 2002).

La PCR a tiempo real incorpora el uso de moléculas fluorescentes que no
interfieren en la reaccién, y que indican la cantidad de amplicon que se forma en
cada ciclo, permitiéndonos conocer la cantidad de producto formado a tiempo real.
La intensidad de la fluorescencia en los diferentes ciclos de amplificacion se recoge
por un espectrofluorimetro, y la informacion procesada mediante diferentes
algoritmos genera una curva de fluorescencia. De esta curva de fluorescencia
obtenemos el valor Ct (cycle treshold) o ciclo umbral, punto en que la curva corta al
umbral de deteccion (Heid et al., 1996) (Figura 1A). El Ct se define como “el ciclo de
la PCR en el que se produce un aumento estadisticamente significativo de la
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fluorescencia que es susceptible de ser detectado” (Schubert y col., 2003). El Ct es
inversamente proporcional al logaritmo del valor de la concentracion inicial del ADN
diana. A mayor concentracion inicial del ADN diana, el Ct se alcanzara en un ciclo

mas temprano.

Los valores de Ct pueden utilizarse como una medida cuantitativa del nUmero
de copias del ADN diana presentes en una muestra, al compararlos con los valores
de Ct obtenidos de una curva patrén preparada con cantidades conocidas del ADN
diana (Schena y col., 2004). La curva patron se genera amplificando concentraciones
conocidas del gen diana, y obteniendo su valor de Ct. A continuacion, mediante una
regresion lineal simple, estos valores de Ct se representan graficamente frente al
logaritmo de la concentracion (Figura 1B). Algunos aspectos a tener en cuenta en la
construccion de las curvas estandar en PCR a tiempo real incluyen dos factores: la

eficiencia de la reaccion (E) y el valor de la R? de la recta.

ARn \
3 5 4 .
2,000,000 —| Fase plateu 10 10 10" copias
—
ADN diana
1,000,000 — Valores de Ct
’ Fase
exponencial W _
Umbral -
l 2l
__________________ ;
[l . 1=l
Linea base Control negativo E
T T 3
A 0 20 40 B Log concentracién
Numero de ciclo de la PCR

Figura 1. A) Grafica que muestra el aumento de la fluorescencia (ARn) respecto al nimero de ciclos
de la amplificacion en un experimento de PCR a tiempo real. B) Grafica que muestra el desarrollo de
la curva patrén o estandar a partir de concentraciones conocidas de ADN diana.

Debemos comprobar que la eficiencia de amplificaciéon de las muestras es
similar a la de la curva patrén. Esta eficiencia se calcula en base a la pendiente de la
recta, y debe ser cercana a 2. Una pendiente de -3.32 ofreceria una eficiencia de

PCR con valor 2, del 100%, indicando que por cada molécula inicial en la muestra se
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obtendran 2 tras un ciclo de PCR. El valor de R? de la recta también debe ser lo
suficientemente consistente para poder validar el uso de la recta patrén. Curvas
estandar con valores de R? superiores a 0.95, junto con pendientes entre -3.0 y -3.9,
gue corresponden a eficiencias de PCR entre 1.8 y 2.15, son adecuadas en la

cuantificacion con PCR a tiempo real (Zhang y Fang, 2006).

Existen diferentes metodologias que nos permiten cuantificar la cantidad de
producto formado durante cada ciclo de la PCR a tiempo real. Estas se basan en el

empleo de métodos que pueden clasificarse como especificos 0 no especificos.

Los métodos no especificos incluyen el uso de moléculas fluorescentes
como el SYBR® Green | (Morrison y col., 1998), BEBO® (Bengtsson y col., 2003),
YO-PRO-1® (Ishiguro y col., 1995), naranja de tiazol (Benveniste y col., 1996) o
bromuro de etidio (Higuchi y col., 1993); que se unen de forma inespecifica a las
moléculas de ADN que se estan formando en cada ciclo. De todos ellos, el mas
utilizado es el SYBR® Green |, que se une de forma inespecifica al surco menor de
la doble hélice (Figura 2A). Este compuesto se ha utilizado ampliamente en PCR a
tiempo real porque evita el disefio de sondas, y es compatible con cualquier
combinaciéon de cebadores. Es por ello mucho mas barato que los métodos

especificos (Smith y Osborn, 2009) que veremos posteriormente.

Sin embargo, estas aparentes ventajas llevan asociados determinados
inconvenientes o limitaciones. Al ser un método inespecifico, estos colorantes se
unen a todo ADN de doble cadena, incluyendo, ademas del amplicon esperado, otros
productos inespecificos y a los dimeros de cebadores, afectando a la sensibilidad de
deteccién. Para paliar estas limitaciones es importante un adecuado disefio de los
cebadores, optimizar las condiciones de amplificacion, y calcular las curvas de fusion
(melting curves) de los productos formados. La temperatura de fusion (Tm) de cada
producto depende directamente de su secuencia, permitiendo diferenciar el amplicén

deseado del resto de productos formados (Schena y col., 2004).

Los métodos especificos en PCR a tiempo real se basan en el empleo de
sondas de oligonucleétidos marcados con fluorocromos. Estas sondas hibridan con

secuencias escogidas previamente del genoma del hongo, siendo por tanto
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especificas para la deteccion de secuencias concretas (Schena y col.,, 2004). Las
sondas suelen estar marcadas con un fluor6foro (reporter) en un extremo de la
molécula, responsable de la emisién de fluorescencia, y un silenciador (quencher) en
el otro extremo que silencia la fluorescencia del fluoréforo mediante transferencia de
energia de resonancia de Forster (FRET) (Smith y Osborn, 2009). Existen diferentes
tipos de sondas basadas principalmente en su estructura, siendo las sondas
TagMan® las mas utilizadas (Figura 2B). Estas sondas combinan la actividad 5’
nucleasa de la Taqg polimerasa descrita por Holland y col. (1991) junto con sondas

con marcadores fluorescentes descritas por Livak y col. (1995).

A) SYBR Green| B) Sonda TaqMan
Fase de anillamiento
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]
]
Final del ciclo de PCR
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Figura 2. Metodologias en PCR a tiempo real: A) técnica no especifica con SYBR Green |, y B) técnica
especifica con una sonda de hidrdlisis (TagMan®). Modificado de van der Velden y col. 2003.

Las sondas llevan wunido un fluorocromo, normalmente FAM (6-

carboxifluoresceina), TET (tetracloro-6-carboxifluoresceina), JOE (2,7-dimetoxy-4,5-
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dicloro-6-carboxyfluoresceina), Cy3 (indocarbocianina), Cy5 (indo-dicarbocianina), o
HEX (hexacloro-6-carboxifluoresceina); y un silenciador, siendo los mas comunes
TAMRA (6-carboxitetrametilrodamina), MGB (minor groove binder), BHQ (black hole
guencher) o BBQ (Black Berry quencher).

Una vez que los cebadores y la sonda hibridan en el ADN, la polimerasa
comienza a elongar la cadena a partir de los cebadores. Cuando llega a la regién
donde la sonda se ha hibridado, la polimerasa es capaz de hidrolizar la sonda,
liberando el fluor6foro de la accion del silenciador. El fluorocromo liberado es capaz
de producir la fluorescencia (la longitud de onda dependera del fluorocromo usado),
gue serd detectada gracias a los distintos sensores del espectrofluorimetro. La
principal ventaja del uso de estas sondas radica en su especificidad. S6lo cuando
tanto los cebadores como la sonda hibriden en la secuencia elegida del ADN se
producira fluorescencia, evitindose de este modo la necesidad de realizar curvas de
fusion. Los inconvenientes del uso de sondas radican en la complejidad de su disefio
y en que poseen un mayor coste econdémico que los métodos no especificos como el
SYBR Green | (Zhang y Fang, 2006).

7.2. Monitorizacion de hongos antagonistas y fitopatdégenos.

El desarrollo de las técnicas basadas en la PCR, ha ofrecido nuevas
herramientas para mejorar el entendimiento y el uso de agentes de control biolégico
y fitopatogenos en agricultura. Los primeros trabajos moleculares publicados para la
deteccion de hongos estaban basados en el empleo de PCR convencional y
marcadores SCAR obtenidos principalmente mediante RAPD-PCR, como los
utilizados para Colletotrichum coccodes (Dauch y col., 2003), Phoma macrostoma
(Zhou y col., 2004), Aureobasidium pullulans (El Hamouchi y col., 2008) o aislados de
T. virens (Dodd y col., 2004) y T. harzianum (Hermosa y col., 2000) entre otros. Sin
embargo todos estos trabajos coinciden en la necesidad de nuevos métodos que
posibiliten no sélo la deteccion del hongo en la muestra, sino también su
cuantificacion. Cada vez encontramos un mayor namero de trabajos que han

aplicado la PCR a tiempo real, permitiendo conocer la cantidad de hongo presente en
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el medio. Entre los hongos antagonistas que se han cuantificado con PCR a tiempo
real podemos encontrar hongos nematéfagos como Plecthosphaerella cucumerina
(Atkins y col.,, 2003), Paecilomyces lilacinus (Atkins y col., 2005) y Hirsutella
rhossiliensis (Zhang y col., 2006), hongos entomopatogénicos como Pandora
neoaphidis (Fournier y col., 2008) y hongos micoparasiticos como Trichoderma sp.
(Hagn y col.,, 2007; Kim y Knudsen, 2008) T. atroviride (Cordier y col.,, 2007;
Savazzini y col., 2008) y T. harzianum (Rubio y col., 2005).

La aplicacion de esta técnica en la deteccion e identificacion de hongos
fitopatdbgenos resulta fundamental, dada la importancia de diagnosticar una
determinada enfermedad o patdégeno afectando a un cultivo (Lievens y col., 2006).
Esto ha permitido en muchos casos la sustitucion de los métodos convencionales,
basados en la observaciéon de sintomas de la enfermedad de la planta y el
aislamiento en medios de cultivo, que, por regla general consumen mucho tiempo y
no resultan efectivos cuando se requiere un diagnostico rapido (McCartney y col.,
2003). ElI empleo de PCR a tiempo real en fitopatologia ha permitido detectar y
cuantificar numerosos hongos patégenos tales como Pythium sp. (Lievens y col.,
2006; Schroeder y col., 2006), R. solani (Sayler y Yang, 2007; Okubara y col., 2008),
V. dahliae (Lievens y col., 2006, Atallah y col., 2007), S. sclerotiorum (Yin y col.,
2009), Botrytis sp. (Chilvers y col., 2007). Los aislados del género Fusarium también
se han diagnosticado mediante PCR a tiempo real, dada la importancia de este
patdgeno, ya que ademas de generar enfermedad, es capaz de producir micotoxinas
en cereales cosechados, lo que conlleva un importante riesgo para la salud humana
y animal (Sarlin y col., 2006). Algunos de estos trabajos permiten diagnosticar
aislados de F. solani (Lievens y col.,, 2006; Li y col.,, 2008), F. pseudoculmorum
(Hogg y col., 2007), asi como diferentes formae speciales de F. oxysporum (Zhang y

col., 2005; Pasquali y col., 2006; Inami y col., 2010, Jiménez-Fernandez y col., 2010).

Todos estos trabajos aplican PCR a tiempo real en gran variedad de muestras,
principalmente en cultivos puros, suelos o material vegetal. Sin embargo, los trabajos
sobre cuantificacion de ACBs en sustratos organicos como turbas o composts
empleados en semillero son escasos. No existen, por ejemplo, estudios en los que se

monitorice T. harzianum en condiciones de semillero. Si podemos encontrar trabajos
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en los que se monitoriza a F. oxysporum en sustrato y planta, debido a la gran
importancia de este patégeno a escala mundial, aunque la mayoria de ellos tampoco
se desarrollan bajo condiciones de semillero.

La PCR a tiempo real puede permitir el remediar una de las principales
limitaciones de las técnicas basadas en PCR, como es la falta de discriminacién
entre material vivo y muerto (Bridge y Spooner, 2001). Las técnicas moleculares
amplifican el ADN de las muestras, sin distinguir cual proviene de células vivas o de
células muertas. Existen opiniones encontradas sobre la persistencia del ADN en un
suelo una vez el organismo ha muerto. Algunos autores defienden que el ADN se
degrada rapidamente por nucleasas presentes en el suelo, mientras que otros
apuntan que el ADN puede permanecer sin degradar durante largos periodos de
tiempo formando complejos con diferentes compuestos (Schena y col.,, 2004).
Ademas, en el caso de los hongos antagonistas como Trichoderma, la PCR a tiempo
real no puede distinguir entre el ADN que proviene de micelio activo, responsable de
la actividad de control biolégico, del ADN proveniente de las formas inactivas como
las conidias y las clamidosporas. En este caso, es importante conocer no solo que
cantidad de hongo tenemos en nuestra muestra, sino también de que cantidad de
hongo activo con potencial de control biolégico disponemos. Esto puede realizarse
mediante la cuantificacion del ARN sintetizado por los hongos activos presentes en la
muestra. EI ARN se retrotranscribe a ADN complementario mediante una
retrotranscriptasa, lo que se conoce como RT-PCR (Reverse transcription
polymerase chain reaction). Esta técnica puede combinarse ademas con la
metodologia de PCR a tiempo real, lo cual se conoce como real time RT-PCR o
qRT-PCR.

7.3. Estudio y expresiéon de genes de interés en biocontrol

Uno de los primeros pasos en el estudio de los ACBs radica en la localizacién
de genes en su genoma que pudieran estar relacionados con las propiedades de
control biolégico (Massart y Jijakli, 2007). La mayoria de estos genes se buscan
entre las enzimas liticas responsables de la lisis de la pared celular del fitopatégeno.

Conocer y aislar los genes responsables de la actividad quitinasa, glucanasa y
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proteasa presentes en un determinado ACB permitird obtener informacion del
potencial biocontrol de ese determinado microorganismo (Rincon y col., 2008). Estos
genes suelen localizarse mediante el estudio de datos previos o extrapolando a otros
modelos existentes. Un gen identificado para una determinada especie de
Trichoderma puede utilizarse para desarrollar cebadores degenerados (con bases
modificadas que pueden reconocer diferentes bases del ADN diana). Estos
cebadores permitiran amplificar la secuencia de ese gen en nuestro aislado. La
secuenciacion de estos genes aportara las bases para posteriores estudios
moleculares, tales como estudios de funcionalidad y de expresion para ese
determinado gen. La informacién obtenida mediante secuenciacién resulta de vital
importancia para especies en las que aun no se conoce el genoma completo, tal es
el caso de T. harzianum. A dia de hoy, las especies de Trichoderma secuenciadas
incluyen T. reseei, T. atroviride y T. virens (JGI: Joint Genome Institute, US

Department of Energy).

El estudio del ARN y de las proteinas de un determinado ACB permite conocer
cdmo ese microorganismo puede actuar frente a un fitopatdgeno. Las técnicas
basadas en la extraccion del ARN, tanto del ARN mensajero (ARNm) como del ARN
ribosomico (ARNr), ayudan a conocer los niveles de expresion de un determinado
gen bajo unas condiciones determinadas, tales como la presencia o0 ausencia de un
sustrato o de componentes del patégeno. La qRT-PCR no solo se puede emplear
para cuantificar la cantidad de microorganismo activo presente en una muestra,
como hemos comentado anteriormente, sino que puede ademas emplearse en
transcriptomica, para cuantificar el nivel de transcripcién de los genes de interés de
los ACBs (Massart y Jijakli, 2007). Mediante la gRT-PCR podemos cuantificar la
expresion relativa de un determinado gen frente a un gen de referencia
(housekeeping gene). Estos genes de referencia permiten cuantificar variaciones en
la expresion del gen a analizar, lo que se conoce como normalizacion. Estos genes
se expresan abundantemente en todas las células, y su expresion no suele variar
mucho bajo diferentes condiciones. Algunos de estos genes de referencia incluyen
los que codifican para las actinas, tubulinas, ciclofilinas, fosforibosiltransferasa,

gliceraldehido-3-fosfato deshidrogenasa, o para ARNr 18S o 28S entre otros (Thellin
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y col., 1999; Huggett y col., 2005). La seleccién de uno u otro de estos genes
depende generalmente del tipo de tejido u organismo que se estudie. Los principales
genes utilizados en la normalizacién de los datos en especies de Trichoderma
incluyen el gen de la actina (Reithner y col., 2007; Pucher y col., 2010), el gen 18S
ARNr (Marcello y col., 2010), el gen del factor 1a de la elongacion de la traduccion
(Seidl y col., 2006, Gruber y col.,, 2011), y el gen de la gliceraldehido-3-fosfato
deshidrogenasa (Grubery col., 2011).

Todos estos estudios transcriptdmicos pueden ir acompafados de estudios
protedmicos en los que se estudia la actividad de la proteina sintetizada por el ACB.
Estos estudios pueden estudiar el proteoma global del microorganismo o bien
enfocarse en una proteina en concreto, y suelen resultar mucho mas complejos que

los estudios transcriptémicos (Massart y Jijaki, 2007).

La aplicacion de estas herramientas, en combinacion con otras técnicas
tradicionales ya existentes, permitira la monitorizacion, deteccion, cuantificacion e
identificacion de los hongos tanto beneficiosos como fitopatégenos, ayudando a
entender cuales son sus modos de accién y mejorando por tanto el uso de estos

ACBs frente a los fitopatdgenos.
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ll. Interés del trabajo y objetivos
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Interés del trabajo. Objetivos

La demanda de un sector importante de la poblacion comprometido con el
medio ambiente junto con las nuevas regulaciones de la Unién Europea en materia
de agricultura, estan llevando a la eliminacion y sustitucion de productos quimicos,
tales como fungicidas y fertilizantes, que conllevan enormes problemas
medioambientales y para la salud humana. La blisqueda de alternativas compatibles
con la naturaleza y la salud ha llevado al auge de la agricultura ecolégica. El
desarrollo de este nuevo paradigma en la agricultura ha llevado a un aumento de la
demanda de plantulas producidas de forma ecoldgica en los semilleros. En dichas
instalaciones, las infecciones por patdgenos son muy probables debido a que

presentan las condiciones Optimas para su desarrollo y dispersion.

El cultivo de meldn presenta gran importancia a nivel mundial, siendo Espafia
el principal productor europeo. La produccion de plantulas de melén en semillero es
sensible a diferentes patégenos, siendo Fusarium oxysporum f. sp. melonis,
responsable de la fusariosis vascular, uno de los mas importantes debido a las
graves pérdidas que produce (Gémez y Tello, 2000a, Soriano-Marin y col., 2006). El
control biolégico de la enfermedad se presenta como una buena alternativa al control
guimico. El control biolégico se basa principalmente en el empleo de sustratos
basados en composts supresivos, capaces de reducir la incidencia de la enfermedad
(Alavouvette y col., 2006), junto con el empleo de antagonistas de organismos

fitopatdbgenos, conocidos como agentes de control biol6gico (ACBs).

Trichoderma harzianum es uno de los ACBs mas eficaces frente a distintas
enfermedades de plantas. Los aislados de T. harzianum presentan diferentes
mecanismos de accion contra los patégenos fungicos, incluyendo el micoparasitismo.
El estudio de la capacidad micoparasitica de los aislados de T. harzianum,
centrandonos en la expresion de genes y produccion de enzimas hidroliticas, puede
permitir la seleccion de los aislados mas eficaces, sin necesidad de producir
organismos modificados genéticamente, cuyo uso no estd permitido en agricultura

ecoldgica.
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El empleo de T. harzianum como ACB requiere sin embargo de herramientas
gue permitan su monitorizacién en los sustratos en semillero, asi como el estudio de
su capacidad de control biologico. Del mismo modo, la identificacion y seguimiento
del patdgeno F. oxysporum también es de gran interés, todo ello encaminado a
controlar y reducir la incidencia de la enfermedad en el semillero.

Los métodos moleculares, basados en el ADN y la PCR desarrollados en las Ultimas
décadas estan permitiendo el estudio en profundidad de antagonistas vy
fitopatdogenos, debido principalmente a la mayor sensibilidad y eficacia de estas
técnicas (Schenay col., 2004). El empleo de estas técnicas, en concreto de la PCR a
tiempo real y sus diferentes metodologias, pueden ayudarnos a profundizar en el
conocimiento de los mecanismos de control biolégico de un determinado ACB
(Massart y Jijakli, 2007). Ademds, la combinacion de estas técnicas con métodos
clasicos como el cultivo en placa o la microscopia puede mejorar el manejo de este

ACB en su lugar de aplicacion.

De este modo, el objetivo principal de esta Tesis Doctoral consisti6 en
mejorar el conocimiento, mediante el empleo de técnicas moleculares, de la
aplicacion de T. harzianum como agente de biocontrol frente a la fusariosis vascular

del melén en semillero.

Este objetivo principal ha sido desarrollado a través de los siguientes

objetivos especificos:

- Desarrollo de un sistema molecular para la deteccibn especifica y
cuantificacion de T. harzianum, tanto de formas activas como no activas, en

sustratos orgénicos tales como turba y compost.

- Desarrollo de un sistema molecular para la deteccion temprana de F.

oxysporum en sustrato y plantulas de melén bajo condiciones de semillero.

- Estudio de la capacidad micoparasitica de diferentes aislados de T. harzianum

frente a F. oxysporum f. sp. melonis.

- Evaluacién del empleo de residuos ricos en quitina para mejorar la capacidad
quitinolitica de T. harzianum en sustratos organicos frente a F. oxysporum f.

sp. melonis.
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Quantification of the biocontrol agent Trichoderma harzianum with
real-time TagMan PCR and its potencial extrapolation to the hyphal
biomass

Cuantificacion del agente de control biolégico Trichoderma harzianum
mediante PCR atiempo real y su potencial extrapolaciéon a biomasa fungica.

Resumen

Las especies del género Trichoderma, y en particular la especie T. harzianum, se
han utilizado con éxito en agricultura contra un gran numero de hongos
fitopatdgenos. El uso de estos microorganismos, denominados agentes de control
biolégico (ACBSs), en sustratos y suelos como estrategia de biocontrol, necesita de
herramientas adecuadas que permitan la monitorizacion de este ACB. La PCR a
tiempo real es una herramienta potencialmente eficaz para la cuantificacion de
hongos en muestras medioambientales. El objetivo de este estudio consistido en el
desarrollo y aplicacion de un método basado en la técnica de PCR a tiempo real para
cuantificar T. harzianum, y la extrapolacion de los datos conseguidos mediante esta
técnica a valores de biomasa fungica. Para ello, se disefiaron y probaron un conjunto
de cebadores, asi como una sonda TagMan en la region ITS del genoma del hongo.
La amplificacién del ADN de T. harzianum obtenida fue correlacionada con medidas
de biomasa, obtenidas con microscopia y analisis de imagen, de la longitud de las
hifas. La correlacion obtenida entre copias de ITS y biomasa fue de 0.76. La
extrapolacion de la cantidad de copias de ITS, calculadas mediante PCR a tiempo
real, en cantidades de biomasa fungica ofrece una medida mas precisa de la

cantidad de hongo presente en el sustrato.

Este articulo ha sido publicado en la revista Bioresource Technology (2010) 101
(8), 2888-2891

39



Universitat d’Alacant
Universidad de Alicante



Aplicacién de herramientas moleculares en control bioldgico

Bioresource Technology 101 (2010) 2888-2891

Quantification of the biocontrol agent Trichoderma harzianum with
real-time TagMan PCR and its potential extrapolation to the hyphal
biomass

Rubén Lépez-Mondéjar®, Anabel Ant6n?, Stefan Raidl°, Margarita Ros? José Antonio Pascual®

®Department of Soil and Water Conservation and Organic Waste Management, Centro de Edafologia y Biologia Aplicada del
Segura (CEBAS-CSIC), P.O. Box 164, 30100 Espinardo, Murcia, Spain

Department Biologie | und GeoBioCenter™", Organismische Biologie: Systematische Mykologie, Ludwing-Maximilians-
Universitat Miinchen, Menzinger Strasse 67, 80638 Miinchen, Germany

ABSTRACT

The species of the genus Trichoderma are used successfully as biocontrol agents against a wide range of
phytopathogenic fungi. Among them, Trichoderma harzianum is especially effective. However, to develop more
effective fungal biocontrol strategies in organic substrates and soil, tools for monitoring the control agents are
required. Real-time PCR is potentially an effective tool for the quantification of fungi in environmental samples.
The aim of this study consisted of the development and application of a real-time PCR-based method to the
quantification of T. harzianum, and the extrapolation of these data to fungal biomass values. A set of primers and
a TagMan probe for the ITS region of the fungal genome were designed and tested, and amplification was
correlated to biomass measurements obtained with optical microscopy and image analysis, of the hyphal length of
the mycelium of the colony. A correlation of 0.76 between ITS copies and biomass was obtained. The
extrapolation of the quantity of ITS copies, calculated based on real-time PCR data, into quantities of fungal

biomass provides potentially a more accurate value of the quantity of soil fungi.

Keywords: Hyphal biomass, ITS copies, real-time PCR, TagMan probe, Trichoderma harzianum

1. Introduction

Fungal species of the genus Trichoderma (e.g.
Trichoderma harzianum) have been used as
biological control agents in agriculture for many years
(Papavizas, 1985; Chet, 1987). These antagonistic
fungi act as mycoparasites of phytopathogenic fungi,
secreting  hydrolytic enzymes and antibiotic
compounds (Howell, 2003), competing for space and
nutrients with other microorganisms (Hjeljord and
Tronsmo, 1998), stimulating plant growth and induce
acquired resistance mechanism in the presence of
biotic and abiotic stress (Bailey and Lumsden, 1998).

One of the most important aspects of the use of
this biological control agent is the application of tools
which permit its monitoring (quantification) in soils
and organic substrates (compost). The use of real-
time PCR together with fluorescent-tagged markers
has allowed the quantification of numerous species of

*

Corresponding author. Tel.: +34 96839 6397; fax: +34
96839 6213.
E-mail address: rimondejar@cebas.csic.es (R. Lépez-
Mondéjar).
doi:10.1016/j.biortech.2009.10.019

mycorrhizal fungi, phythopathogens and biological
control agents. In contrast to classical techniques
such as plate counting (Atkins et al., 2005) and
biomass measures of fungal components (e.g. chitin,
ergosterol or fatty acids) (Ekblad et al., 1997; Olsson
et al, 2003) or monoclonal antibody technology
(Thomton, 2008), the real-time PCR technique is
faster and has higher sensitivity. Its hands-free post-
PCR capacity avoids possible contamination (Schena
etal., 2004).

The aim of this work was to extrapolate the
amount of DNA quantified by real-time TagMan PCR
into fungal biomass calculated from microscopic
measurements of hyphal length and image analysis
(Raidl et al., 2005).

2. Methods
2.1. Fungal strains and growth conditions

The experiments were carried out with the
isolate T. harzianum T-78 (CECT 20714, Spanish
Type Culture Collection) selected from green

compost. The other isolates were obtained from
CECT (Table 1). The isolates were grown in potato
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Table 1

Fungal isolates used in this study and evaluation of the specificity of different combinations of primers (IT51 5: 5-TACAACTCCCAAACCCAATCTCA-3; ITS1 R: &

CCGTTGTTGAAAGTTITTCATTCATTT-3"; [TS1 F: &

GCGATCATTACCCAGTTTACAACTCC-3": ITS1 A: 5'-ACACCCCCACCCGCTAAGGGAG-3') and probe (ITS1 TM Fam: 5'-FAM

AACTCITATTCTATACCCCCTCCCGGGT-TMR-3' (FAM: 6-carboxyfluorescein, TAMRA: 6-carboxy-tetramethylrhodamine)) in the real-time PCR assay.

No. Species Isolate Origin Amplification®
ITS1 §/ITS1 R ITS1 S/ITS1 A ITS1 F/ITS1 A
1 T. harziamem CECT 20435 Spain + + -
2 T. harzianum CECT 2926 UK + + +
3 I. harzianum CECT 2930 India + +
4 T. harziamum CECT 2413 USA +
5 T. harzianum CECT 2424 Unknown + + +
[ T. harziamim CECT 20714 (T78) LK + +
7 I. asperellum CECT 20539 Spain
8 T. atroviride CECT 20513 Spain
9 I. reesei CECT 2414 Unknown
10 I. saturnisporium (Bionectria pseudochroleuca) CECT 20109 UsA
11 T, irhamatum CECT 20512 Spain
12 1. hamatum CECT 20103 India
13 T. longibrachiatum CECT 20105 Egypt
14 T. longibrachiatum CECT 2412 UK
15 I. pseudokoningii CECT 2937 Antarctic

4 +: Significant amplification; —: no significant amplification.

dextrose agar (PDA) at 26 °C in darkness for 7 days,
and stored at 4 °C on PDA slant tubes; and in potato
dextrose broth (PDB) at 26 °C in darkness, at 150
rpm, for 48 h.

2.2. DNA extraction

Two millilitres of each PDB culture were
centrifuged at 18,000g; the mycelium was washed
with 1.5 ml of TE buffer (10 mM Tris HCI, 1 mM
EDTA) and centrifuged again. Five-hundred
microliters of re-suspension buffer (50 mM Tris HCI,
10 mM EDTA, 1% SDS, pH 7.5) was shaken with
glass beads (425-600 pm) (Sigma-Aldrich Inc., USA)
in an oscillating mill (MM400, Retsch, Germany). One
hundred and fifty microliters of potassium acetate
solution (3 M, pH 4.8) were added to the supernatant
and the mixture centrifuged at 18,0009. The
supernatant was collected and 600 pL of isopropanol
were added for nucleic acid precipitation, followed by
centrifugation at 18,000g for 20 min at 4 °C. The
precipitate was washed with ice-cold 70% ethanol,
centrifuged, dried at room temperature, re-suspended
in 50 pL of water (AccuGENE, Cambrex, USA) and
treated with RNAse (20 mg/L) for 20 min at 37 °C.

2.3. Specific primers and probe design

The ITS region of the ribosomal DNA of T.
harzianum was amplified (Takara PCR Thermal
Cycler Dice TM, Takara Bio Inc., Japan), sequenced
(White et al., 1990), and the sequences were
compared with sequences available in the NCBI
database for other Trichoderma species. Different
sets of primers and a TagMan probe (Table 1) were

designed inside this region and analyzed for
specificity using the NCBI Blast feature
(http:/iwww.ncbi.nim.nih.-gov/BLAST). Different

combinations of these primers were tested against
different isolates of the genus Trichoderma (Table 1).
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2.4. Real-time PCR conditions

Real-time PCR amplifications were performed in
a total volume of 8 pL using a LightCycler™ (Roche
Diagnostics, Germany). The reaction mixtures
contained a final concentration of 0.3 pM each
primer, 0.025 yM TagMan probe, 4 pyL Premix Ex
Taq™ (Takara Bio Inc., Japan), 0.8 pL template DNA
and 1.84 pL sterile water (AccuGENE Cambrex,
USA). The thermal cycling conditions for amplification
were an initial denaturation at 95 °C for 35 s, followed
by 35 cycles each consisting of a denaturation step at
95 °C for 5 s, annealing at 64 °C for 15 s, and
extension at 72 °C for 15 s. The amplification results
were analysed with LightCycler™ Software 4 (Roche
Applied Science, Switzerland).

2.5. Development of a standard curve

A fragment of 621-bp from the selected ITS
region of the T. harzianum T-78, was cloned into
vector PCR 2.1 (Invitrogen, USA). The plasmid was
used to transform Escherichia coli DH5o0 cells
(Invitrogen, USA) and purified with a QIlAprep
Miniprep Kit (Qiagen, Germany); the presence of
inserts was determined by RFLP (Restriction
Fragment Length Polymorphism) using four
restriction enzymes: Taql, EcoRI, Hinfl and Alul
(Fermentas, USA). The DNA concentration of the
plasmid  standard  soluton ~was  measured
spectroscopically (NanoDrop ND-1000, Thermo
Fisher Scientific Inc., USA) and was related to the
known molecular weight of a single plasmid
molecule. The concentration was adjusted to the
number of 10™ ITS copies, and the standard was
diluted in 10-fold steps to obtain the standard curve.

2.6. Hyphal biomass measurement

Hyphal biomass was estimated according to
Raidl et al. (2005), with some modifications: T.
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harzianum mycelium was grown in slides covered
with Hagems agar (Stenlid, 1985), and kept in humid
chambers at room temperature for 72 h. Slides with
appropriate hyphal growth (homogeneous and not
too dense) were selected, covered with a cover slip
with a grid pattern on the surface (Raidl et al., 2005)
and photographed with a digital camera (Kappa DX
20L, Kappa opto-electronics, Gleichen, Germany)
through a Dialux 22 microscope (Leitz, Wetzlar,
Germany) at a magnification of 63x. The pictures
were processed with Adobe Photoshop 8.0 (Adobe
Systems Inc., USA) in order to enhance the contrast
of the hyphae against the background in the pictures.

The hyphal length of the whole slide was
measured with the Win-Rhizo software 4.0b (Regent
Instruments Inc., Quebec, Canada) and was changed
to hyphal volume using the cylinder equation (V =L *
n * r%; L: hyphal length; r: hyphal radius), assuming
that the hyphae of Trichoderma are perfectly
cylindrical and using an average value of the hyphal
diameter (calculated taking into account the
percentages of thin and thick branches). This volume
was converted to fungal dry weight using the
conversion factors (f: specific weight for fungal
hyphae: 022 g cm™®) (Fogel and Hunt, 1978)
obtained from the literature Raidl et al. (2005).

2.7. Quantification of ITS copy numbers

Immediately after the pictures were taken, the
mycelia grown on the slide was collected carefully for
DNA extraction (FastbNA SPIN Kit for Soil, Q-
BlOgene, USA), following the manufacturer's
instructions with some modjifications: (i) the samples
were homogenized in an oscillatin’\? mill for 1 h, to
ensure total cell lysis, (i) the SPIN™ Filter was eluted
up to four times with a greater volume of sterile water
to ensure that all DNA was collected. The number of
ITS copies of each elution was calculated using the
LightCycler™ System as described above, using five
replicates of undiluted, 1/10 and 1/100 diluted DNA
template. An external standard and a negative control
(water) were run in every real-time PCR reaction. The
amount of detected ITS copies was calculated with
the Roche Software by interpolating the cycle
threshold with the standard curve, and extrapolating
to the total sample volume.

3. Results and discussion
3.1. Specificity of the primers and probe

Currently, the ribosomal RNA gene cluster
provides the main region for molecular studies with
fungi, such as detection, quantficaton and
phylogenetic studies of different taxa (Bridge and
Spooner, 2001; Lievens et al., 2006). The different
primers designed inside ITS1 and ITS2 regions only
showed significant matches with T. harzianum

sequences (BLAST). The set of primers ITS1 S/ITS1
R, which amplified a 211-bp fragment, together with
the fluorescent probe ITS1 TM Fam, amplified all the
T. harzianum isolates used in this study (Table 1).
The design of primers in the ITS1 region allows the
detection of low quantities of target DNA, due to the
presence of multiple different copies of rRNA spacer
regions in the fungus genome, increasing the
specificity of the real-time PCR (Bridge and Spooner,
2001).

The development of this primers and probe
allows the detection of T. harzianum in pure cultures
and therefore, in the future, could be used for
detection and quantification in soils and organic
substrates.

3.2. Calibration of real-time PCR

Serial dilutions of the plasmid over 10 orders of
magnitude were carried out to obtain a standard
curve for the real-time PCR calibration, starting with
an initial concentration of 247.12 ng DNA/uL, which
was calculated as representing 1 x 10" ITS copies/
ML. A standard curve ranging over six orders of
magnitude (from 107 to 10% ITS copies/uL) was
achieved by plotting the cycle thresholds against the
logarithm of the initial number of target copies, with
an efficiency of 2.037. The external standard used
routinely for quantification in sample materials was
10° ITS copies/uL. The number of specific ITS gene
copies potentially give a more real measure of the
amount of the microorganism present in the sample
(Savazzini et al., 2008), vs. other studies that use
standard curves based on 10-fold serial dilutions of
DNA for the calibration of the realtime PCR, and
expressing the results as quantity of DNA (Filion et
al., 2003; Lievens et al., 2006).

3.3. Extrapolation curve for the number of ITS copies
vs. biomass measurements

One of the main aspects of this work was the
conversion of the number of copies of a specific gene
into fungal biomass, making possible the
extrapolation of the obtained data to a more realistic
and easily understandable unit such as biomass.

Seven slides were appropriate (hyphal growth
was homogenous and not too dense) for this
extrapolation. The mycelia were grown on different,
independent slides. After 3 days, the total lengths of
the mycelia were measured and converted into fungal
dry biomass. The average hyphal radius was also
measured in the slides accounting for the different
hyphal thickness. The hyphal thickness was
classified in thick and thin hyphae (higher or lower
than 4-4.5 pm); the percentage of both types of
hyphae in the culture was calculated and was 37.9%
for thinner hyphae and 62.1% for thicker hyphae. The
hyphal length, volume, and biomass results, with the
number of ITS copies present on each slide are
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Table 2

Data for the hyphal length, hyphal volume, hyphal biomass and TS copies of each slide.

Slide Total ITS copies Hyphal length (mm) Hyphal volume (mm?) Hyphal biomass (mg) 108 TS copiesfmg 10* ITS copies/mm
1 5.01 x 107 2605.30 0.1686 37.10 1.35 192
2 7.01 x 107 2415.30 0.1563 3439 2.04 290
3 8.17 = 107 2357.00 0.1526 33.56 243 347
4 2.80 x 107 876.50 0.0567 12.48 225 320
5 1.09 = 10° 759.00 0.0491 10.81 0.10 0.14
6 2.56 x 107 1387.90 0.0898 19.76 1.30 184
7 1.72 x 10® 3274.52 02119 46.63 3.68 525

A
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Fig. 1. Regression of hyphal length and ITS copies number.

shown in Table 2. Combining these two methods, a
mean of 2.67 x 10* ITS copies per mm of hypha was
derived. The correlation of the two_sets of data by
linear regression analysis gave an R” value of 0.7575
(Fig. 1), for the equation: y = 1.48 x 107 x + 1047.28.
This standard curve permits the extrapolation to T.
harzianum biomass through a specific probe. It could
be stated that the obtained value was not so high, but
this may be correlated to the mycelium age, in spite
of the fact that slides were processed in the same
way during the 3-days inoculation. The selection of
the area to photograph also influenced this
correlation, related to the type fungal growth. During
the colony development, the hyphae are stretching,
branching and fusing, and show different
morphological features along the mycelium (Buller,
1933). All these changes involve cytoplasmatic and
nuclear movements through the mycelium. These
movements are well documented in other
ascomycetes species like Gelasinospora
tetrasperma, Blastomyces dermatitis (Dowding and
Bakerspigel, 1954), and Aspergillus nidulans
(Suelmann and Fischer, 2000). These phenomena
can influence the nuclear distribution in the older
hyphae in comparison to younger hyphae of the
mycelium, and consequently the correlation.

The average radius value used in this work was
based on measurements of the colonies, accounting
for the percentage and abundance of thicker and
thinner hyphae. This relation could vary depending
on the culture medium or mycelium age, influencing
the biomass data, and ultimately the ITS/ biomass
correlation.

Moreover, the number of slides analyzed would
also be related to the correlation obtained, due to the
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analysis time that each one entails (Raidl et al,
2005).

4. Conclusions

The application of real-time PCR using a
specifically-designed probe has been demonstrated
to be an effective tool for the quantification of T.
harzianum in pure cultures; moreover its
extrapolation to biomass measures, like fungal dry
weight in this study, would allow a more practical
knowledge of the quantity of fungus. The potential
use of this technique in soil and compost would be
very useful, improving the application of the fungus in
field, and thus improving the results in their
employment against phytopathogenic fungi; although
future experiments would be necessary to improve
and optimize this technique in soil or compost
samples, more complex than pure cultures.
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gRT-PCR quantification of the biological control agent Trichoderma
harzianum in peat and compost-based growing media.

Cuantificacién del agente de control biolégico Trichoderma harzianum en
medios de crecimiento basados en turbay compost mediante qRT-PCR.

Resumen

Para asegurar un uso adecuado de Trichoderma harzianum en agricultura se
necesitan datos lo mas precisos posibles que permitan monitorizar adecuadamente
su poblacion. Por ello, el objetivo de este trabajo consisti6 en comprobar la
efectividad de la gRT-PCR (PCR a tiempo real con transcripcion reversa) para
cuantificar T. harzianum en diferentes sustratos de cultivo frente a otras técnicas
tales como el conteo en placa y la qPCR (PCR a tiempo real). Los resultados
mostraron que tanto las técnicas de dilucion en placa como la gPCR ofrecen
patrones similares en la cuantificacion de T. harzianum, basadas en un rapido
incremento inicial en la poblacion fungica que disminuye con el tiempo. Sin embargo,
los datos obtenidos con gRT-PCR mostraron una curva de hongo activo totalmente
diferente, con un crecimiento inicial retardado, que se fue incrementando a lo largo
del experimento. Estos resultados mostraron que T. harzianum puede crecer en los
sustratos empleados, y que la gRT-PCR puede ofrecer una representacion mas clara
de las poblaciones de T. harzianum activo. Ademas, los compost inoculados con T.
harzianum mostraron una menor tasa de infeccién por F. oxysporum (67%) y una
menor pérdida de peso fresco (11%), en comparacion con la turba inoculada con T.
harzianum (90% de infeccion, y 23% de pérdida de peso fresco).

Este articulo ha sido publicado en la revista Bioresource Technology (2011) 102
(3), 2793-2798
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gRT-PCR quantification of the biological control agent Trichoderma
harzianum in peat and compost-based growing media

Robert Beaulieu®*, Rubén Lépez-Mondéjar®'*, Fabio Tittarelli®, Margarita Ros?, José Antonio
Pascual®

®Department of Soil and Water Conservation and Organic Waste Management, Centro de Edafologia y Biologia Aplicada del
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RPS), via della Navicella, 2, 00184 Rome, ltaly

ABSTRACT

To ensure proper use of Trichoderma harzianum in agriculture, accurate data must be obtained in population
monitoring. The effectiveness of gRT-PCR to quantify T. harzianum in different growing media was compared to
the commonly used techniques of colony counting and gPCR. Results showed that plate counting and gPCR
offered similar T. harzianum quantification patterns of an initial rapid increase in fungal population that decreased
over time. However, data from gRT-PCR showed a population curve of active T. harzianum with a delayed onset
of initial growth which then increased throughout the experiment. Results demonstrated that T. harzianum can
successfully grow in these media and that gRT-PCR can offer a more distinct representation of active T.
harzianum populations. Additionally, compost amended with T. harzianum exhibited a lower Fusarium oxysporum
infection rate (67%) and lower percentage of fresh weight loss (11%) in comparison to amended peat (90%

infection rate, 23% fresh weight loss).

Keywords: Biocontrol, compost, Fungal quantification, gRT-PCR, Trichoderma harzianum

1. Introduction

Species within the genus Trichoderma are some
of the most widely-utilized fungal biological control
agents (BCASs) in agriculture (Papavizas, 1985; Chet,
1987). The antagonistic effect by Trichoderma sp.
has been demonstrated against a range of
agriculturally-devastating phytopathogenic
microorganisms, including those within the genus
Fusarium, Phytophthora, Sclerotinia, Rhizoctonia and
Pythium (Hjeljord and Tronsmo, 1998). These fungi
act as mycoparasites by secreting hydrolytic
enzymes such as chitihase and glucanase, which
break down cell walls (Kubicek et al, 2001).
Trichoderma sp. also produces antibiotic compounds
which influence biocontrol capacity (Howell, 2003).
Their rapid growth allows these species to directly
compete for space and nutrients with phytopathogens

*

Corresponding author. Tel.: +34 96839 6397; fax: +34
96839 6213.
E-mail address: rimondejar@cebas.csic.es (R. Lépez-
Mondéjar).
! Both authors contributed equally as primary author.
doi:10.1016/biortech.2010.09.120

(Sivan and Chet, 1989; Hjeljord and Tronsmo, 1998)
while also indirectly fighting infection through
stimulating plant growth and inducing acquired
resistance mechanisms in the plant (Bailey and
Lumsden, 1998). Isolates of the specie T. harzianum
have been proven to work effectively as a biological
control agent against Fusarium oxysporum f. sp.
melonis (FOM) (Bernal-Vicente et al., 2009).

In general, composts possess some capacity to
increase disease suppression in horticultural crops
and improve plant health (Borrero et al., 2004; Ros et
al., 2005; Deepak et al., 2008). Efficacy of composts
has also been shown to vary depending on specific
biotic and abiotic characteristics (Ros et al., 2005;
Alabouvette et al., 2006). For this reason, it has
become a practice to inoculate composts with
suppressive microorganisms such as Trichoderma
sp. to improve suppressive efficacy, which facilitates
microorganism  survival and waste material
reutilization (Lopez-Mondéjar et al., 2010b). To
effectively utilize such microorganisms, accurate
monitoring of the active agent in natural
environments is essential.

Conventional fungal monitoring techniques
include the counting of colony forming units (CFUs)
grown on selective media, and chemical, biological
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and immunological assays (Lievens et al., 2006).
However, these methods are time-consuming,
require taxonomical expertise, and can lack
specificity for the organism in interest (Thorn et al.,
1996; McCartney et al., 2003). Molecular techniques
have shown to compensate for many of the
limitations of conventional analyses. Studies have
shown the effectiveness of real-time quantitative PCR
(QPCR) in the detection and quantification of fungal
populations through the use of isolated DNA from
both pure culture and soil-borne samples (Filion et
al., 2003; Lievens et al., 2006; Lopez-Mondéjar et al.,
2010a). However, a major shortcoming of this
approach is the isolation and amplification of DNA
obtained from non-active fungal material (conidia,
dead mycelia, etc.) which result in inaccurate data,
such as the overestimation of populations (Bridge
and Spooner, 2001; Lievens et al., 2006). To better
understand the propagation in growing media and
biological control impacts of an agent such as T.
harzianum, information pertaining to the active form
is vital. These data can be obtained through the
reverse transcription of RNA combined with real-time
quantitative PCR (qRT-PCR) and could provide a
more meaningful assessment than current DNA
approaches (Atkins et al., 2003).

The objective of this study was to demonstrate,
for first time, the ability to quantify active T.
harzianum in peat and compost growing media via
gRT-PCR by targeting the fungal ITS region during
crop infection with FOM under greenhouse nursery
conditions. This study also evaluated the efficacy of
the use of green compost amended with T.
harzianum as a growing media.

2. Methods
2.1. Fungal strains

Organic substrates were amended with the
biological control agent, T. harzianum T-78 (CECT
20714, Spanish Type Culture Collection). The fungus
was grown in darkness on potato dextrose agar
(PDA, 39 g L™ at 28°C. After 5 days, three agar
plugs (5 mm diameter) were taken from the leading
edge of fungal growth, placed in a flask containing
250 mL of potato dextrose broth (PDB, 24 g L™), and
incubated in darkness for 7 days at 28 °C on a rotary
shaker at 150 rpm. Conidia were collected by
centrifugation (9,000g, 20 min), rinsing twice with
sterile distilled water, and filtering through 101 quartz
wool. T. harzianum was immobilized in a bentonite
mixture following the protocol by Bernal-Vicente et al.
(2009).

FOM was isolated from melon plants exhibiting
disease symptoms following the protocol by Nash
and Snyder (1962). The fungus was grown in PDA
and PDB and conidia were collected in the same
manner as described above.
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Table 1

Physicchemical and chemical characteristics of peat and green compost.
Parameter Peat Green compast
pH G634 7.73
Total organic carbon (%) 49.4 521
Electrical conductivity (mSjcm) 051 1.17
Total N (%) 097 1.27
Total K (%) 0.6e0 043
Total P (%) 070 0.75
Total Ca (%) 052 2.53
Total Mg (%) 1.22 030
Total N 0.08 0.05
Total Cu (mgfkg) 12.0 83.0
Total Zn (mgfkg) 90,0 284
Total Mn (mg/kg) 43.1 389

2.2. Organic growing media

Peat and green compost were used as organic
growing media for cultivating melon plants under
greenhouse conditions. The main physicochemical
and chemical characteristics are reported in Table 1.
Both media were inoculated with bentonite-
immobilized T. harzianum (final concentration: 10’
CFU g substrate) following Bernal-Vicente et al.
(2009).

Both, green compost amended with T.
harzianum T-78 combined with peat (1:1 w:w) and
peat amended with T. harzianum T-78 were used as
growing media for the melon seedlings.

2.3. Experimental design

The experiment was carried out under
greenhouse nursery conditions. One polystyrene
container (150 wells per container) was used for each
growing media. One melon seed (Cucumis melo L.
cv. Giotto) was sown in each well of the polystyrene
containers. Melon seedlings were germinated in
darkness at 25 °C over 72 h. After germination, the
polystyrene containers were placed in a greenhouse
and the plants were irrigated manually as needed.
Once the first true leaf appeared (14 days after
germination), half of the plants in each growing media
were inoculated with 3 mL of a FOM conidial
suspension to achieve a final concentration of 10°
conidia g‘1 substrate. The treatments in this
experiment were: (1) green compost (Green + Th),
(2) green compost inoculated with FOM (Green + Th
+ Fo), (3) peat (Peat + Th), and (4) peat inoculated
with F. oxysporum (Peat + Th + Fo). Ten samples
from each treatment were collected at 5, 12 and 25
days after inoculation with FOM (D.A.L). After
collection, 1 cm of the stem was removed from each
plant for FOM-infection culture analysis and the fresh
and dry weight (after 72 h at 60 °C) was recorded.
One half of each substrate was stored at 4 °C for
determination of colony forming units (CFU) and
humidity (obtained by sample dehydration and then
calculating percent water composition); the other half
was ground with liquid nitrogen and stored at —80 °C
for nucleic acid extraction.
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2.4. FOM infection analysis

To determine FOM infection, plant tissue was
assayed on PDA medium. Stem sections of 1 cm
were surface-sterilized with a 1% sodium
hypochlorite solution for 5 min, rinsed with sterile
water, dried on sterile filter paper, and placed on
PDA. Plates were incubated at 28 °C for 5 days in
darkness, after which FOM colonization of plant
tissue was analyzed.

2.5. Nucleic acid isolation

2.5.1. DNA isolation

DNA was isolated from five samples of each
substrate treatment at different sampling times with
the FastDNA SPIN Kit for Soil (Q-BlOgene). Two
hundred and fifty milligrams of substrate was utilized
for each sample following the manufacturer’s protocol
with some modifications: (1) the samples were
homogenized in an oscillating mill for 1 h and (2) the
SPIN™ Filter was eluted with 150 pL of sterile water.

2.5.2. RNA isolation and cDNA synthesis

RNA was isolated from five samples of each
substrate treatment at different samples times with
the RNA PowerSoil Total RNA Isolation Kit (MoBio).
The manufacturer’s protocol was followed, utilizing 1
g of substrate for each sample. The concentration
and quality of the isolated RNA samples were
subjected to spectrophotometric analysis (NanoDrop
ND-1000, Thermo Fisher scientific Inc.). Eight
hundred nanograms of total RNA were treated with
DNAse (Sigma) according to the manufacturer’'s
protocol. The absence of DNA in the samples was
confirmed by qPCR (LightCycler™ system, Roche
Diagnostics) and all negative samples were
converted to cDNA by the ThermoScript RT-PCR
System following the manufacturer’'s protocol
(Invitrogen) with the gene-specific primer ITS1 (White
et al., 1990).

2.6. Quantification of T. harzianum populations

2.6.1. Colony forming units (CFUs)

The population of T. harzianum was measured
by a serial diluton method to obtain the CFU g™
substrate. Five samples from each treatment were
diluted in sterile quarter-strength Ringer solution and
plated on PDA amended with Rose Bengal (50 mg
L™ and streptomycin (100 mg L™). Plates were
incubated for 4 days at 28 °C and CFUs were
counted.

2.6.2. Real-time quantitative PCR with DNA/CDNA

T. harzianum populations were quantified from
isolated DNA and RNA converted to cDNA by a real-
time TagMan PCR system utilizing the primer pair
ITS1 S and ITS1 R and the TagMan probe ITS1 TM
Fam, and extrapolated against a standard curve as

described by Lopez-Mondéjar et al. (2010a) with few
modifications: (1) three replicates of 1:5 diluted
samples for DNA and 1:2 diluted for cDNA were run
and (2) the realtime PCR was carried out in a
reaction with a total volume of 10 pL; 0.3 pM of each
primer, 0.025 pL of TagMan probe, 5 pL of Premix Ex
Taq™ (Takara Bio Inc.), 2.3 pL sterile water, and 1.0
puL template DNA/CDNA. The amplification results
were analyzed with LightCycler™ Software 4 (Roche
Applied Science).

2.7. Statistical analysis

Plant weight, CFU, DNA, and cDNA were
analyzed by three-way analysis of variance (ANOVA)
with substrate, pathogen and time as factors.
Comparisons between means were made using
Tukey post hoc test at (P < 0.05). A Pearson
correlation was made between CFU, DNA, cDNA,
fresh plant weight and percent infection. The
statistical software SPSS 15.0 was used for the
analysis (SPSS Inc.).

3. Results
3.1. Quantification of T. harzianum

Over the three monitoring time points, the
colonization of T. harzianum in the growing media
was studied by the CFU counting technique and
quantitative real-time PCR of DNA and cDNA (Figs. 1
and 2).

Growing media samples were serial diluted and
plated on PDA to determine the T. harzianum
population. The number of CFU g™ substrate of T.
harzianum was affected by the growing media,
pathogen presence, and sampling time (Table 2).
The colonization of T. harzianum (CFU g™ substrate)
in peat reached significantly higher values (log 7—log
8) than in green compost (log 5-log 6) throughout the
experiment (Fig. 1). All treatments achieved the
greatest concentration at the second time point.
Treatments inoculated with FOM achieved higher
concentrations of T. harzianum in comparison to their
respective non-inoculated treatment throughout the
experiment (Fig. 1). No other Trichoderma isolates
were found on the plates.

Quantitative real-time PCR showed that the
different growing media, the inoculation or non-
inoculation of the pathogen (FOM), and sampling
time all showed significant effects on the number of
ITS copies pg™ nucleic acid for both DNA and cDNA
samples of T. harzianum. Furthermore, the
interactions between all three of these variables were
significant (Table 2).

The number of ITS copies g‘1 substrate from
DNA of T. harzianum was significantly higher in peat
(log 9.9-9.3) than in green compost (log 8.5-8.0).
Treatments with FOM inoculation achieved higher
concentrations of T. harzianum over the course of the
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Fig. 1. Quantification of T. harzianum T-78 in substrates
via CFU determination over course of the experiment.

experiment in comparison to their respective non-
inoculated treatment (Fig. 2A).

The quantification of the active populations of T.
harzianum was successfully observed using ITS
region expression from RNA samples synthesized
into cDNA. The active population of T. harzianum,
measured by ITS copies ug™ RNA, was significantly
higher in peat than in green compost (Fig. 2B). The
number of ITS copies ug™ RNA increased
significantly throughout the experiment in both
growing media. In peat, there was an increase from
log 3.33-3.67 to log 4.92-5.10 (39-48%) and, in
green compost, an increase from log 2.45-2.79 to log
4.45-480 (72-82%) (Fig. 2B). In general, both
treatments inoculated with FOM showed an
increasing activity of T. harzianum throughout the
three time points (Fig. 2B).

3.2. Disease resistance in melon plants

Fresh plant weight was significantly affected by
the growing media, presence of FOM, and monitoring
time points (Table 2). Additionally, the interaction
between these three factors was significant for fresh
weight (Table 2). The absence of FOM resulted in a
significant increase in fresh plant weight over time,
while the presence of FOM held plant weights
constant throughout the experiment (Fig. 3). Plants
grown in peat demonstrated a significantly higher
fresh weight than plants grown in green compost
(Fig. 3). A positive and significant correlation, r =
0.540 (P < 0.01), was observed for the relationship
between the number of CFU g™ substrate of T.
harzianum and fresh weight. Furthermore, a positive
and significant correlation, r = 0.954 (P < 0.01), was
observed for the relationship between DNA (ITS
copies g~ substrate) and CFU (CFU g™ substrate),
but no relationship was found with RNA (ITS copies
Hg ™ of RNA).

At 25 D.A.l, the melon plants grown in green
compost inoculated with T. harzianum T-78 had lost
an average fresh tissue weight of 11%, while plants
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Fig. 2. Quantification of T. harzianum T-78 in substrates
(A) utilizing isolated DNA (values are shown as the log
conversion of the ITS copies g'1 of substrate) and (B)
utilizing cDNA synthesized from isolated RNA (values
are shown as the log conversion of the ITS copies pg‘1
of RNA).

grown in peat inoculated with T. harzianum had lost
an average fresh tissue weight of 23%. These results
were due to a higher infection rate of plants grown in
peat (90%) compared to those grown in green
compost (67%). At 25 D.A.l., the different growing
media had a significant effect on the foliar P and K
content (Table 3), with plants grown in green
compost achieving a significantly higher P and K
content than those grown in peat (Table 3). Foliar N
content was not affected by growing media. None of
nutrient contents (N, P and K) were affected by the
presence of the pathogen (Table 3).

4. Discussion

The monitoring and quantification of T.
harzianum in green compost and peat during melon
growth showed that the population obtained by plated
serial dilutions and real-time PCR had a significant
and high correlation r = 0.954 (P < 0.01). These
results indicate the possibility of replacing plated
serial dilutions of fungal cultures with real-time PCR,
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Table 2

Results of three-factors ANOVA (growing media, pathogen and time) for fresh plant weight, (FUs, DNA and cDNA data.

Fresh plant weight

CFU

DNA cDNA

F P

F

F F

Growing media 52892 0.000
Pathogen 594 0.017
Time 21754 0.000
Pathogen = iime 12879 0.000
Growing media = time 293 0.058
Growing media « pathogen 58.11 0,000
Growing media = pathogen x time 52.50 0.000

27837.77
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1109.551
32627

12752
8878
26264

0000 419439 0000 1573.06 0000
0.000 46.71 0.000 45.88 0.000
0.000 16.77 0.000 280350 0.000
Q000 375 o7 4650 oo
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o4 2663 0o 3034 oo
0000 965 0000 22693 0000
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Fig. 3. Fresh plant weight over course of the experiment.

which is a faster and easier technique and provides
higher sensitivity and specificity (Schena et al,
2004). However, plating of serial dilutions and real-
time PCR have limitations in their ability to provide
results which exclusively reflect active fungal
populations due to the inclusion of both active
(mycelia) and inactive (conidia or dead mycelia)
fungal forms (Bridge and Spooner, 2001; Lievens et
al., 2006).

In order to effectively utilize T. harzianum, it is
essential to know the activity of the BCA population in
amended substrates. The rhizosphere of plants is the
growth site of this BCA as well as the infection site of
many pathogens, resulting in a pathogen-BCA
interaction that ultimately maintains T. harzianum
activity (Lo et al., 1998). Due to the importance of this
relationship, we have developed a new system for
monitoring and quantifying the active population of T.
harzianum in green compost and peat growing
media. This system is based on a quantitative
reverse transcription PCR (QRT-PCR) as suggested
by Anderson and Parkin (2007). Their work stated
that precursor rRNA molecules reside in the cells of
active fungi for a sufficient amount of time to allow for
RT-PCR amplification of ITS regions prior to their
removal by post-transcriptional cleavage. The data
obtained from cDNA quantification of active T.
harzianum populations (measured as the number of
ITS copies pg‘l RNA) in different organic growing
media showed a dramatic departure from
quantification curves obtained through DNA

quantification (total T. harzianum population

measured as the
substrate).

The active population of T. harzianum obtained
through gRT-PCR continually increased during melon
plant cultivation in both organic substrates. This
indicated that T. harzianum survived and grew in the
rhizosphere of the plant, resulting in the expression of
its biological control mechanisms that provide the
ability to control the pathogen (Lo et al., 1998). This
type of growth curve of T. harzianum was not
observed when using other quantification techniques.
Realtime PCR data showed a decreasing T.
harzianum population during the experiment,
presumably due to initial quantification of inactive
forms of DNA present in the substrate (conidia). At 5
D.A.lL, the amplified DNA was mainly a result of the
high concentration of spores inoculated into the
media as indicated by the low quantification level of
active mycelium (represented by a minimal value of
ITS copies pg"l RNA). The quantity of T. harzianum
spores in the substrates decreased by the end of the
experiment, although this reduction was offset by the
increase in ITS copies from active mycelial DNA
throughout the experiment. This change from the
inactive to active form of the BCA can only be
observed with the gRT-PCR system. This study is the
first to quantify the active BCA (T. harzianum) in
substrate, while previous works have only quantified
the total BCA present in soil (Savazzini et al., 2008;
Longa et al., 2009).

Total T. harzianum populations (ITS copies g™
substrate) and active T. harzianum populations (ITS
copies pg‘l RNA) were greater in peat than in green
compost. This was possibly due to the competition
between T. harzianum and other microorganisms
present in the compost (Alabouvette et al., 2006).
The different physical and chemical properties of the
substrates could also have effected T. harzianum
colonization and the expression of its biocontrol
mechanisms (Smith and Goodman, 1999). Despite
this, the activity of the BCA increased throughout the
experiment, with and without the pathogen present in
the system. These results offer information on the
activity of the T. harzianum population over time and
in different substrates. A higher BCA activity could be
linked to an enzymatic system involved in the
biological control effect. For this reason, studies
which analyze the role of gene expression in the
biocontrol process would be of great interest.

The utilization of green compost led to a 23%
lower FOM infection rate at 25 D.A.l. compared to

number of ITS copies g
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Table 3
M, P and K content of melon plants alter 25 days alter inoculation. Results of two-lactors ANOVA { growing media, pathogen).
N (%) P (%) K (%)
Green +Th 0.853(0.05) 0,65 (0.05) 236 (Q17)
Green +Th + FOM 0966 (0.03) 0.70 (0.05) 258 (011)
Peat +Th 0930(0.10) 0.40 (0.04) 1.79 (0.38)
Peat + Th + FOM 0.984(0.10) 0.41 (0.06) 1.92 (024)
N P K
F P F P F P
Growing media 15 0.256 6B41 0000 18431 0.003
Pathogen 387 0.085 1.161 0313 1.482 0258
Growing media = pathogen 0.710 0424 0272 0616 Q101 0.785

peat. Plants grown in green compost lost 11% in
fresh weight compared to 23% fresh weight loss for
plants grown in peat. These data support the use of
suppressive compost as viable alternative to the peat
employment in greenhouse nurseries as biological
control of F. oxysporum. Similar results were
observed by several authors with different pathogens
(Cotxarrera et al., 2002; Trillas et al., 2006; Lépez-
Mondéjar et al., 2010b; Sant et al., 2010). These
results indicate that T. harzianum is not the only
factor in the biocontrol effect of green compost, since
green compost amended with the BCA showed a
smaller active population of T. harzianum compared
to peat throughout the experiment. Compost also
provides a substrate for microorganisms which
improve the antagonistic effect against pathogens by
competing for space, creating antibiosis, or inducing
plant resistance against pathogens (Hoitink and
Boehm, 1999; De Clercq et al., 2004). The
inoculation of BCAs such as T. harzianum in green
compost helps to reduce the incidence and severity
of plant diseases, due to the interactions between the
plant, pathogen and the microbial community
(Alabouvette et al., 2006; Vinale et al., 2008) and
ensure and enhance the suppressive effect of
compost (De Ceuster and Hoitink, 1999). Also, all
plants had good macronutrient content 25 D.A.l,
which was not affected by the presence or absence
of FOM. Plants grown in green compost showed a
significantly higher level of P and K compared to
plants grown in peat. This effect would be due to the
chemical and physical characteristics of green
compost, determined by a high organic matter
content which involves a slow releasing of nutrient
during the growing stage, enhancing the melon plant
nutrition (Kleifeld and Chet, 1992).

5. Conclusion

The use of the ITS region to monitor active T.
harzianum populations has proven to be successful
and can help us to learn more about fungal activities
in different growing media. In addition, the use of
green compost amended with T. harzianum in
horticulture and agriculture as growing media offers a
new outlet to recycle waste materials and reduce the
non-renewable use of peat, and the substitution of
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chemical fungicides and fertilizers into compost-
amended mixes.
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SCAR-based real-time TagMan PCR for early detection of Fusarium
oxysporum in melon seedlings under greenhouse nursery
conditions

Deteccion temprana de Fusarium oxysporum mediante PCR a tiempo real
basada en un marcador SCAR en plantulas de melén bajo condiciones de
semillero.

Resumen

Los aislados del hongo Fusarium oxysporum son responsables de enfermedades
devastadoras en numerosas especies de plantas, causando enormes pérdidas en los
cultivos tanto a nivel de semillero como en campo. Es por ello que se necesitan
herramientas adecuadas que nos permitan detectar la presencia de este patégeno de
una manera temprana tanto en el sustrato como en la planta. Este fue el objetivo de
este estudio, donde se desarrollaron un par de cebadores especificos (FOX S y FOX
R) y una sonda TagMan (FOX TM) para la cuantificacion de F. oxysporum
basandonos en un marcador SCAR obtenido mediante RAPD-PCR. Este sistema se
utilizé para monitorizar la presencia de F. oxysporum tanto en el sustrato como en los
tejidos vegetales de plantulas de melén en semillero. El sistema permitio la deteccién
y cuantificacion del patégeno en solo 48 horas, comparado con los 5-6 dias que se
necesitan con los métodos clasicos de cultivo en placa, ademas de ofrecer una

mayor especificidad y sensibilidad.

Este articulo se encuentra en revision.
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SCAR-based real-time TagMan PCR for early detection of Fusarium
oxysporum in melon seedlings under greenhouse nursery conditions

Rubén Lépez-Mondéjar*, Robert Beaulieu, Margarita Ros, José Antonio Pascual

Department of Soil and Water Conservation and Organic Waste Management, Centro de Edafologia y Biologia Aplicada del
Segura (CEBAS-CSIC), P.O. Box 164, 30100 Espinardo, Murcia, Spain

ABSTRACT

Isolates of the fungus Fusarium oxysporum cause some of the most devastating plant diseases, leading to
significant crop losses in both the greenhouse nursery and field environments. Because of this, tools that permit
early pathogen detection are essential. This study demonstrates such a tool. A specific primer set (FOX S and
FOX R) and TagMan probe (FOX TM) for F. oxysporum quantification were developed from a SCAR marker
derived from RAPD-PCR. This system was used to monitor the presence of F. oxysporum in the substrate and the
vegetative tissue of melon seedlings growing under greenhouse conditions. Detection and quantification data was
obtained within 48 hours with the new technique, compared to 5-6 days for the classical plate culture method,

while also providing greater specificity and sensitivity.

Keywords: SCAR marker, Fusarium oxysporum, Fusarium wilt, greenhouse nursery, real-time TagMan PCR

1. Introduction

The fungus Fusarium oxysporum Schlechtend.:
Fr. includes some of the most significant plant
pathogens in the world. The diverse formae
speciales of this fungus affect numerous crops of
economical importance and infection at the seedling
level in greenhouse nurseries can compound
problems associated with crop loss and pathogen
dispersal. Examples of this fungus and its hosts
include F. oxysporum f. sp. lycopersici in tomato
(Cotxarrera et al., 2002), F. oxysporum f. sp. dianthi
in camation (Sant et al., 2010), F. oxysporum f. sp.
niveum in watermelon (Zhang et al, 2005), F.
oxysporum f. sp. basilici in sweet basil (Reunevi et
al., 2002) and F. oxysporum f. sp. radicis-
cucumerinum in  cucumber  (Paviou and
Vakalounakis, 2005). In a number of instances, F.
oxysporum infection becomes the greatest obstacle
in producing healthy seedlings. Infection within the
greenhouse also jeopardizes the ability of otherwise
healthy plants to be transplanted into the field.
Fusarium wilt of muskmelon (Cucumis melo L.),
caused by F. oxysporum f. sp. melonis W.C. Snyder
& H. N. Hans (FOM), is one of the most significant
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diseases in Spain, with impacts in both the
greenhouse nursery and field environments (Suarez-
Estrella et al., 2004).

The main sources of FOM inoculum include
growing substrates, water and contaminated seeds
(Waller et al., 2008, Al-Sadi et al., 2010). This
disease is difficult to control and eradicate due to the
optimal conditions within greenhouse nurseries for
the growth and spread of the fungus (Gémez and
Tello, 2000). Currently, no effective curative
treatments are available for FOM infection (Lievens
et al., 2008). Moreover, the transplantation of infected
plants not exhibiting clear symptoms favors pathogen
dispersal, making the elimination of F. oxysporum
from the field environment extremely difficult (Suarez-
Estrella et al., 2004, Zhang et al., 2005).

For these reasons, the detection and monitoring
of F. oxysporum within growing substrates and plant
tissue during the early growth phases is desirable.
Current methods used for pathogen detection include
visual confirmation based on disease symptoms
(Baayen, 2000) and isolation of the fungus using a
selective  culture medium (Komada, 1975).
Challenges associated with these methods are that
selective media is not species/strain-specific, proper
identification can be time-consuming and non-
definitive, and results are not immediately available
due to the time required for fungal growth.

Molecular methods based on polymerase chain
reaction (PCR), such as realtime PCR, offer
advantages over classical detecton methods
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because they are sensitive, reliable, and quick for
precise quantification (Schena et al,, 2004). Real-
time PCR markers for genus/species/strain
identification of microorganisms are normally
developed from specific regions of conserved genes
such as 18S rRNA, the internal transcribed spacer
regions (ITS1 and ITS2), or translation elongation
factor alpha gene (Filion et al., 2003; Lopez-Mondéjar
et al., 2010). However, these conserved regions may
not be variable enough to detect differences between
strains. In such cases, it may be possible to use a
sequence characterized amplified region (SCAR)
marker developed from genomic regions of unknown
coding function (Lievens et al., 2008) derived from a
random amplified polymorphic DNA (RAPD) (Williams
et al., 1990).

The aim of this study was to develop and
validate a real-time PCR method, based on a SCAR
marker and TagMan PCR system, to detect and
quantify F. oxysporum in asymptomatic melon
seedlings and in their organic substrates prior to field
planting. Early detection of F. oxysporum would allow

for the proper removal of infected melon seedlings
from the population to be transplanted, avoiding
pathogen dispersal into the field and lowering the
economic losses suffered by greenhouse nurseries
and farmers due to failed melon crops.

2. Materials and methods
2.1. Fungal isolates and DNA extraction

The isolates of fungi utilized in our study to
validate the specificity and sensitivity of the real-time
TagMan PCR are listed in Table 1. Isolates were
grown on potato dextrose agar (PDA, 39 g L™) at 28
°C in darkness, and were stored on PDA slants at 4
°C. Fusarium oxysporum f. sp. melonis (CEBAS
1014), isolated from infected melon plants from a
greenhouse nursery in Murcia, Spain, was used to
inoculate melon seedlings.

To obtain DNA extractions, fungal samples were
grown by placing agar plugs with 7-day old mycelium

Table 1. Fungal isolates used in this study and evaluation of specificity for primers FOX S/ FOX R and probe FOX TM.

Amplification with

Collection Code®  Isolate Host Qrigin
TagMan Sy stem
CECT 2218 Fusanum roseum Unknown Unknown -
CECT 20232 Fusarium solani Solanum tuberosum Unknown -
CECT 20569 Fusarium proliferatum Dianthus caryophylius Italy -
CECT 2368 F. oxysporumf. sp. niveum Citrullus lanatus LUnknown +
CECT 2715 F. oxysporumf. sp. lycopersici Lycopersicum esculentum UsA +
CECT 20270 F. axysporumf. sp. dianthi Dianthus sp. Argentina +
CECT 2868 F. axysporumf. sp. gladioli Gladiolus sp. LISA +
ATCC 204369 F. oxysporumf. sp. radicis- Cucumis sativis Greece +
cucumerinum

CECT 20474 F. axysporumf. sp. melonis Cucurmis melo Almeria, Spain +
CEBAS 1013 F. oxysporumf. sp. melonis C. melo Alicante, Spain +
CEBAS 1014 F. oxysporumf. sp. melonis C. melo Murcia, Spain +
CEBAS 1015 F. oxysporumf. sp. melonis C. melo Murcia, Spain +
CEBAS 1016 F. axysporumf. sp. melonis C. melo Murcia, Spain +
CEBAS 1017 F. axysporumf. sp. melonis C. melo Murcia, Spain +
CEBAS 1018 F. axysporumf. sp. melonis C. melo Murcia, Spain +
CEBAS 1018 F. axysporumf. sp. melonis C. melo Murcia, Spain +
CEBAS 0078 Trichoderma harzianum Unknown UK -
CEBAS 1050 Alternaria sp. Lycopersicon sp. Murcia, Spain —
CEBAS 1051 FPhythopthora sp. Unknown Murcia, Spain -
CECT 2365 Pythiwm ultimun Phaseolus sp. Spain —
CECT 2815 Rhizoctonia solani Phaseolus sp. Spain —
CECT 20715 Macrophomina phaseolinag Fragaria sp. Huelva, Spain —
CECT 20202 Acremonium cucurbitacearum C. melo Unknown -
CECT 2768 Sclerotinia sclerotium Medicago sativa The Metherlands —
CECT 2963 Monosporascus cannonbalius C. melo Valencia, Spain -

¥ CECT: Spanish Type Culture Collection; CEBAS: Culture Collection from Centro de Edafologia y Biologia Aplicada del
Segura (CEBAS), ATCC: American Type Culture Collection.
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in potato dextrose broth (PDB, 24 g L™). Samples
were placed on a rotary shaker at 100 rpm and
incubated at 28 °C in darkness (to prevent the
formation of conidia) for 3 days. Mycelium was
collected and the DNA was extracted via cell lysis
with glass beads and re-suspension buffer (50 mM
Tris HCI, 10 mM EDTA, 1% SDS, pH 7.5) in an
oscillating mill and precipitated with isopropanol
(Lopez-Mondéjar et al., 2010). The concentration of
the extracted DNA was measured spectroscopically
(NanoDrop, ND-1000, Thermo Fisher scientific Inc.,
USA).

2.2. Random amplified polymorphic DNA (RAPD)
analysis and TagMan System

DNA from different Fusarium sp. (Table 1) was
amplified with the random amplified polymorphic DNA
(RAPD) technique using 8 oligonucleotides (Table 2).
These primers were used individually as well as
paired to amplify the fungal DNA. Amplification was
performed in a Takara PCR Thermal Cycler Dice,
and was carried out in 25 pL of total volume
containing 200 ng of DNA template, 0.4 puM of
random primer, 0.2 yM of dNTPs mix (Qbiogene), 1.0
U of Taq polymerase (Biotools), 2 uM of MgCI2
(Biotools), 1.0 U of Reaction Buffer (Biotools) and
sterile water (Molecular Biology Grade Water,
AccuGENE). The amplification was carried out with
the following program: initial denaturation at 94 °C for
3 min, 35 cycles at 94 °C for 30 s, 36 °C for 30s and
72 °C for 90s, and a final extension at 72 °C for 5
min. Products were separated by electrophoresis in
1x Tris-acetate-EDTA (TAE) buffer on 1.5% agarose

gels. A specific band (SCAR marker), obtained from
a polymorphic and distinguishable banding profile,
was excised and DNA was eluted with 25 pL of sterile
water (Molecular Biology Grade water, AcCUGENE),
and stored overnight at 4 °C. DNA was re-amplified
with the primers pr6/pr8, at the conditions shown
above, and sequenced (ABI Prism 3130, Applied
Biosystems). The sequence was compared with
those in the GenBank database using the Basic
Alignment Search Tool (BLAST) available online from
the National Center for Biotechnology Information
(NCBI) (http://blast.ncbi.nim.nih.gov/Blast.cgi) and in
the genomes of sequenced fungi from the Fungal
Genome Initiative (FGI)
(http://www broadinstitute.org/science/projects/fungal
-genome-initiative/fungal-genome-initiative) to find
homologies. The SCAR marker sequence data were
submitted to GenBank under accession number
JF304612.

A primer pair, FOX S (forward) and FOX R
(reverse), and TagMan probe, FOX TM, (Table 2)
was designed from the SCAR sequence using the
LightCyclerTM Probe Design Software 2.0 (Roche
Applied Science). Specificity of the primers and probe
was evaluated with real-time PCR (LightCyclerTM
system, Roche Diagnostics, Mannheim, Germany)
using different phytopathogens and isolates closely
related to Fusarium sp.. These samples belonged to
the Spanish Type Culture Collection (CECT), the
American Type Culture Collection (ATCC), and
isolates taken from infected melon plants in
greenhouse nurseries (CEBAS collection) (Table 1).

PCR reactions were carried out in triplicates for
each fungus in a total volume of 10 pL, containing:
0.3 uM of each primer, 0.025 yM of probe, 1 unit of

Table 2. Primers and probe used in this study for RAPD and real-time PCR

Primeriprobe Sequence References

Pr 5-AGGGGTCTTG- 37 Castrillo et al, 2003
Prz2 5-TTCCGCCACC-3 Dakoto et al,, 2003
Pr3 5-TCGCCAGCCA- 37 Dakoto et al,, 2003
Prd 5°- CAGCACCCAG-3 Castle et al., 1993
Pra 5-AGTCAGCCAC-Y Castle et al., 1993
Pr@ 5'- GAAACAGCGG-37 Schafer etal., 1992
Pra 5- GGAGCCCAC- ¥ Schafer etal., 1992
Pr14 5- GCCGTCTACG- 37 Voigt et al., 1998
FOX 3 5- CGGATAAGGGGATGTCGG- 37 -

FOXR 5- GGTGCCATCTGAACCATTTAG-2" -

FOXTM 5'- BFAMP—AACATTGTCGAGGTTCTCAGTTCGATITCA—BBQ®- 3" -

® FAM: 6-carboxyfluorescein. °. BBQ: BlackBerry™ Quencher

65



Capitulo 3

Premix Ex TaqTM (Takara), 0.5 mM of BSA
(bovine serum albumin), 2 uyL of DNA template (50-
100 ng of fungal DNA) and 0.3 pL of sterile water
(Molecular Biology Grade water, AccuGENE). The
real-time PCR program was: initial denaturation at 95
oC for 35 s, followed by 35 cycles at 95 °C for5 s, 64
°C for 15 s and 72 °C for 15 s. The amplification
results were analyzed with LightCyclerTM Software 4
(Roche Applied Science). The sensitivity of the
TagMan system was assayed by serial dilutions from
1ug DNA pL™ to 1pg DNA pL™ extracted from the
isolate CEBAS 1014.

The specific band (SCAR marker) was cloned
into a pCR 2.1 Vector (Invitrogen) and DHA5a E. coli
cells were transformed. Cells containing the plasmid
were grown in Luria-Bertani broth (LB) for 24 h in
darkness. The plasmid DNA was purified with a
QIlAprep Miniprep Kit (Qiagen). Presence of the insert
was verified with real-time PCR as described above.

A standard curve was obtained by amplification
of ten-fold serial dilutions of the linear plasmid
containing the specific fragment. The concentration of
DNA was measured (NanoDrop, ND-1000, Thermo
Fisher scientific Inc.) and related to the known
molecular weight of a single plasmid molecule. The
concentration was adjusted to 10" SCAR copies.

2.3. Greenhouse nursery experiment

One melon seed (Cucumis melo L. cv. Giotto)
was sown in each well of a polystyrene tray with peat
used as substrate. Melon seeds were germinated at
25 °C for 72h in darkness. After germination, the
polystyrene trays were placed in a greenhouse and
muskmelon seedlings were irrigated manually as
needed. Twelve days after emerging, 130 melon
seedlings were inoculated at the base of the stem
with 3 mL of a suspension of 10" conidia mL™ of F.
oxysporum f. sp. melonis (CEBAS 1014). One
hundred and thirty non-inoculated plants were used
as the control. Ten random samples (substrate and
plant) were collected 3, 7, 9, 11, 13 and 15 days after
inoculation (d.a.i.) prior to the visual detection of
Fusarium-wilt symptoms.

2.4. Evaluation of the dynamics of F. oxysporum in
melon seedlings and substrate by culture-dependent
and culture—independent methods

A plate dilution method with Komada selective
media (Komada, 1975) was used to determine the F.
oxysporum population level in the growing substrate
(CFU g substrate).

To determine the xylem colonization by the
fungus, stem sections were placed on PDA medium
(Nash and Snyder, 1962). Stem sections of 5 cm
were surface-sterilized with a 1% sodium
hypochlorite solution for 5 min, rinsed with sterile
water, and dried on sterile filter paper. A disc was cut
from the basal part of each stem and placed on PDA.
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Plates were incubated at 28 °C for 5 days in
darkness. The remaining portion of the stem was
stored at —20 °C for subsequent DNA extraction.

The substrate in which each melon plant was
grown was homogenized, ground to a powder with
liquid nitrogen, and stored at —20 °C. Total genomic
DNA was extracted from the substrate (250mg) using
the FastDNA SPIN Kit for soil (Q-BlOgene, Inc.)
according to the manufacture’s protocol with some
modifications: samples were homogenised in an
oscillating mill for 1 h to ensure total cell lysis; and
the SPIN™ Filter was eluted with a greater volume of
sterile water to ensure that most of DNA was
collected (Lopez-Mondéjar et al., 2010).

Total genomic DNA of vegetative tissue was
extracted according to Doyle and Doyle (1987) with
some modifications: (i) stem sections were ground to
a fine powder with a mortar and pestle in liquid
nitrogen and (ii) 50 mg of frozen ground tissue was
used to extract the DNA.

The number of specific SCAR marker copies of
FOM from the experimental treatment (stem and
substrate) was determined with real-time TagMan
PCR using the LightCyclerTM Software 4 (Roche
Applied Science) by interpolating the cycle threshold
with the standard curve. Each run included 3
replicates of the template DNA for each sample, 3
replicates of a 1:5 dilution of the template DNA for
each sample, a negative control (sterile water) and
an external standard.

2.5. Statistical analysis

CFU data and real time PCR results (SCAR
copies) were log-transformed and subjected to
analysis of variance (ANOVA). When the F-statistic
was significant, Tuckey's post hoc test (P=0.05) was
used to separate means. The statistical software
SPSS 15.0 was used for analysis (SPSS Inc.).

3. Results

3.1. Development of a specific SCAR marker and a
TagMan-PCR system for F. oxysporum

Strains of Fusarium sp. (Table 1) were subjected
to RAPD-PCR with random oligonucleotides (Table
2). One primer pair (pr6/pr8) produced polymorphic
and distinguishable band patterns ranging from
300bp to 1500bp (data not shown) with one specific
band being present in all F. oxysporum f. sp. melonis
strains (CECT 20474, CEBAS 1013, CEBAS 1014,
CEBAS 1015, CEBAS 1016, CEBAS 1017, CEBAS
1018, and CEBAS 1019). The specific band
corresponded to a 650-bp sequence, which showed
homology with sequences of the genome of F.
oxysporum in FGI and no homology with sequences
in GenBank. Based on this sequence, a pair of
primers (FOX S/FOX R) and a TagMan probe (FOX
TM) were designed (Table 2) to amplify a 230 bp
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fragment. The sensitivity of the system was tested b %/
10 fold dilutions from 1 pg pL™ DNA to 1 pg pL™,
obtaining a detection limit of 10 pg uL Specfficity of
the primers was tested by the TagMan-PCR system
for DNA from all isolates in Table 1. The expected
amplicon was obtained from all isolates of F.
oxysporum. No amplification was present in the
remaining assayed fungi.

A standard curve for the plasmid DNA with an
insert was achieved by realtime PCR assays,
plotting the cycle thresholds against the logarithm of
the initial number of target copies. 10" SCAR copies
were calculated starting with an initial concentration
of 270.9 ug uL A standard curve ranging over nine
orders of magnrtude had a range of quantification
from 10" to 10> SCAR copies uL with an efficiency
of 2.02. The external standard used for sample
quantification was 10° SCAR copies pL™

Table 3. Number of FOM infected melon plants (n=10)
prior to visual detection of Fusarium-wilt symptoms at 15
days after inoculation by culture media (PDA) and
TagMan PCR system.

Days after Mumber of infected plants

MO | Taaman PcReystem  PDA
3 1 1
7 3 2
g 2 2
11 3 2
13 G 3
15 A i

3.2. Monitoring of F. oxysporum dynamic in melon
seedlings and substrates with SCAR-based real-time
TagMan PCR

The number of SCAR marker copies per gram of
substrate assessed by the TagMan PCR system was
compared to the population density assessed by the
soil plate technique (Flg 1). The level of F.
oxysporum (CFUs g substrate) was constant
throughout the fltteen d.a.i. with a mean value of log
6.28 (CFUs g’substrate). Analysis by the TagMan
PCR system showed a similar behavior, with the
quantity of SCAR copies detected throughout the
fifteen d.a.i. correspondlng to a mean value of log
4.50 (SCAR copies g substrate)

The detection of F. oxysporum in melon seedling
stems with PDA showed that the incidence of F.
oxysporum increased over the course of the study
(Table 3). Similar behavior was shown by the
TagMan PCR system. However, this system showed
higher sensitivity than PDA, due to the ability to
detect F. oxysporum in seedling stems where no
growth in PDA was found (Table 3). The results of
pathogen quantification in plant tissues showed a low
number of SCAR copies amplified (<100). These data
were used for F. oxysporum detection but could not
be used for an accurate quantification of FOM due to

55 4
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Fig. 1. Assessment of F. oxysporum population over
time in substrate using culture plating (continuous line
with black dots), and the real-time TagMan PCR system
(non-continuous line with white dots). Bars represent the
standard deviation of the mean.

the level falling below the range of quantification of
the standard curve.

4. Discussion

In order to avoid serious economic losses due to
failed crops, the rapid and reliable detection of
pathogens is important in formulating strategies for
disease management in greenhouse nurseries. In
contrast to classical methods based on morphological
observations, molecular techniques are faster and
have a higher specificity and sensitivity (Schena et
al., 2004).

A SCAR marker for F. oxysporum was
successfully identified and amplified by real-time
TagMan PCR to monitor the population dynamics of
F. oxysporum in peat and melon seedlings. SCAR
markers derived from a RAPD have been widely-
used for different formae speciales of F. oxysporum
(Jiménez-Gascd and Jiménez-Diaz, 2003; Pasquali
et al, 2006; Lievens et al., 2008). Due to the low
variability in housekeeping sequences, such as
elongation factors, B-tubuline and the ITS ribosomal
region, Fusarium sp. can also be subjected to such
an analysis (McCartney et al., 2003).

Markers to identify formae speciales are suitable
approaches, because they are directly linked to
characteristics of pathogenicity (Lievens and
Thomma, 2005). Virulence of a plant pathogen is
usually attributed to either nucleotide differences in
homologous genes (Joosten et al.,, 1994) or to the
unique presence of a gene or set of genes that confer
a specific trait to the pathogen, such as the
production of host-specific toxins (Friesen et al.,
2006). However, the genetic basis of host specificity
in F. oxysporum still remains unknown (Di Pietro et
al., 2003). It is known that some formae speciales
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have broader host ranges (Lievens et al., 2008), and
that more than one forma specialis may occur in a
given host (Baayen, 2000) such as F. oxysporum f.
sp. radicis-cucumerinum and F. oxysporum f. sp.
melonis in melon plants (Vakalounakis et al., 2005).
Moreover, even non-pathogenic isolates of F.
oxysporum, that are almost exclusively found in
natural suppressive soils (Fravel et al., 2002), are
defined as strains for which no host plant have been
identified (Lievens et al, 2008). Therefore, the
detection of potential pathogenic isolates present in
substrates, seeds and/or materials would enhance
the fast response to remove the source of
contamination.

Several studies have been recently published
that detect and quantify the presence of isolates of F.
oxysporum (Zhang et al., 2005; Jiménez-Fernandez
et al, 2010; Lin et al., 2010, Validov et al., 2011).
However, most of these studies present limitations
pertaining to the development of molecular
diagnostics at the formae speciales level (Validov et
al., 2011; Jiménez-Fernandez et al., 2010). It is due
to the polyphyletic feature of the majority of the
formae speciales, that make the development of PCR
primers at the forma specialis level difficult (Baayen,
2000).

However, in this experiment, the TagMan PCR
system was able to detect the fungus at the species
level (F. oxysporum). Use of this system would allow
for the monitoring of different formae speciales of F.
oxysporum within growing substrates, which are
commonly used for several species of horticultural
plant and can contain different pathogen isolates of
Fusarium spp. (Al-Sadi et al, 2011) and F.
oxysporum (Waller et al., 2008), under greenhouse
nursery conditions.

In this experiment, the designed real-time
TagMan PCR system was used to provide a more
accurate picture of the development of F. oxysporum
populations in melon seedlings compared to the
traditional plate culture technique (Lievens et al.,
2008). The population of F. oxysporum in the
substrate and in the melon seedling stem was
monitored until Fusarium wilt symptoms were visually
detected (15 d.a.i). The pathogen population
exhibited similar patterns in both the substrate and
plant material throughout the experiment.

It is not possible to compare the real-time
TagMan PCR values to the number of F. oxysporum
propagates (Wilson, 1997). PCR amplifies DNA from
both non-viable and viable propagates. Therefore,
quantification is more closely related to the number of
fungal nuclei per gram of substrate than to the
number of viable propagates, which may lead to
overestimation (Atkins et al., 2003). The extraction of
RNA combined with real-time PCR quantification
would provide a more meaningful assessment of
cellular viability. Further work will be necessary to
develop the protocols for this process.

Both methods showed that the F. oxysporum
population in the substrate was constant throughout
the experiment. These results are in accordance with
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other studies which show that spores of F.
oxysporum remain in the substrate long-term
(Suérez-Estrella et al., 2004), allowing for plant
infection at any time point during the growth cycle
(Lin et al., 2010). However, with the TagMan PCR
system, we detected the presence of the pathogen in
less than 48 hours after inoculation, versus 5-6 days
after inoculation with the culture-dependent
technique. This TagMan PCR system would allow for
farmers and greenhouse nurseries to ensure the
transplantation of plants and substrate which are free
of F. oxysporum. This would avoid further dispersal of
the pathogen and reduce field contamination, which
would otherwise lead to crop loss in future growing
seasons (James et al., 1991).

After inoculation, F. oxysporum quantification in
the stem of melon plants showed SCAR marker
levels of fewer than 100 copies (the lowest value able
to be quantified with the standard curve). This could
be due to a low quantity of fungus within the vascular
system at the initial stage of infection, which would
correspond to low F. oxysporum DNA copies.
Furthermore, a low quantity of fungal DNA combined
with the difficulty of extracting DNA from fungi
(Fredricks et al., 2005) could lead to an insufficient
sample for proper quantification. Additionally, the
presence of phenolic compounds and
polysaccharides in the vegetative tissues can bind
with proteins and DNA, decreasing the quality of the
extracted material and reducing the efficiency of the
PCR (Wilson, 1997). A higher frequency of the
sequence of interest within the genome would
provide a greater number of copies, allowing for a
more accurate quantification than with a SCAR
region that only appears once (Cordier et al., 2007).
Even with these potentials for interference, the high
sensitivity of the real-time PCR system allowed for
the detection of low quantities of the pathogen in the
plant tissue at early stages of infection; a critical time
point for which traditional culture techniques have
proven to be much less sensitive.

In conclusion, the real-time TagMan PCR system
based on a SCAR marker permits sensitive and rapid
detection of formae speciales of F. oxysporum in
plant material and substrate; as soon as 2 days after
infection. Use of the traditional plate culture method
requires 5-6 days post-infection for detection of the
pathogen. This new system provides an effective -
monitoring technique, which could alert greenhouse
nurseries and farmers to the presence of the fungal
pathogen and allow for the quicker removal and
replacement of infected crops. This system would
also ensure that plants and substrates are free of F.
oxysporum before transplantation and would reduce
pathogen propagaton in the field. The
implementation of this system would be
advantageous to those industries impacted by F.
oxysporum infection and could help curb the
economic losses caused by failed melon crops.
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Mycoparasitism-related genes expression of Trichoderma
harzianum isolates to evaluate their efficacy as biological control
agent.

Expresion de genes relacionados con el micoparasitismo en aislados de
Trichoderma harzianum para evaluar su eficacia como agentes de control
bioldgico.

Resumen

La seleccion de nuevos aislados de Trichoderma harzianum que presenten una
elevada actividad supresiva frente Fusarium oxysporum es una de las estrategias
empleadas para evitar el aumento de fungicidas quimicos. En este estudio, se
seleccionaron cinco aislados de T. harzianum (T-30, T-31, T-32, T-57 y T-78) sobre
31 aislados del género Trichoderma analizados mediante RAPD-PCR. La expresion
de los genes que codifican para la actividad NAGasa (excl y exc2), quitinasa (chit42
y chit33), proteasa (prbl) y B-glucanasa (bgnl3.1), asi como sus respectivas
actividades enziméticas fueron medidas. Ademas, se realizaron enfrentamientos
duales en placa de los diferentes aislados seleccionados frente a F. oxysporum. Los
diferentes perfiles de expresion de genes de los diferentes aislados fueron
analizados y se relacionaron con los valores de actividad enzimética y con las
observaciones en placa. En base a los estudios realizados, los aislados T-30 y T-78
mostraron el mayor potencial micoparasitico frente a F. oxysporum, lo cual puede

contribuir a mejorar el control biolégico de este fitopatégeno.

Este articulo ha sido publicado en la revista Biological Control (2011) 56 (1), 59-66
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Mycoparasitism-related genes expression of Trichoderma harzianum
isolates to evaluate their efficacy as biological control agent

Rubén Lopez-Mondéjar*, Margarita Ros, José Antonio Pascual

Department of Soil and Water Conservation and Organic Waste Management, Centro de Edafologia y Biologia Aplicada del
Segura (CEBAS-CSIC), P.O. Box 164, 30100 Espinardo, Murcia, Spain

ABSTRACT

The selection of new isolates of Trichoderma harzianum with high suppressive activity against Fusarium
oxysporum is a suitable strategy to avoid the increase of chemical pesticides. In this study, 31 isolates of
Trichoderma sp. were analyzed by RAPD-PCR and five isolates of T. harzianum (T-30, T-31, T-32, T-57 and T-78)
were selected. The expression of genes encoding for NAGases (excl and exc2), chitinases (chit42 and chit33),
proteases (prbl) and B-glucanases (bgnl3.1) activities and their respective in vitro enzymatic activities were
measured. Dual plate confrontation assays of the isolates against F. oxysporum were also tested. Different profiles
of gene expression between the different T. harzianum isolates were related to enzymatic activities values and
dual plate confrontation. In this work, the T. harzianum isolates T-30 and T-78 showed the greatest mycoparasitic
potential against F. oxysporum, which could lead to improved biocontrol of this phytopathogen.

Keywords: biocontrol, Fusarium oxysporum, hydrolytic enzymes, mycoparasitism, qRT-PCR, Trichoderma

harzianum

1. Introduction

The intensive use of fungicides in agriculture
results in the accumulation of toxic compounds,
which is potentially dangerous for humans and the
environment in general (Cook and Baker, 1983), and
in the resistance of pathogens to these fungicides
(Dekker and Georgopolous, 1982). The use of
biological control agents (BCAs) is a promising
alternative to chemical products (Alabouvette et al.,
2006). Trichoderma harzianum is a mycoparasite
used extensively as a BCA of phytopathogenic fungi
(Chet, 1987). The mechanisms involved in the control
of phytopathogens by Trichoderma species include
antibiosis (Howell, 2003) and mycoparasitism
(Hjeljord and Tronsmo, 1998).

The complex process of mycoparasitism
involves different steps, such as recognition of the
host, attack and subsequent penetration and killing.
During this process Trichoderma secretes hydrolytic
enzymes that hydrolyze the cell wall of the host
fungus (Kubicek et al., 2001; Woo et al., 2006; Verma
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et al., 2007), consisting of chitin and B-glucan fibers
embedded in a protein matrix. Therefore, the main
mechanism of antagonism of T. harzianum against
pathogenic fungi is the extracellular secretion of
chitinases, -1,3-glucanases and proteases (Elad et
al., 1982; Geremia, 1993).

The chitinolytic enzymes are divided into N-
acetylglucosaminidases (EC 3.2.1.52) and chitinases
(EC 3.2.1.14), depending on the manner in which
they hydrolyze chitin (Seidl, 2008). The chitinolytic
system of T. harzianum contains from five to seven
enzymes (Haran et al., 1996), of which the action of
two endochitinases (CHIT42 and CHIT33) (Gokul et
al., 2000) and two N-acetyl- B-D-glucosaminidases
(EXC1 and EXC2) (Seidl et al., 2006) have been
studied. The expression of these enzymes is induced
in the presence of cell walls, colloidal chitin or carbon
starvation, and is repressed by glucose (Silva et al.,
2004). The B-1,3-glucanases are classified as exo-
(EC 3.2.1.58) and endo-glucanases (EC 3.2.1.6, EC
3.2.1.39), and hydrolyse the glucose residues from
the B-glucans that occur in the cell wall of pathogenic
fungi (Benitez et al.,, 1998). The most important
glucanase secreted by T. harzianum (BGN13.1) acts
as an endoglucanase: its expression is induced by
fungal cell wall and laminarin and is repressed by
glucose (De la Cruz et al., 1995).

The proteolytic activity of T. harzianum is a
prerequisite for the lysis of the protein matrix of the
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pathogen cell wall, and for inactivation of the
hydrolytic enzymes secreted by the pathogen, which
decreases its pathogenicity (Markovich and
Kononova, 2003). The alkaline protease PRB1
produced by T. harzianum (EC 3.4.21.-) is encoded
by the prbl gene. This gene is induced when the
fungus grows in media containing cell walls of
Rhizoctonia solani, mycelium or chitin as the sole
source of carbon. Production of PRBL1 is inhibited by
glucose (Geremia et al., 1993).

The mycoparasitic capacity of the genus
Trichoderma varies depending on the species or
isolate, with T. harzianum having a high efficiency as
a mycoparasite (Markovich and Kononova, 2003).
Isolates of T. harzianum with a high potential for the
secretion of hydrolytic enzymes can be obtained
through the transformation of the fungus by multiple
copies of these genes (Garcia et al., 1994). However,
such transformations techniques are not available to
all laboratories. The creation of transformants is not
always easy and low transformation rates of the fungi
often result (Ruiz-Diez, 2002). Moreover, the
insertion of genes which encode lytic enzymes can
affect the production of antibiotics and other enzymes
also involved in the mycoparasitism, as well as the
growth rate and colonization properties of the BCA
(Flores et al, 1997). One alternative to
transformation is the use of T. harzianum isolates
obtained naturally from different sources such as
compost and/or agricultural soils (Rincon et al,
2008). Study of the mycoparasitic capacity of such
isolates allows the selection of those which over-
express the genes of interest.

The objective of this work was to study the
mycoparasitic capacity of different natural isolates of
T. harzianum which were characterized by random
amplified polymorphic DNA (RAPD) markers (Welsh
and McClelland, 1990; Williams et al., 1990), which
separate the different isolates in similar groups,
favoring the elimination of duplicated isolates
(Samson, 1995). Five isolates were selected and
used for determination of their hydrolytic enzyme
activities, the relative expression of the genes that
encode these enzymes, by quantitative reverse
transcription and polymerase chain reaction (QRT-
PCR), and their effects on the phytopathogenic
fungus Fusarium oxysporum f. sp. melonis, the
causal agent of melon vascular Fusarium wilt, by
dual-plate confrontation assay.

Table 1

RAPD-PCR primers and real time PCR primers used in this study.

Technigue Primer Sequence (5'-3')

RAPD-PCR pra TCGCCAGCCA

Real time PCR excl-RT-tw COCCGTOTTCAGGTCATTA
excl-Rl-rv COTTGOGTOTTOTTGATOGA
exc2-RT-tw AATACCTTCAAGCCTCTCAAC
exc2-Rl-rv CTCATCCCGAATCGAAACA
chitd2-RT-fw CTCCGGAGTACCCTCCAGA
chird2-RT-rv COGCAGCTTGGAGTAGTTATC
chitd3-RT-tw AATCOGGAAGCTCTGTC
chit33-RT-rv GLOAAGAACCACTCAGC
prb1-RT-fw CTCTCAGC AACTATTCO TGO

pril-RT-rv TCCCTGLAAGACCTTAACG

b13glu-RT-fw TCTCCAACACTCTCACATTCAACA
b13glu-RT-rv ACCAACTTCTTAATACCTACCG
ref-tw GOTACTGOTGAGTTCGAGGOTG
tef-rv GOGOTCGATGGAGTOGATAG
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2. Materials and methods
2.1 Fungal strains

Thirty-one Trichoderma isolates were collected
and cultivated in potato dextrose agar (PDA)
(Scharlau, Spain; 39 g L ™). The strains were isolated
from different sources: agricultural soil (T-20, T-22, T-
23, T-24,T-28, T-29, T-36, T-37, T-38, T-40, T-42, T-
43, T-44, T-46, T-78), green compost (T-50, T-54, T-
55, T-57), peat (T-32), commercial products (T-30, T-
31) and the Spanish Culture Type Collection (CECT
2926, CECT 2930, CECT 2413, CECT 20105, CECT
20513, CECT 2424, CECT 2937, CECT 20107,
CECT 20103).

The phytopathogen F. oxysporum f. sp. melonis
was isolated from infected melon plants from a
greenhouse nursery in Murcia, Spain, and cultivated
in PDA.

2.2 Preparation of fungal mycelium, DNA extraction
and RAPD-PCR analysis

The isolates were grown for 48 h in PDA plates
covered with cellophane. Mycelium was collected and
ground in liquid nitrogen, with a mortar and pestle.
The DNA extraction was carried out with phenol and
chloroform, followed by isopropanol precipitation
according to Hartl and Seiboth (2005). The total DNA
extracted was checked in 1% agarose gel for
electrophoresis with 1x Tris—acetate—.EDTA (TAE)
buffer, and the DNA concentration was measured
with  Nanodrop ND-1000 (Thermo Fisher Scientific
Inc.).

The DNA extracted from isolates was amplified
with the random amplified polymorphic (RAPD)
technique, using the primer pr3 (Table 1).
Amplification was carried out in a Takara PCR
Thermal Cycler, in a volume of 25 pL containing: 200
ng of fungal DNA, 2.5 uL of reaction buffer (Biotools,
Spain), 1.5 uM of MgCl, (Biotools, Spain), 0.4 uM of
each primer, 0.5 U of Taq polymerase (Biotools,
Spain) and sterile water (Molecular Biology Grade
Water, AccuGENE). The amplification conditions
were as described by Yu and Pauls (1992): an initial
denaturation step of 5 min at 94 °C, followed by 35
cycles of 5 s at 94 °C, 30 s at 36 °C and 60 s at 72
°C, and a final extension step of 5 min at 72 °C.

Twenty microliters of product were loaded in a
1.5% agarose gel for electrophoresis with 1x TAE
buffer, followed by staining with ethidium bromide.
The bands were visualized under UV light and the
band sizes were estimated with the molecular size
marker EcoLadder Il (Ecogen, Spain).

Analysis of RAPD (Fig.1A) was performed with
the Quantity One program (Bio-Rad). The Dice
similarity coefficient (Dice, 1945) was determined for
the resulting DNA band profiles, and the clustering
algorithm of Ward (1963) was used to calculate the
dendogram (Fig. 1B).
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One isolate of each group was selected and the
internal transcribed spacers and 5.8S gene were
sequenced (ITS1, 5.8 S and ITS 2) with ITS 1/ITS 4
primers (White et al., 1990). The sequences were
analyzed with the TrichOKey 2 program, for the
molecular identification of Hypocrea/Trichoderma at
the genus and species levels (Druzhinina et al,
2005).

2.3 Fungal cultivation conditions for enzyme
production

The Trichoderma isolates were grown in minimal
medium consisting of (g/L): KH2POu4, 2; (NH4)2SOs4,
1.4; Mg.S047HO, 0.3; CaClk-2H,0, 0.3;
FeS0,4-7H,0, 0.005; ZnS04-7H,0, 0.002;
MnSO4-H-0, 0.002; and 0.05% peptone plus 0.1%
cell walls of F. oxysporum, to active the expression of
mycoparasitism-related genes, or 0.1% glucose, to
check the normal growth of all the isolates in shaken
flask cultures (control).

A

CECT CECT CECT CECT CECT

2026 2000 2413 20105 20513 T23 T24 120 130 T3 T3z 197 T40 178 142

Each treatment consisted of 150 mL of the
above-mentioned growth medium inoculated with 1
mL containing 10° conidia of each isolate, incubated
on a rotary shaker at 220 rpm in darkness at 28 °C:
40 mL samples of each culture were taken at 24 and
48 h. These were filtered through Miracloth
(Calbiochem, Germany), washed with sterile water
and the mycelia were collected, frozen in liquid
nitrogen and stored at —80 °C for RNA extraction.
Each treatment was performed three times.

For production of F. oxysporum cell walls, F.
oxysporum was grown in potato dextrose broth (PDB,
Scharlau) in a rotary shaker, for 10 days at 28 °C and
230 rpm. The mycelium was then harvested in
Miracloth, washed with sterile water, lyophilized and
crushed into powder in liquid nitrogen using a mortar
and pestle. The powder was suspended in sterile
water, sonicated four times for 1 min on ice and
washed by centrifugation for 10 min at 13,000g, at 4
°C. The cell walls were lyophilized and stored at —80
°C.

CECT CECT CECT CECT
143 T4 157 T4G 2424 2037 20107 20103 T20 122 T8 196 138 150 151 155

B Similarity coefficient

0.00 0.20 0.40

0.60 0.80 1.00

CECT 2937

CECT 20513

CECT 20105

CECT 2926

CECT 20512
T-44

T-30

1 CECT 2413
T-55

CECT 20107

[ T-57

CECT 2424
CECT 2930

Fig. 1. (A) RAPD patterns of different isolates of Trichoderma generated by primer pr3 (M: 2000bp marker); and (B) cluster

analysis of different Trichoderma isolates.
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2.4. Enzyme assays

Samples from shaken flask cultures were
centrifuged at 13,000g, at 4 °C for 10 min, and the
supernatants were used for measurements of
extracellular enzyme activity. The total (extracellular
and cell-wall-bound) enzyme activities from shaken
flask cultures were measured using samples
containing mycelia, without centrifugation.

2.4.1. N-acetyl-B-D-glucosaminidase activity
(NAGase)/chitinase activity

The NAGase activity was measured using a
modification of the method described by Yagi et al.
(1989) based on the release of p-nitrophenol from the
respective aryl chitosides. Fifteen microliters of
sample were added to 75 pL of 50 mM potassium
phosphate buffer (pH 6.7), with 300 pg mL™* 4-
nitrophenyl-N-acetyl-B-D-glucosamine  (Sigma) as
substrate. The samples were incubated at 50 °C with
agitation, and the reaction was stopped after 15 min
by additon of 60 pyL of 04 M NaxCOs. The
absorbance was measured at 405 nm in a microplate
reader (Multiskan Ascent, Thermo Electron
Corporation, Waltham, MA). Control measurements
were performed by omitting the substrate from the
phosphate buffer. Enzyme activity was measured
using a standard curve of p-nitrophenol (0-2.5 mg/L).
Chitinase activities were determined using the same
protocol as above, but with the substrate 4-
nitrophenyl-B-D-N,N’,N"-triacetylchitotriose  (Sigma).
The activities were measured as nkat and normalized
with the biomass values (nKat/ug protein). One kat
was defined as the amount of enzyme that released
one pmol of p-nitrophenol per minute under the
specified conditions.

2.4.2. Protease activity

Protease activity was measured using a
modification of the method described by Ladd and
Butler (1972), based on colorimetric detection
through the Folin reaction of the peptides released.
One milliliter of sample was added to 2.5 mL of 1%
casein solution in 0.1 M Tris HCI (pH 8.1). The
samples were incubated at 52 °C with gentle
agitation, and the reaction was stopped after 5 h by
addition of 1 mL of 17.5% trichloroacetic acid; the
samples were then vortex-homogenized and
centrifuged for 8 min at 3,400 g. The supernatant was
collected for color development. One milliliter of the
supernatant was added to 7 mL of 3.7% Na,CO3; and
1 mL of 0.06% CuSOs4 and incubated at room
temperature for 30 min. After this, 1 mL of Folin—
Ciocalteu’s phenol reagent was added. The samples
were incubated again for 30 min at room
temperature, and the absorbance was measured at
578 nm. Control measurements were carried out with
the addition of substrate after the first incubation.
Enzyme activities were calculated using a standard
curve of tyrosine (0-140 mg/L). Activity was
measured as nkat and normalised with the biomass
values (nKat/ug protein).
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2.4.3. B-1,3-glucanase activity

Seven hundred microliters of sample were added
to 200 pL of 1% laminarin (Sigma) in 0.05 M
potassium phosphate buffer (pH 5.5). The samples
were incubated for 30 min at 40 °C, with agitation.
Control measurements were obtained with the
addition of substrate after incubation. The enzyme
activity was determined according to Somogyi (1952)
and Nelson (1944), estimating the quantity of free
reducing groups liberated. One hundred microliters
from the incubated samples were mixed with 100 pL
of Somogyi reagent and incubated at 100 °C for 15
min. The samples were cooled on ice before the
addition of 100 pL of Nelson reagent, and distilled
water to 1.5 mL. The samples were centrifuged for 3
min at 10,000g, and the absorbance was measured
at 540 nm. Enzyme activities were calculated using a
standard curve of glucose (0.01-0.4 g/L); they were
measured as nkat and normalized with the biomass
values (nKat/ug protein).

2.5. Biomass measures

One milliliter of sample from each flask culture
was lysed by the addition of 0.2 mL of 0.1 M NaOH,
followed by agitation for 3 h at 30 °C. The samples
were centrifuged for 10 min at 13,000g and the
supernatant was used to measure total protein
concentration, corresponding to the biomass. Four
hundred microliters of sample were mixed with 400
pL of distilled water and 200 L of Bio-Rad protein
assay (Bio-Rad), and incubated for 5 min at room
temperature. Absorbance was measured at 595 nm.
The total protein concentration was calculated using
a standard curve of bovine serum albumin (BSA).

2.6. Quantification of hydrolytic enzymes by real-time
RT-PCR (QRT-PCR)

The RNA was extracted from the mycelia
according to Chomczynski and Sacchi (1987) and
was measured with NanoDrop ND-1000 (Thermo
Fisher Scientific Inc.).

One microgram of RNA was treated with DNAse
(Sigma) according to the manufacturer's protocol,
and the absence of DNA was checked by real-time
PCR. The cDNA was synthesized with oligodT using
the ThermoScript RT-PCR System (Invitrogen),
following the procedure described by the
manufacturer.

For the relative expression of each gene, 2 pL of
a 1:5 diluted sample of cDNA were added to a total
reaction volume of 10 pL: 5 pL of Quantimix EASY
SYB (Biotools, Spain), 0.375 uM of each primer, 0.5
mg/mL of BSA and DEPC-water. The LightCycler
System (Roche) was used for PCR amplification with
the following program: a denaturation step of 30 s at
95 °C, followed by 45 cycles of 5 s at 95 °C, 25 s at
60 °C and 1 s at 82 °C, and a final step to obtain the
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melting curves of the amplicons: 0 s at 95 °C, 10 s at
65 °C and 0 s at 95 °C. As a housekeeping gene
control for RT-PCR, the eukaryotic elongation factor
1-alpha gene was used.

The relative expression level of the genes was
measured with the Relative Quantification-Monocolor
of the Amplification Analyses section of the
LightCycler Software 4.0 (Roche). Primers were
designed to target the exon region of each gene
(Table 1) with LightCycler Probe Design 2 (Roche).

2.7. In vitro assay of fungal isolates against F.
oxysporum

Discs of 0.5-cm diameter from each isolate were
placed in PDA plates at 4 cm of a disc of F.
oxysporum, according to Whipps (1987). The discs
were collected from a previous culture in PDA. The
discs of the pathogen were placed in the Petri dishes
3 days before the Trichoderma isolates, due to the
high growth rate of Trichoderma species. The plates
were incubated at 28 °C for 7 days. The
mycoparasitic effect was defined as the capacity of
the Trichoderma isolate to grow on top of F.
oxysporum.

2.8. Statistical analysis

The data were subjected to analysis of variance
(ANOVA) using SPSS 150 software (SPSS Inc.,
Chicago, USA). The statistical significance of the
results was determined by the Tukey test (P < 0.05).

3. Results
3.1 RAPD profiles and selection of isolates

The DNA of the different isolates was amplified
by RAPD-PCR using the primer pr3 (Fig. 1A). Cluster
analysis of the profiles of the isolates showed 18
different band patterns with a similarity <0.99 (Fig.
1B). One isolate representative of each profile was
selected, sequenced (ITS 1/TS 4) and identified
(TrichOKey 2 program). Four different species of
Trichoderma were detected: T. hamatum, T.
atroviride, T. ghanense and T. harzianum. Five
isolates of T. harzianum were selected for the rest of
the experiments.

3.2. In vitro assay of the effect of the fungal isolates
against F. oxysporum

The five selected isolates of T. harzianum were
confronted in plates with F. oxysporum. After 7
days, the isolates T-30, T-31, T-32 and T-78 showed
overgrowth on the pathogen to differing degrees,
exhibiting sporulation on the pathogen. The greatest
growth was observed for isolates T-30 and T-78,

followed by T-31 and T-32. The isolate T-57 did not
show overgrowth on the pathogen (Data not shown).

3.3. Screening of T. harzianum isolates for enzyme
production

The five isolates of T. harzianum grown in liquid
cultures with cell walls of F. oxysporum showed
activity for all the hydrolytic enzymes assayed (Fig.
2). The enzymatic activities of the isolates grown in
minimal medium with glucose as carbon source were
very low (data not shown).

The values of hydrolytic enzyme activity
(NAGase, chitinase, protease and (-1,3-glucanase)
were higher in the total activity, which includes the
extracellular activity of excreted enzymes and the
activity of cell wall-bound enzymes of the fungus.

3.3.1. N-acetylglucosaminidase/chitinases activities

The isolates T-30 and T-78 showed NAGase
activities in the extracellular fraction which were up to
6- and 5-times higher, respectively, than for isolate T-
57 (ANOVA, F = 123.867, P < 0.05) (Fig 2A).
However, the highest values of total activity occurred
for T-78 and T-32 (ANOVA, F = 732.203, P < 0.05)
(Fig 2B). The activity increased exponentially for the
five isolates, which showed their highest values 48 h
after inoculation of the medium (ANOVA, F =
1232.881, P <0.05).

The chitinase activity, both extracellular
(ANOVA, F = 54,169, P < 0.05) and total (ANOVA, F
=545.342, P < 0.05), was higher in the isolates T-30
and T-78 (Fig. 2C and D). The chitinase activity was
detected at 24 h, with similar values for all the
isolates. However, only isolates T-78 and T-30 had
greater chitinase activity (between 4- and 5-times
higher than the others) at 48 h. The rest of the
isolates showed similar values of chitinase activity at
24 and 48 h.

3.3.2. Protease activity

The isolate T-57 showed a higher protease
activity (up to 4-times more extracellular activity) than
the others, that showed similar activity (ANOVA, F =
664.871, P < 0.05; F = 1609.082, P < 0.05) (Fig. 2E
and 2F). This isolate showed an exponential
increase of protease activity at 24 h, reducing the
sharp of this increase at 48 h (ANOVA, F = 718.767,
P < 0.05; F = 1366.386, P < 0.05). However, the
protease activity increased linearly in the rest of the
isolates.

3.3.3. B-1,3-glucanase activity

The B-1,3-glucanase activity was detected mainly
at 48 h, since the values after 24 h of incubation were
very low (ANOVA, F = 713959, P < 005; F=
916.789, P < 0.05). The isolate T-30 (with an
extracellular activity 10-times higher than that of T-
57) and the isolate T-78 (with approximately 4-times
greater activity than T-57) (ANOVA, F = 126.495, P <
0.05) showed the highest values of B-glucanase

79



Capitulo 4

350 1200

A g B
3004 § 1000
= =5
i =
£ 250 7 £S
£ £ 3 800
%’ 2001 %‘E
g g2 60
S 150 -
@ s
3 1001 62 "
P-4 —=—T-30 -] —=T-30
= ——T-3 =g ——T31
50+ ——T32 s 200 WEh
X —x—T-78 3 —x—T.78
o = ——T.57 = 0 —eT.57
0H 24H 48H OH 24H 48H
70 - 300
Cc 3 D
60 3
=]
= y =8 250
g w0 £3
= =2 20
=) £3
= =29
8 QZ% g8 o
g 3 o®
] g ]
£ 5 £ 3 100
z —a—T-30 E E = T30
(5] ——T3 0w ——T-31
10 —&—T.32 E 50 —&—T-32
—x—T78 ° —x=T.78
: 2 ——T57 = e T.5T
0
OH 24H 48H OH 24H 48H
1800 3000
E g F
1600 5
.8 2500
= 1400 ®=
E] £T
€ 1200 ;E 2000
27
-E 1000 gL
g ] B 1500
o 800 2’
© 05
§ 600 83 1000
5 —=—T.30 o e —=—T.30
= 400 ——T31 o © —— T3
200 —a—T32 = 500 —a—T-32
—x—T78 £ —%—T.78
0 —T57 a ——T57
OH 24H 48H 0H 24H 48H
1200 1200
T
G g | H
T 1000 = 21000
g 8
= T
-‘E’ 800 2 3 500
J 8=
E S
o 600 a B s
® cs
& X s
S 400 335 400
= —1—
= —=—T.30 "."!. 8 —=—T30
™ ——T-31 -8 ——T-31
- 200 —A—T-32 ' = 200 ——T.32
7 a R
o % —x=T.78 L —x—T.T8
. = —eT57 N ——T57
OH 24H 48H OH 24H 48H

Fig. 2. Hydrolytic enzyme activities involved in mycoparasitism of different T. harzianum isolates growth on flask cultures. (A)
Extracellular NAGase activities, (B) total (extracellular and cell wall-bound) NAGase activities, (C) extracellular chitinase
activities, (D) total (extracellular and cell wall-bound) chitinase activities, (E) extracellular protease activities, (F) total
(extracellular and cell wall-bound) protease activities, (G) extracellular B-1,3-glucanase activities, and (H) total (extracellular
and cell wall-bound) B-1,3-glucanase activities. The activities were normalized with the biomass (nKat/ug protein).
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activity, with an exponential increase at 48 h (Fig. 2 G
and 2 H). The total activity was similar to the
extracellular activity (ANOVA, F = 181.411, P < 0.05).
Therefore, in relation to the extracellular
hydrolytic  activity, the isolates with higher
mycoparasitic capacity were T-30 and T-78, since
they showed the highest NAGase, chitinase and B-
1,3-glucanase activities. On the other hand, isolates
T-31 and T-57 showed low activity in general,
although T-57 had the highest protease activity.

3.4. Relative expression of genes involved in
mycoparasitism

The mRNA synthesized by the different isolates
after 48 h of incubation in the medium was studied.
The mRNA was retrotranscribed to cDNA with
oligodTs. The cDNA was quantified with real time
PCR, and the values for each isolate were
normalized with the expression levels of the
eukaryotic translation elongation factor 1-alpha. The
expression levels studied correspond to the genes
excl and exc2 (encoding NAGase activity), chit42
and chit33 (chitinase activity), prbl (protease activity)
and bgn13.1 (B-1,3-glucanase activity) (Fig. 3).

The excl gene was expressed by all the
isolates, isolate T-30 showed the highest expression
followed by T-32 and T-57. The lowest expression
was exhibited by T-78 (Fig. 3A). The expression
levels of the exc2 gene were lower for the five
isolates (Fig. 3B), T-31 and T-78 showed the highest
expression. No exc2 expression was detected for
isolate T-57.

The expression values of the chit42 gene for the
five isolates were higher than for chit33 (Fig. 3 C and
D). The isolate T-78 showed the highest expression
level for both genes, relative to the other isolates.
Whereas the isolate T-57 showed expression for the
chit42 gene, no expression was detected for chit33
(Fig. 3C and D).

The highest expression values for the prbl gene
were for the isolate T-31, followed by T-78, whilst
isolate T-57 did not express prbl (Fig. 3E).

The expression of the bgnl3.1 gene was not
high. The isolate T-30 showed higher values than the
rest of the isolates (Fig. 3F).

4. Discussion

The fungus T. harzianum is one of the biological
control agents (BCAs) most widely used in agriculture
as an alternative to synthetic chemical products
(Chet, 1987). Isolates of this fungus have been
employed against a wide spectrum  of
phytopathogenic fungi, including F. oxysporum,
responsible for Fusarium wilt in melon plants (Bernal-
Vicente et al., 2009). Improvements in the control
achieved with this BCA have been based on the use
of isolates possessing greater efficacy, characterized
by greater adaptability and persistence in the medium

to which it is applied and/or greater aggressiveness
against a patrticular phytopathogen (Rincén et al.,
2008). Such isolates are characterized mainly by the
secretion of hydrolytic enzymes such as chitinases,
glucanases and proteases — capable of hydrolyzing
the cell wall of the phytopathogenic fungi (Markovich
and Kononova, 2003; Seidl et al., 2006; Verma et al.,
2007, Rincén et al., 2008).

Analysis of the cluster profiles of the bands
obtained through RAPD-PCR of the different isolates
of the genus Trichoderma and their subsequent
sequencing allowed us to identify various species of
Trichoderma (T. hamatum, T. atroviride, T. ghanense
and T. harzianum), as well as five different isolates of
T. harzianum. This analysis also revealed the wide
genetic variation among the five isolates of T.
harzianum; the origin of this is unknown but it could
have originated in the processes of recombination
that occur during the sexual phase of reproduction
(Sharma et al., 2009). When confronted in plate
culture with the pathogenic fungus F. oxysporum f.
sp. melonis, the growth of the five selected isolates of
T. harzianum was considerably more rapid than that
of the pathogen, an important point for the survival of
the BCA in the medium (Samuels, 1996). In the
plates, the greatest mycoparasitic effect was
observed for the isolates T-30 and T-78; this was in
accord with total and extracellular hydrolytic enzyme
activities (NAGases, chitinase and 3-1-3 glucanase)
that were greater than for the other isolates tested.

The activity of NAGase has been studied deeply
in T. atroviride; it is encoded by only two genes (nagl
and nag2). Similar patterns are expected in the other
Trichoderma species: excl and exc2 in T. harzianum,
excly and exc2y in T. asperellum, and tv-nagl and
tv-nag2 in T. virens (Seidl et al., 2006). Both genes
encode enzymes which are important in the chitin
metabolism of the mycoparasite (Haran et al., 1996).
However, Lépez-Mondéjar et al. (2009) observed
that, for a line of T. atroviride that is double knockout
for these two genes, the lack of these enzymes did
not affect the mycoparasitic capacity against R.
solani and Botrytis cinerea. Other research has
indicated the role of these genes in the activation of
other chitinases, acting as signals to indicate that the
process of cell wall degradation has commenced
(Ramot et al., 2004). The oligosaccharides liberated
by the breakdown of the glucans of the cell wall
(much more accessible than chitin) would activate the
expression of the NAGases (Seidl et al., 2006),
allowing the fungus to detect the presence of a host
cell wall containing chitin. This crucial function for the
mycoparasitism  activation would explain the
expression of the gene excl (to a greater or lesser
extent) in all the isolates examined, unlike other
genes such as chit33 and prbl that are only
expressed in some isolates. The high NAGase
activity observed for the isolates T-30 and T-78
corresponded with the levels of expression of the
gene excl for T-30 but not for T-78. The high
NAGase activity of the isolate T-78 may be due to a
higher expression of
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Fig. 3. Relative expression of different genes involved in the mycoparasitism of different isolates of T. harzianum after growth
for 48 h with cell walls of F. oxysporum: excl (A), exc2 (B), chit42 (C), chit33 (D), prbl (E), and bgn13.1 (F). The data were

normalized with the expression of the control gene tefl.

excl over previous hours before sampling. Except for
T-57, the gene exc2 was also expressed in all the
isolates, although to a lesser extent than excl. This
could have influenced the degree of mycoparasitism
exhibited by the isolate T-57, which was very low
compared with the others. Lépez-Mondéjar et al.
(2009) observed that in T. atroviride the expression of
one of these genes can compensate for the absence
of the NAGase activity encoded by the other; this
may explain the difference in expression level
between the two genes observed in the present
study.

De la Cruz et at. (1992) related total chitinase
activity in T. harzianum with the expression of at least
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three different chitinases encoded by the genes
chitd2, chit33 and chit37. In the current work, we
analysed the expression levels of chit42 and chit33,
that code for two chitinases (CHIT42 and CHIT33)
which play an important role in the mycoparasitic
activity of T. harzianum (Garcia et al., 1994). There is
only a single copy of both of these genes in the T.
harzianum genome: their expression is activated by
the presence of fungal mycelium, cell walls or spores
and is inhibited by the presence of glucose in the
medium (Garcia et al., 1994), as we have shown in
our assay. The gene chit42 is present in many
isolates of Trichoderma, both mycoparasitic and non-
mycoparasitic (Limon et al., 1995). It is for this reason
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that this enzyme would be involved in the process of
cell wall morphogenesis. However, greater chitinolytic
activity was seen in parasitic isolates than in non-
parasitic ones (Garcia et al., 1994), thus connecting
this activity with mycoparasitism. The enzyme
encoded by the gene chit33 appears not to be
associated with the process of momphogenesis, since
its role seems to be that of a saprophytic or
mycoparasitic enzyme (Limon et al., 1995). The two
chitinases, CHIT42 and CHIT33, are regulated
independently: chit42 is induced by chitin and chit33
is de-repressed in the absence of glucose (Limén et
al., 1995). The high chitinase activity of isolate T-78,
both total and extracellular, could be linked to the
levels of expression of the genes chit42 and chit33,
since both were highest for this isolate. The isolate T-
30, however, showed high chitinase activity but not
elevated levels of expression of either gene encoding
chitinolytic activity. This would indicate the presence
of other chitinases, in addition to those encoded by
chit42 and chit33.

CHIT42 is one of the main chitinolytic enzymes
synthesized (Zeilinger et al., 1999); perhaps this
gene had been expressed to a greater degree hours
earlier, whereas the sampling at 48 h reported other
chitinases not encoded by chit42 or chit33.

The greatest protease activity was exhibited by
the isolate T-57. This high activity could act to break
down the other enzymes secreted by this isolate,
thereby lowering their activity (Flores et al., 1997).
However, this activity was not correlated with a
greater expression of the gene prbl, since its
expression was not detected for this isolate. This
result may be obtained due to this activity is not
encoded by the alkaline protease gene prbl, but
rather by the expression of genes that encode other
proteases (Delgado-Jarana et al., 2002). The low
activities of all the hydrolytic enzymes except
protease for this isolate, together with the low
expression levels of the studied genes, could explain
its lack of mycoparasitism against F. oxysporum in
the plate culture.

The isolate T-30, followed by T-78, exhibited the
greatest activity of B-1,3-glucanase; these values
corresponded with the expression level of the gene
bgn13.1 for T-30, which showed the highest value.
The level expression of this gene for the isolate T-78
was slightly higher than the rest of isolates. Unlike
the other genes, bgnl3.1 was expressed in all the
isolates, encoding one 3-1,3-glucanase (De la Cruz
et al, 1995). This pattern of expression, common
among all the isolates, derives from the importance of
this enzyme in the degradation of the fungal cell wall,
which is composed of B-glucan fibrils (Markovich and
Kononova, 2003). In this work, all the f-1,3-
glucanase activity was extracellular, since the values
were similar to the total activity. This corroborates
previous experiments which indicated that this
enzyme is excreted and plays a direct role in the
process of mycoparasitism (De la Cruz et al., 1995).

This work shows that a large battery of hydrolytic
enzymes is synthesized by T. harzianum when

growing in the presence of F. oxysporum cell walls.
Hence, there is a coordinated induction of chitinases,
B-1,3-glucanases and proteases in T. harzianum
when in contact with a phytopathogen (De la Cruz et
al., 1995). This synergic activity against other fungi is
of great ecological relevance (Lorito et al., 1994),
since it permits the fungus to assimilate carbon via
alternative means during carbon starvation (Steyeart
etal., 2004).

In conclusion, this work showed that the genes
implicated in the mycoparasitism of the different
isolates of T. harzianum, at both the enzymatic and
molecular levels, permitted the characterization of the
mycoparasitic capacity of the selected Trichoderma
isolates against F. oxysporum. It has been
demonstrated that the isolates T-78 and T-30
possess promising mycoparasitic activity against F.
oxysporum and they could be used in agricultural
situations to reduce infection by this pathogen and
hence improve crop quality, while avoiding the need
to generate mutants.
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Evaluation of chitin-rich residues on chitinolityc activity of
Trichoderma harzianum: in vitro and greenhouse nursery
experiments.

Evaluacién de residuos ricos en quitina en la actividad quitinolitica de
Trichoderma harzianum: experimentos in vitro y en semillero.

Resumen

Los residuos ricos en quitina obtenidos en diversas industrias, presentan numerosas
aplicaciones en campos tan diversos como la biotecnologia, la farmacologia, la
medicina o la agricultura. En este estudio se evaluaron tres residuos ricos en quitina
para mejorar la actividad del hongo micoparasitico Trichoderma harzianum,
empleado como agente de control biolégico (ACB) de Fusarium oxysporum en
semilleros. Tanto el quitosano (CHIT) como la harina de camarén (SSP) y los restos
de champifion (MW) activaron la expresion de los genes que codifican para la
actividad NAGasa y quitinasa de T. harzianum (excl, exc2, chit42, chit33 y chit37),
mostrando los MW la mayor actividad en condiciones in vitro. Bajo condiciones de
semillero, los tratamientos que incluyeron estos residuos y que ademas fueron
inoculados con T. harzianum, mostraron las mayores actividades NAGasa y quitinasa
en el sustrato, manteniendo los valores de peso seco en las plantas inoculadas con
F. oxysporum. Ademas, la incorporacion de estos residuos al sustrato mejor6 el
crecimiento de las plantulas de meldn (longitud de la primera hoja, longitud del tallo y
peso seco). El uso de estos residuos junto a T. harzianum como complemento de los
medios de cultivo de plantulas en semillero mejora el crecimiento de las plantulas de
melén y reduce la pérdida de peso debida al patégeno, obteniéndose de esta forma

un valor afiadido para estos residuos, mejorando su manejo.

Este trabajo se encuentra en revision.
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Evaluation of the effect of chitin-rich residues on the chitinolytic activity of
Trichoderma harzianum: in vitro and greenhouse nursery experiments

Rubén Lépez-Mondéjar*, Pepa Blaya, Margarita Ros, José Antonio Pascual

Department of Soil and Water Conservation and Organic Waste Management, Centro de Edafologia y Biologia Aplicada del
Segura (CEBAS-CSIC), P.O. Box 164, 30100 Espinardo, Murcia, Spain

ABSTRACT

The chitin-rich residues obtained from several industries have numerous applications in diverse fields such as
biotechnology, pharmacology, medicine and agriculture. In this study, three different chitin-rich residues were
evaluated with regard to enhancement of the chitinolytic activity of the mycoparasitic fungus Trichoderma
harzianum, used for biological control of Fusarium oxysporum in greenhouse nurseries. Chitosan (CHIT), shrimp
shell powder (SSP) and mushroom wastes (MW) activated the expression of the T. harzianum genes encoding the
NAGase and chitinase activities (excl, exc2, chit42, chit33 and chit37), the highest in vitro activities of T.
harzianum being seen with MW. Under greenhouse nursery conditions, the treatments involving amendment with
these residues and with T. harzianum increased the NAGase and chitinase activities of the growing media and
maintained the shoot dry weight of plants infected with F. oxysporum. Moreover, the incorporation of these
residues into the growing media enhanced the growth (first leaf length, stem length and shoot dry weight) of
muskmelon seedlings. The use of these residues with T. harzianum as amendments of growing media enhanced
the growth of muskmelon seedlings and decreased the weight loss due to the pathogen, giving an added-value to
these residues and enhancing their management.

Keywords: chitinolytic activity, chitosan, growing media, mushroom wastes, shrimp shell powder, Trichoderma

harzianum

1. Introduction

The use of specific microorganisms (biological
control agents, BCAs) that interfere with plant
pathogens and pests is a nature-friendly, ecological
approach to overcome the problems caused by
standard chemical methods of plant protection, which
are not always effective for some diseases (Viterbo et
al., 2002) . One of the most-used BCAs in agriculture
is the fungus Trichoderma harzianum, which has
shown good results against Fusarium oxysporum f.
sp. melonis (Bernal-Vicente et al., 2009).

The beneficial effect of Trichoderma is due to a
complex of different mechanisms such as: direct
mycoparasitism, antibiotic production, nutrient and
space competition, enhancement of plant resistance
to pathogens and systemic induced or acquired plant
resistance (Harman, 2004; Vinale et al., 2008).

*

Corresponding author. Tel.: +34 96839 6397; fax: +34
96839 6213.
E-mail address: rimondejar@cebas.csic.es (R. Lépez-
Mondéjar).

The mycoparasitism process allows the
penetration of the host mycelium, by secretion of a
complex group of extracellular hydrolytic enzymes
that include proteases, glucanases and chitinases
(Viterbo et al., 2002). The latter have been reported
to be a key factor in this process (Verma et al., 2007).

T. harzianum expresses from five to seven
different chitinolytic enzymes (Haran et al., 1996),
classified as endochitinases (CHIT42, CHIT33 and
CHIT37) (Gokul et al., 2000, Huang and Yang, 2008)
and N-acetyl-glucosaminidases (EXC1 and EXC2)
(Seidl et al., 2006). The two types of enzyme differ in
their chitin cleavage patterns: endochitinases (EC
3.2.1.14) belong to glycoside hydrolase (GH) families
18 and 19 and catalyse the hydrolysis of B-1,4
linkages in chitin, while N-acetylglucosaminidases
(EC 3.2.1.52) belong to GH family 20 and hydrolyse
the terminal N-acetylglucosamine residues (Seidl,
2008). These enzymes are encoded by genes whose
expression is activated by the presence of chitin or
the products of its degradation (Viterbo et al., 2002).
Therefore, the use of chitin-rich compounds can
enhance the fungal chitinolytic system.

Chitin is the second-most-abundant polymer in
the biosphere after cellulose; it is found in the
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exoskeletons of crustaceans and insects and in the
cell walls of most fungi (Seidl, 2008). There are
several industries that produce materials rich in chitin
as waste, the seafood industry being the most
important (Palma-Guerrero et al., 2008). Purified
chitin can be obtained by the demineralisation and
deproteinisation of crustacean shells and squid
bones. In some cases, the chitin is deacetylated to
obtain a soluble form of chitin, known as chitosan.
Other sources of these compounds rich in chitin are
the fungal-based waste materials accumulated in the
mushroom production and fermentation industries,
where no demineralisation treatment is required due
to the low levels of inorganic materials in fungal
mycelia (Wu et al., 2005). All these residues are non-
toxic, biodegradable, biocompatible with plant and
animal tissues and exhibit unique properties that
allow their use in multiple fields such as cosmetics,
food processing, water engineering, biotechnology,
pharmacology and medicine (Kumar, 2000; Dutta et
al., 2004). In agriculture, chitin and its derivates, such
as chitosan and oligomers, have been shown to act
as potent agents that elicit defence reactions in
plants and inhibit the growth of pathogenic fungi and
bacteria (Shibuya and Minami, 2001).

However, there is little work focused on the
potential of these chitin-rich residues as activators of
the chitinolytic activity of T. harzianum.

The objective of this work was to study the effect
of three different chitin residues, one purified chitin
source (chitosan, France Chitine) and two non-
purified chitin sources (shrimp shell powder and
mushroom wastes), on the chitinolytic activity of the
BCA T. harzianum. For this purpose, in vitro and
greenhouse nursery experimental approaches were
used: the in vitro assay was carried out by studying
the relative expression of T. harzianum genes that
encode for different chitinolytic activities described in
the literature. The response was followed by
measuring chitinase and N-acetylglucosaminidase
activities in a pure culture of T. harzianum
supplemented with the different chitin sources, in
comparison with glucose. The in vivo assay was
carried out at the greenhouse nursery level, where
melon seedlings were grown in growing media
amended with T. harzianum and the different chitin

sources, evaluating chitinolytic activities and the plant
response to different chitin sources and their
interaction with T. harzianum during crop infection
with the pathogen Fusarium oxysporum.

2. Material and Methods
2.1. Chitin sources

Three different sources of chitin were used:
purified chitosan (France Chitine), shrimp shell
powder and mushroom wastes (Agaricus bisporus).
The main chemical characteristics of these
compounds are described in Table 1. The percentage
of chitin in each source was calculated according to
De Boer et al. (1999), measuring chitin richness as
the glucosamine content. The carbon and nitrogen
contents were determined using a LECO TRUSPEC
CN carbon/nitrogen analyzer. The rest of the
nutrients were determined by digestion with HNO3
and H;0O,, using a Milestone Ethos | microwave,
followed by analysis by ICP (ICAP 6500 Duo
Thermo).

2.2 Fungal inoculums

The T. harzianum isolate T-78 (Th T-78) (CECT
20714, Spanish Type Culture Collection) was grown
on potato dextrose agar (PDA) (Scharlau, Spain),
previously autoclaved at 121 °C for 20 min and
amended with 100 mg L * sterilised streptomycin,
and incubated at 28 °C for 7 days.

The pathogen F. oxysporum f. sp. melonis
(FOM) was isolated from melon plants showing
disease symptoms, using the method of Nash and
Snyder (1962). Conidia of FOM were produced by
growing three discs (5 mm diameter) of 7-day-old
mycelia grown on PDA (Scharlau, Spain), autoclaved
at 121 °C for 20 min and amended with 100 mg L ™
sterilised streptomycin, in 250 mL of potato dextrose
broth (PDB) (Scharlau, Spain), autoclaved at 121 °C
for 20 min. The culture was maintained at 28 °C in a
rotary shaker at 150 rpm for 8 days, to achieve a final
concentration of 10° conidia/mL. The conidia were

Table 1. Composition of the three chitin-rich residues used in our study. (*): percentage of chitin was

measured as glucosamine content.

Chitosan Shrimp shell powder Mushroomwastes
Chitin* (ma/g) 503.98 106.27 57.75
Tatal C (%) 44 50 41.65 40.44
Tatal M (%) G.28 8.79 5.84
Total K (%) 0.0 0.28 3.25
Tatal P (%) 0.05 1.81 0.a7
Total Ca (%) 0.13 6.04 0.o8
Tatal Mg (%) 0.07 0.39 010
Total Ma (%) 0.47 0.38 0.0z
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recovered by centrifugation (6000 g, 20 min), rinsed
twice with sterile, distilled water and filtered through
101 quartz wool (Panreac, Spain). The concentration
was determined with a haemocytometer and the
conidia diluted to the desired concentration.

2.3. In vitro assay

One mL containing 10° conidia of T. harzianum
T-78 (Th T-78) was grown in 150 mL of minimal
medium  (g/L): KH2POs, 2; (NH4)2S04, 1.4;
Mgst4-7Hzo, 0.3, CaCI2-2H20, 0.3; FeS0O47H,0,
0.005; ZnS0O4-7H,0, 0.002; MnSO4-H,0, 0.002; and
0.05% peptone, with different 0.1% chitin sources as
the sole carbon source: chitosan (CHIT); shrimp shell
powder (SSP); and mushroom wastes (MW).
Glucose (GLU) was used as the control to check the
normal growth of the isolate. The fungal cultures
were maintained in darkness at 28 °C, in a rotatory
shaker at 220 rpm, for 72 h. Forty millilitres of each
culture were sampled at 24, 48 and 72 h, filtered
through Miracloth (Calbiochem, Germany) and
washed with sterile water. The mycelia were
collected, frozen in liquid nitrogen and stored at —80
°C for RNA extraction.

2.3.1. Enzyme activities

Chitinase and N-acetyl- B-D-glucosaminidase
(NAGase) activities were measured as described by
Lopez-Mondéjar et al. (2011). The total activities
were measured in samples containing mycelium and
the extracellular activities in the supernatant of
centrifuged samples (13,000 g at 4 °C, for 10 min).
The activities were measured as nkat and normalised
with the biomass values (nkat/ug protein). The
biomass was measured using 1-mL samples from
each flask culture, according to Lopez-Mondéjar et al.
(2011).

2.3.2 RNA isolation, cDNA synthesis and gRT-PCR
The RNA was isolated from frozen mycelia as
described by Chomczynski and Sacchi (1987), and
its concentration and quality were measured with
NanoDrop ND-100 (Thermo Fisher Scientific). One
microgram of RNA was treated with DNase (Sigma)
following the procedure described by the
manufacturer. The cDNA was synthesised with
oligodT using the ThermoScript RT-PCR System
(Invitrogen), following the manufacturer's protocol.
The relative expression of each gene was measured
using the LightCycler System (Roche), and each run
with a total volume of 10 pL included: 2 pL of a 1:5
diluted sample of cDNA, 5 pL of Quantimix EASY
SYB (Biotools, Spain), 0.375 pM of each primer, 0.5
mg/mL of bovine serum albumin (BSA) and DEPC-
water. The amplification conditions were: a
denaturation step of 30 s at 95 °C, followed by 45
cyclesof 5sat 95 °C, 25 s at 60 °C and 1 s at 82 °C,
and a final step to obtain the melting curves of the
amplicons: 0 s at 95 °C, 10 s at 65 °C and O s at 95
°C. The eukaryotic elongation 1-alpha gene (tef) and

the glyceraldehyde-3-phosphate  dehydrogenase
gene (gadph) were used as housekeeping gene
controls for RT-PCR. The data were analysed with
LightCycler ~ Software 4.0 (Roche). Primers
sequences for the chit42, chit33, excl, exc2 and tef
genes were obtained from Lépez-Mondéjar et al.
(2011). The primers for chit37 and gadph were
designed with LightCycler Probe Design 2 (Roche):
chit37-RT-fw  (5-TCATCTCGACTATCGTCCC-3’),
chit37-RT-rv  (5- TCTGTGCAAGGACACCAT-3),
gadph-RT-fw (5°-GAGACTGGCGCCGACTA-3’) and
gadph-RT-rv (5'- GATGACATCGGCAGAGC-3’).

2.4. Greenhouse nursery experiment

Peat was used as the growing medium for
cultivatihg muskmelon seedlings in a greenhouse
nursery. The peat was sterilised twice at 121 °C for
20 min (waiting 24 h between each sterilisation). The
treatments assayed were: Peat inoculated with Th T-
78 (5-10° conidia g™ growing medium) and amended
with 1% chitosan (P+CHIT+Th T-78); 1% of shrimp
shell powder (P+SSP+Th T-78); or 1% of mushroom
wastes (P+MW+Th T-78); with non-amended peat as
a control (P+Th T-78). All the treatments were also
assayed without inoculation of Th T-78: peat
amended with 1% chitosan (P+CHIT); 1% of shrimp
shell powder (P+SSP); or 1% of mushroom wastes
(P+MW); and non-amended peat (P).

Muskmelon (Cucumis melo L. cv. Giotto) seeds
were sown on the different growing media assayed
as treatments, with a cover of vermiculite, in
polystyrene trays, one seed per well. The experiment
was established in a randomised design with 30
replicates of each treatment that were inoculated with
FOM (5-10° conidia g™ growing medium) 14 days
after sowing (DAS); another 30 plants were not
inoculated and were used as the control.

Germination took place in a growth chamber at
25 + 1 °C, over 72 h. Then, the trays were placed, in
a randomised manner, on rails in a greenhouse with
natural daylight conditions. The plants were irrigated
daily and were harvested 45 days after sowing
(DAS). Samples of the different growing media were
stored at —20 °C for analysis.

The first leaf length, stem length and shoot dry
weight (72 h at 60 °C) of the plants were measured.

2.4.1 Enzyme activities

The chitinolytic activity of the substrates was
measured at 15 and 45 DAS. The NAGase activity
was measured for one gram of substrate, according
to Parham and Deng (2000), and expressed as pmol
of PNP g™dry substrate h™.

The chitinase activity was determined by
measuring the quantity of N-acetylglucosamine
formed by enzymatic hydrolysis (Rodriguez-Kabana
et al, 1983). Ten millilitres of a 5% chitin solution
were added to five grams of soil and incubated for 18
h at 37 °C. The N-acetylglucosamine formed was
measured according to Johnson et al. (1971) and the
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activity expressed as pg of N-acetylglucosamine g™
dry substrate h™.

2.4.2 Quantification of T.
oxysporum

The populations of Th T-78 and FOM in the
growing media were quantified using real-time PCR,
with the LightCycler System (Roche). The DNA was
isolated from samples of each growing medium with
the FastDNA SPIN kit for Soil (Q-BIOgene), following
the modifications described by Lépez-Mondéjar et al.
(2010). Th T-78 population was quantified using the
primer pair ITS1 S/ITS1 R and the TagMan probe ITS
TM Fam, as described by Lopez-Mondéjar et al.
(2010), and the F. oxysporum population was
quantified using the primer pair FOX S/FOX R and
the TagMan probe FOX TM, as described by Lopez-
Mondéjar et al. (unpublished).

harzianum and F.

2.5. Statistical analysis

The data were subjected to ANOVA analysis.
When the F-statistic was significant, Tukey’s post-
hoc test (P<0.05) was used to separate means. The
statistical analyses were performed using SPSS 19.0
software (SPSS Inc.)
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3. Results
3.1. Characterisation of chitin residues

The composition of the chitin residues was
different according to the nature of the compounds
(Table 1). Chitosan showed the highest chitin
concentration (measured as glucosamine), which
was up to 5- and 10-times higher than in SSP and
MW, respectively. In relation to the macronutrient
concentrations, the SSP showed the highest values
for N, P and Ca, while the highest K concentration
was found in the MW.

3.2. In vitro assay

3.2.1. Gene relative expression levels

All the chitin sources used in our study activated
the expression of the assayed chitinolytic genes of Th
T-78 (excl, exc2, chit42, chit33 and chit 37) (Fig. 1).
The level of relative expression was different for each
gene depending on the chitin source, although for all
genes it was higher at 72 h than at 48 h after
inoculation. No expression was detected at 24 h after
inoculation.

At 72 h, Th T-78 shown the highest expression
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Fig. 1. Relative expression of different genes
involved in the chitinolytic system of T. harzianum
after growth for 48 h and 72 h with glucose (GLU)
and different chitin residues: chitosan (CHIT),
shrimp shell powder (SSP) and mushroom wastes
(MW). The data were normalised with the
expression of the control gene tefl. Error bars
represent the standard error.
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level for all the genes when it was grown using CHIT,
followed by SSP and MW. This pattern was observed
for all the genes except chit37 and exc2, for which
CHIT and MW showed similar expression, which was
higher than for the SSP (Fig. 1E).

3.2.2. Enzyme production

The total and extracellular chitinase and NAGase
activites of Th T-78 grown in liquid cultures with
different sources of chitin as the sole carbon source
were detected (Fig 2). The total and extracellular
NAGase activities increased with incubation time
(ANOVA, F=320.604, P<0.05; F=4901.574, P<0.05),
showing their highest values after 72 h of incubation.
Similar results were found for total and extracellular
chitinase activity (F=434.737, P<0.05; F=3122.549,
P<0.05) (Fig. 2). The values for chitinase and
NAGase were higher for total activity, which includes
the extracellular activity of excreted enzymes and the
activity of cell wall-bound enzymes of the fungus.
Both total and extracellular NAGase activities of Th
T-78 showed significant differences according to the
chitin source (F=263.387, P<0.05; F= 2618.616,
P<0.05), achieving their highest values when T.
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harzianum was grown in the MW medium (Fig. 2A,
B). These values were up 4-times higher than for the
SSP medium or CHIT, which showed an activity
similar to that where glucose (GLU) was the carbon
source. The total and extracellular chitinase activities
displayed a pattern similar to that of the NAGase
activity, showing significant differences according to
the chitin source (F=268.210, P<0.05; F=2058.970,
P<0.05) (Fig. 2C, D). The highest values of chitinase
activity, both total and extracellular, occurred when
Th T-78 was grown with MW, these values being up
to 5-times higher than those obtained in the other two
media (SSP and CHIT).

3.3. Greenhouse experiment

3.3.1 Enzymatic activities of the growing media

Both NAGase and chitinase activities showed
significant differences depending on the treatment
(F=310.115, P<0.05; F=272,771, P<0.05) and the
time (F=33.862, P<0.05; F=382.589, P<0.05). The
highest NAGase activities occurred when Th T-78
was present in the medium, for all the chitin residues
used, the P+MW+ThT-78 and P+CHIT+Th T-78
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Fig 2. Enzymatic activities involved in the chitinolytic system of T. harzianum grown on flask cultures. (A) Total
(extracellular and cell wall-bound) NAGase activities, (B) extracellular NAGase activities, (C) total (extracellular
and cell wall-bound) chitinase activities and (D) extracellular chitinase activities. The activities were normalised

with the biomass (nKat/pg protein).
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Fig. 3. Chitinolytic activities due to different treatments, at 15 DAS and 45 DAS: peat (P, white bars), peat amended with
chitosan (P+CHIT, light-grey bars), peat amended with shrimp shell powder (P+SSP, dark-grey bars) and peat amended with
mushroom wastes (P+MW, black bars). The treatments involving inoculation with T. harzianum (Th T-78) are shown as
dotted bars. Error bars represent the standard error. For each sampling time, values with the same letter do not differ

significantly according to Tukey’s post-hoc test (P<0.05).

treatments showing the highest values (Fig. 3A). The
NAGase activity had decreased at 45 DAS in all the
treatments with the exception of P+MW+Th T-78,
where the activity values were maintained (Fig. 3B).

The chitinase activity showed a pattern similar to
that of the NAGase activity (Fig. 3C, D). The highest
values were found in treatments involving chitin
residues and inoculation with T. harzianum, and the
activity also decreased along the experiment. The
highest chitinase activity was produced by the
treatments which included chitosan, followed by
treatment with MW and treatment with SSP.

The NAGase and chitinase activities in the peat
treatment (P) were very low in comparison with
treatments involving amendment with chitin residues,
even when Th T-78 was inoculated (P+Th T-78).

Similar results for both chitinolytic activities were
obtained when FOM was inoculated in the substrate
(data not shown).

3.3.2. Plant growth in growing media not inoculated
with F. oxysporum
The incorporation of chitin sources enhanced the
length of both the first leaf (F=20.642, P<0.05) and
the stem (F=6.090, P<0.05) of muskmelon seedlings,
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for all the treatments, independent of the inoculation
of Th T-78 in the growing media (Table 2).
Treatments which included inoculation with Th T-78
gave slightly-greater leaf length and stem length than
those without Th T-78. The addition of SSP produced
the greatest first leaf and stem length, followed by the
treatment involving chitosan.

The shoot dry weight of muskmelon seedlings
measured 45 DAS differed significantly according to
the treatment (F=120.107, P<0.05) (Fig. 4A). The
treatments involving amendment with chitin residues
gave higher values than the peat treatment,
independent of the inoculation of Th T-78. Treatment
with SSP produced the highest value, followed by
chitosan and MW (Fig. 4A). Th T-78 did not affect the
shoot dry weight, except for the treatment with
chitosan.

3.3.3 Plant growth in growing media inoculated with
F. oxysporum

The presence of F. oxysporum affected
negatively the shoot dry weight, for all the treatments
assayed (F=228.804, P<0.05) (Fig. 4B). The
incorporation of the different chitin sources gave rise
to higher values than for peat alone, as was observed
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also in the absence of the pathogen. The addition of
T. harzianum produced a significantly-higher dry
weight, for all the treatments.

3.3.4. Quantification of the Th T-78 and FOM
populations

The populations of Th T-78, determined by real-
time PCR, were similar in the growing media with or
without inoculation with FOM (F=0.057, P>0.05)
(Table 3). The treatment including amendment with
MW (P+MW+Th T-78) showed the highest population
of Th T-78, followed by peat amended with SSP
(P+SSP+Th  T-78) (F=35.533, P<0.05). The
populations of Th T-78 in the peat (P+Th T-78) and
the peat amended with chitosan (P+CHIT+Th T-78)
were similar. No significant differences were found in
the pathogen population (FOM) among the different
treatments (F=1.859, P>0.05) (Table 3).

Table 2. First leaf length and stem length of melon
seedlings at 45 DAS, for the different treatments of the
greenhouse experiment. Values in the same column with
the same letters represent no significant difference
between treatments according to Tukey's post-hoc test
(P<0.05).

Treatment Firstl;ecar;;ength Ster(ncrIﬁ;]gth
Peat 8.71+0.15 2 4060193
Peat+CHIT 8.95+0 17 cd 477+0.31 ab
Peat+S5P 9.81+0.28 de 5.74+0.33 bc
Peat+MW 5.15+0.22 be 5.150.19 bc
Peat+Th T-78 7.3320.33 ab 4.96+0.16 abc
Peat+CHIT+Th T-78 9.88+0.36 de 590+019¢c
Peat+SSP+Th T-78 10.3+0.39 e 5.4110.24 bc
Peat+MW+Th T-78 8.36+0.25 bc 5.3540.18 bc

4. Discussion

The use of chitin-rich residues is a good way of
activating the chitinolytic potential of the fungus T.
harzianum. In our experiment, all the chitin sources
assayed activated the complex of chitinolytic genes
(chit42, chit33, chit37, excl and exc2) of Th T-78. It
is known that chitin, chitosan and their oligomers are
able to activate the chitinase and NAGase genes
(Viterbo et al., 2002). Our data show that after 72 h of

incubation, in general, chitosan (CHIT) produced the
highest expression level for all these genes, followed
by shrimp shell powder (SSP) and mushroom wastes
(MW). These different levels of expression may be
due to the differing compositions of the chitin
sources, being directly related with the chitin richness
(glucosamine) of the different organic substrates.

These oligosaccharides have been shown to act as a
signal indicating that the process of fungal cell wall
degradation has commenced (Ramot et al., 2004),
activating the expression of chitinolytic enzymes
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Fig 4. Dry shoot weight (grams) of muskmelon seedlings
grown in the different treatments, at 45 DAS. (A) Without
inoculation of pathogen and (B) with the inoculation of F.
oxysporum (FOM). The treatments involving inoculation
with T. harzianum (Th T-78) are shown as dotted bars.
Error bars represent the standard error. Columns with
the same letter do not significantly differ according to
Tukey’s post-hoc test (P<0.05).

Table 3. Quantification of T. harzianum and F. oxysporum in the growing media of the greenhouse experiment, at 45 DAS.
Values in the same column with the same letters represent no significant difference between treatments according to

Tukey’s post-hoc test (P<0.05).

Log T. harzianum | TS copies g" substrate

Log £ ox orumsSCAR
Treatment Not inoculated with F. Inoculated with F. gopiesyﬁsubsﬂate
QXYEDOUImM OXYEDOorUm
Peat+Th T-78 7.63:0.13 a 7.31:0.14 a 5.44+0.05 3
Peat+CHIT+Th T-78 7.33:0.08 a 7.70:0.02 a 5.57+0.07 a
Peat+8SP+Th T-78 8.66£0.10 b 8.82:0.07 b 5.37+0.07 a
Peat+MW +Th T-78 9.26+0.04 ¢ 920:0.05 ¢ 5.62+0.06 a
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(Seidl et al., 2006). The higher proportion of these
oligomers in CHIT could activate this process before
the other sources, producing a higher expression
level. At 48 h, the highest expression levels were
found for chit42 and excl, in accordance with several
studies that have shown the early expression of
these genes when chitin sources are present in the
medium (Zeilinger et al., 1999), due to their
involvement in signalling in the early stages of the
mycoparasitic activity of this fungus. However, these
molecular expression levels were not related with the
total and the extracellular NAGase and chitinase
activities measured in the culture media, where MW
showed the highest activity compared with the other
chitin sources. It is known that discrepancies
sometimes exist between the level of an mRNA and
that of the corresponding protein (Massart and Jijakli,
2007). This higher chitinase activity in MW samples
might be due also to the expression of other
chitinases encoded by genes that were not studied in
our experiment, because at least two more chitinases
have been described for T. harzianum (Rincén et al.,
2008). The NAGase activity was not related either
with the gene expression level. However, it has been
shown that only two genes, nagl and nag2, encode
this activity in Trichoderma atroviride (Lopez-
Mondéjar et al., 2009); these are equivalent to genes
excl and exc2 in T. harzianum. The low activities
found in the CHIT and SSP samples, very similar to
those of the glucose medium, may be due to the
composition of these chitin sources. The chitosan
present in CHIT and SSP is charged positively and
has been shown to produce structural changes in the
cell wall and membranes of the hyphae of the fungus
(Xu et al., 2007; Li et al., 2009). These changes can
prevent the excretion of enzymes through the fungal
membranes. Moreover, some studies showed that
these compounds can inhibit the synthesis of proteins
(Bautista-Bafios et al., 2006). This hypothesis is
supported by the low Th T-78 biomass values found
in the media with CHIT or SSP (data not shown),
since these compounds can inhibit the growth of the
fungus. This antifungal activity of chitosan has been
used against many plant pathogens. Palma-Guerrero
et al. (2008) showed that the growth of mycoparasitic
fungi such as T. harzianum and T. atroviride, as well
as of other pathogenic fungi, can be inhibited under
in vitro conditions by the presence of chitosan at
certain doses. The lack of chitosan in MW, whose
presence has been reported only in some species of
Basidiomycetes (Di Mario et al., 2008), could explain
the absence of inhibition of fungal growth observed
for this chitin waste. The expression found for some
genes, such as excl and exc2, in the medium with
glucose, together with the activity values at 72 h, was
due to the death of part of the mycelia, which
releases chitin and oligomers into the medium,
activating these chitinolytic genes. Moreover, the
gene expression in the glucose medium may be due
also to low constitutive activity of the assayed genes,
which triggers their induction when a host is at close
range (Lora et al., 1995; Zeilinger et al., 1999).

98

In the greenhouse nursery experiments, the
amendment with chitin residues increased both the
chitinase and NAGase activities in the growing
media, in comparison with non-amended peat (P).
This increase was higher in substrates inoculated
with Th T-78, the highest activities occurring when Th
T-78 was incorporated together with CHIT and MW.
Under these in vivo conditions, part of the chitosan
added could have been degraded by other, natural
chitinolytic enzyme-producing microorganisms that
colonise the substrate (Hayes et al., 2008), as can be
appreciated in the natural chitinolytic activity of the
peat treatment when chitin residues were added. This
action decreased the negative effect of chitosan
shown in the in vitro liquid cultures, allowing the
excretion of hydrolytic enzymes by T. harzianum.
Both activities decreased with time, with the
exception of peat amended with MW and Th T-78.
This high chitinolytic activity found 45 DAS was
related to the total population of Th T-78, since the
highest number of ITS copies per gram of substrate
was found at this point. The fungal origin of MW, with
a composition more similar to that of the potential
prey of T. harzianum, may make it a better nutrient
source for Th T-78. In fact, numerous authors have
reported T. harzianum as a parasite of A. bisporus in
mushrooms cultures, the origin of MW (Samuels et
al., 2002). The use of MW might be a good way to
increase the population of T. harzianum in growing
media, rather than other chitin sources of animal
origin (such as SSP).

The addition of chitin-rich compounds to peat-
based growing media has been shown, in some
cases, to reduce the amount of pathogen (Rose et al.
2003; Ha and Huang, 2007). However, the
populations of F. oxysporum remained constant in all
the treatments assayed. Despite this, the plants
grown in peat amended with chitin residues and Th
T-78 showed a lower effect of the pathogen, with a
lesser reduction of shoot dry weight than for plants
that were not inoculated with Th T-78. The presence
of T. harzianum in amended substrates maintained
the shoot dry weight of muskmelon plants, in
comparison with substrates that were not amended
with chitin residues or inoculated with the BCA. The
maintenance of shoot dry weight in P+Th T-78, which
was not amended with a chitin source, demonstrates
that other mechanisms besides mycoparasitism can
be implicated in this response to the presence of the
pathogen. The biocontrol mechanisms of T.
harzianum include production of antibiotic
compounds and competition for nutrients, as well as
the activation of systemic resistance in plants
(Howell, 2003). Moreover, some authors have
pointed out that chitin oligomers can also elicit
induced systemic resistance in plants (Tsutsui et al.,
2006; Amboradé et al., 2008; Kishimoto et al., 2010).
Roby et al. (1987) reported that different chitin
oligosaccharides are efficient elicitors of chitinase
activity in tissues of melon seedlings. These
mechanisms are in accordance with the better
maintenance of shoot dry weight for treatments
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involving amendment with chitin residues in our
study, relative to peat alone. It would be interesting to
investigate whether these processes of plant
resistance also occur in the substrates assayed,
complementing the activation of the chitinolytic
system found in our experiment.

The use of chitin-rich residues as amendments
of the growing media had a positive effect on the
nutritional aspects. All the treatments involving
amendment with a chitin residue gave a greater
growth of muskmelon plants than did the non-
amended peat. These results have been seen also
by other authors who used SSP, for cucumber or
asparagus bean (Rose et al., 2003; Ha and Huang,
2007). This increase was due to the extra
contribution of nutrients, mainly nitrogen, that
enhance seedling growth. Moreover, the inoculation
of Th T-78 can improve the growth of seedlings in
growing media amended with chitosan, due to the
biostimulation activity of the isolate T-78, as has been
shown by previous work (Bernal-Vicente et al., 2009).

The compositions of the chitin residues tested in
our assay support their utilisation as amendments of
peat, in order to enhance the nutrition of seedlings in
greenhouse nurseries. The in vitro experiments
showed that all these compounds were able to
activate the genes encoding chitinolytic activities of T.
harzianum. Moreover, when these residues were
mixed with peat, as growing media, the possible
inhibitory effects seen under in vitro conditions were
diluted, allowing activation of the chitinolytic system
of the BCA and of natural microorganisms from the
substrates. This increase in the chitinolytic activity of
T. harzianum maintained a higher shoot dry weight in
the presence of a pathogen. The use of small
quantities of these residues and of Th T-78 enhanced
the growth of muskmelon seedlings and decreased
the weight loss due to F. oxysporum. The use of
these residues for seedling production adds value to
them, enhancing the management of the thousands
of metric tons of these residues generated around the
world each year.
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Discusion general

El empleo de aislados de Trichoderma harzianum en agricultura ofrece buenas
alternativas al uso de productos quimicos. Esta gran efectividad es debida
principalmente a las caracteristicas Unicas de este hongo que le confieren una gran
capacidad como agente de control biolégico (ACB) de enfermedades en plantas
(Schuster y Schmoll, 2010). La gran capacidad antagonista de esta especie se ha
demostrado frente a numerosos fitopatdgenos tales como los del género Fusarium,
Phytophthora, Sclerotinia, Rhizoctonia y Pythium (Hjeljord y Tronsmo, 1998),
responsables en muchos casos de efectos devastadores en los cultivos. Es por ello,
gue los aislados del género Trichoderma se han utilizado ampliamente como ACB,
representando mas del 60% de los biofungicidas existentes en el mercado (Vermay
col., 2007). En concreto, la especie T. harzianum destaca como una buena
alternativa para controlar importantes enfermedades vegetales, como la fusariosis
vascular en semillero, en la produccion de planta para agricultura ecologica (Bernal-
Vicente y col., 2009). La aplicacion de este hongo antagonista requiere, sin embargo,
de herramientas eficaces que nos permitan estudiar y conocer su evolucion y
desarrollo tras su inoculacion en los sustratos utilizados en el semillero, asi como
profundizar en los mecanismos implicados en su efecto biocontrol frente a

microorganismos fitopatdgenos.

Los métodos moleculares desarrollados en las ultimas décadas resultan
herramientas efectivas no solo en la monitorizacion de hongos antagonistas y
microorganismos fitopatdgenos, sino también en el estudio de las diferentes
propiedades del control biol6gico del hongo. Su aplicacion en el campo del control
biol6gico puede ayudar, en muchos casos, a mejorar tanto el entendimiento sobre su
funcionamiento, como su utilizacién practica (Massart y Jijakli, 2007). A su vez, las
técnicas moleculares permiten la rapida diagnosis de patégenos de plantas,
mejorando el control de las enfermedades vegetales (McCartney y col., 2003; Atkins
y Clark, 2004).

En esta Tesis Doctoral se han empleado diferentes herramientas moleculares
basadas en la PCR con los hongos T. harzianum y Fusarium oxysporum tanto en
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condiciones in vitro (en laboratorio) como in vivo (con planta en semillero) bajo el
marco de la agricultura ecolédgica. El uso de estas técnicas, principalmente de la PCR
a tiempo real, permiti6 monitorizar T. harzianum no so6lo en medios de cultivo, sino
también en muestras de sustratos organicos, como se ha visto en los Capitulos 1y 2.
Para ello se desarroll6 un sistema TagMan de cebadores y sonda en el espaciador
ribosomal ITS1 del hongo. La regién ITS del genoma es una de las mas usadas para
la identificacion y deteccidn de hongos, ya que se trata de una region muy repetida
en el genoma, y que presenta gran variabilidad en su secuencia (Bridge y Spooner,
2001; Atkins y col., 2003; Lievens y col., 2006). Esta region ha sido seleccionada por
numerosos autores para el desarrollo de cebadores especificos para la deteccion de
hongos micorricicos como Glomus intraradices (Filion y col., 2003), hongos
antagonistas como Plectosphaerella cucumerina (Atkins y col., 2003) y hongos
fitopatbgenos como Fusarium solani, Pythium ultimun, Rhizoctonia solani y
Verticillum spp. (Lievens y col., 2006). Nuestro sistema para PCR a tiempo real
permiti6 amplificar todos los aislados de T. harzianum usados en nuestro
experimento, y no el resto de especies utilizadas. La eleccion de esta region del
genoma del hongo favorece el empleo de este sistema TagMan con los diferentes
aislados de T. harzianum que puedan usarse en el control biolégico, a diferencia de
los sistemas desarrollados por otros autores especificamente disefiados para un
aislado concreto de T. harzianum (Rubio y col., 2005) o T. atroviride (Cordier y col.,
2007; Savazzini y col., 2008) basados en marcadores especificos o mutaciones en
un determinado gen. La eleccion de una sonda TagMan para la deteccién de T.
harzianum ofreci6 mayor especificidad que otros sistemas como el SYBR Green,

debido a la especificidad adicional aportada por la sonda (Schena 'y col., 2004).

Sin embargo, el desarrollo de cebadores y sondas en la region ITS no siempre
es posible. Cuando esta region esta muy conservada hay que buscar genes
alternativos, generalmente genes de referencia, como los que codifican por ejemplo
para el factor de la elongacion o para la B-tubulina. En algunos casos, como por
ejemplo en el hongo F. oxysporum, la variabilidad en estos genes también es escasa
(McCartney y col., 2003). En estos casos, el disefio de las sondas se realiza sobre

secuencias o marcadores SCAR obtenidos mediante RAPD-PCR, lo que ha
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permitido la deteccion de algunas formas especiales de F. oxysporum (Pasquali y
col, 2006; Lievens y col., 2007). En el Capitulo 3 de esta Tesis Doctoral recogemos el
desarrollo de un sistema TagMan basado en un marcador SCAR obtenido para F.
oxysporum. Este sistema permiti6 la deteccion especifica de este hongo, no

amplificando ninguno de los otros patégenos del melén empleados en el estudio.

El empleo de estos sistemas moleculares nos permiti6 ademas de detectar,
cuantificar la cantidad de secuencias diana presente en la muestra a estudiar
mediante el desarrollo de curvas estandar. Para la construccion de estas curvas se
emplearon diluciones de plasmidos donde previamente se cloné la secuencia de
interés. Las curvas basadas en estas diluciones permitieron relacionar los valores de
Ct con el nimero de copias de la secuencia de interés, region ITS o marcador SCAR
en nuestro caso, ofreciendo medidas mas reales sobre la cantidad de
microorganismo presente en la muestra (Savazzini y col., 2008), que otros estudios
gue han empleado curvas basadas en diluciones de ADN para calibrar la PCR a
tiempo real (Filion y col., 2003). Las eficiencias de las curvas estdndar obtenidas en
los Capitulos 1 y 3 tanto para T. harzianum como para F. oxysporum, fueron
cercanas al valor 2, valor 6ptimo que indica que cada ciclo de PCR duplica la
cantidad inicial de ADN (Zhang y Fang, 2006). Esto permiti6 su uso para cuantificar

esas secuencias.

Ademas, en el Capitulo 1 de esta Tesis Doctoral también se extrapolaron las
medidas obtenidas por PCR a tiempo real (copias de la secuencia) a unidades de
biomasa fungica (peso seco) de hongo. Esta extrapolacion a biomasa permitiria
obtener una medida del ACB mas realista acerca de la cantidad de hongo presente
en la muestra. Para ello se realizaron preparaciones microscopicas de cultivos de T.
harzianum que permitieron medir la longitud de las hifas. Estas medidas se
transformaron a peso seco de acuerdo con Raidl y col., (2005), teniendo en cuenta el
diametro de las hifas del hongo. Nuestros datos aportaron una formula que permite
extrapolar los valores de copias de ITS a longitud de hifas, obteniéndose ademas un
nimero de copias del gen por longitud de hifa, con un valor de R? de la regresién
similar al valor obtenido por Raidl y col. (2005) con el hongo ectomicrorricico

Piloderma croceum. Esta férmula puede verse afectada sin embargo por
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movimientos citoplasmaticos registrados en las hifas de los hongos (Suelman y
Fisher, 2000), junto a diferentes caracteristicas del micelio, como la edad o el
porcentaje de ramificacion (Raidl y col., 2005). A pesar de esto, nuestros datos
permitieron expresar los resultados moleculares obtenidos con PCR a tiempo real

como medidas de biomasa microbiana.

El sistema TagMan permiti6 detectar y cuantificar T. harzianum en los
sustratos organicos empleados en semillero, tal y como se describe en los Capitulos
2 y 5. Ademas, los valores de cuantificaciébn obtenidos con este sistema se
correlacionaron con los valores obtenidos mediante conteo en placa (UFCs). Estos
resultados podrian indicar la posible sustituciéon de las técnicas de dilucién en placa
por la PCR a tiempo real para cuantificar T. harzianum, que es mas rapida, sensible y

especifica (Schena y col., 2004).

En el Capitulo 2, se aplic6 la qRT-PCR para solucionar uno de los principales
limitaciones de la PCR a tiempo real: la distincion entre el material activo (micelio) y
el no activo (conidias o micelio muerto) (Bridge y Spooner, 2001). Los ARN
ribosomales sintetizados por el ACB pueden aislarse, retrotranscribirse, y usarse
para medir la cantidad de micelio activo, tal como ha sido descrito por Anderson y
Parkin (2007). Como hemos visto en el Capitulo 2, las curvas de poblacion activa,
obtenidas con gRT-PCR, fueron muy diferentes a las curvas de poblaciéon total,
obtenidas con dilucién en placa y PCR a tiempo real. La qRT-PCR permitié6 conocer
como la cantidad de T. harzianum activo en el sustrato aumentaba continuamente a
lo largo del experimento. Estos datos indicaron que el ACB sobrevivié y se desarrollo
en los sustratos organicos empleados, tanto turba como compost, pudiendo expresar
sus mecanismos de biocontrol en la rizosfera de la planta (Lo y col., 1998). Este tipo
de curva de crecimiento de T. harzianum no se observd usando las otras técnicas de
cuantificacion (PCR a tiempo real y UFCs), las cuales mostraban un ligero ascenso
de las poblaciones de T. harzianum que disminuia con el tiempo. Esta diferencia
pudo ser debido a que estos métodos cuantificaron principalmente las formas
inactivas presentes en el sustrato (conidias). Asi, por ejemplo, a los 5 dias después
de la infeccion, la mayor parte del ADN cuantificado con PCR a tiempo real

corresponderia a la gran cantidad de esporas inoculadas en el medio, lo que
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concuerda con la baja cantidad de micelio activo en ese tiempo. La cantidad de
esporas en el sustrato disminuyé con el paso del tiempo, aunque el nimero de
copias de ITS no se redujo drasticamente debido a las copias aportadas por el ADN
del micelio activo. Todos estos cambios entre la cantidad de micelio activo e inactivo
solo pudieron ser observados gracias a la qRT-PCR, siendo nuestro estudio el
primero en cuantificar la cantidad de T. harzianum activo en sustratos, a diferencia de
estudios previos como los presentados por Savazzini y col. (2008) y Longa y col.

(2009), que sblo cuantificaban la poblacién total de ACB.

Los resultados obtenidos en el Capitulo 2 mostraron el empleo de los compost
inoculados con ACBs como sustratos alternativos al empleo de turbas en semillero,
tal y como se ha indicado por algunos autores (De Ceuster y Hoitink, 1999;
Alavoubette y col., 2006). Las plantulas crecidas en estos sustratos presentaron un
menor porcentaje de infeccion por F. oxysporum que las crecidas en turba, asi como
una menor pérdida de peso fresco. Estos datos concuerdan con experimentos
anteriores, sobre la efectividad de controlar la fusariosis vascular mediante compost
inoculados con T. harzianum (ej. Lépez-Mondéjar y col., 2010). El empleo de
compost inoculados con diferentes ACBs se ha utilizado para controlar diversas
enfermedades de plantas por numerosos autores, supliendo la falta de otros
microorganismos antagonistas en la matriz del compost (Cotxarrera y col. 2002;
Postma y col., 2003; Trillas y col, 2006; Sant y col., 2010). Ademas, las plantulas
crecidas en los compost presentaron un mayor contenido en algunos
macronutrientes (P y K), que las crecidas en turba, debido al aporte nutricional y de
materia organica de los compost (Yogev y col., 2006). El empleo de estos compost
inoculados con T. harzianum puede ser una buena solucién para controlar la
fusariosis vascular en semillero, evitando la infeccién de las plantulas, y mejorando el
estado nutricional de las mismas. Ademas, la produccién de compost para su uso en
semillero favorece el reciclaje de residuos organicos, tal como se persigue en las
nuevas regulaciones europeas (Alabouvette y col., 2006). Este uso favorece ademas
la reduccién del empleo de turbas en semillero, y disminuyendo asi la presion

extractiva sobre las turberas europeas (Tittarelli y col., 2009).
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En esta Tesis Doctoral, ademas de realizar la monitorizacion del agente
biocontrol T. harzianum, se desarrollé un sistema molecular para la deteccion rapida
y eficaz del patdégeno F. oxysporum. La importancia de este patégeno, debido a las
enormes pérdidas que causa en numerosos cultivos, ha llevado a la publicacion en
los ultimos afios de diversos estudios moleculares destinados a la deteccion y
cuantificacion de aislados de este patdgeno (Zhang y col., 2005; Zambounis y col.,
2007; Jiménez-Fernandez y col., 2010; Lin y col., 2010; Validov y col., 2011), tanto
en suelo como en planta. En el Capitulo 3 de esta Tesis Doctoral se disefo, utilizd y
validé satisfactoriamente un nuevo sistema TagMan basado en un marcador SCAR
para monitorizar la poblacion de F. oxysporum bajo condiciones de semillero.
Nuestro sistema permiti6 la deteccion de diferentes formae speciales de F.
oxysporum que pueden infectar no solo a cultivos de meldn, sino también a otros
cultivos como tomate, sandia, clavel o pepino, ampliandose de esta forma el rango
de aplicacion de este sistema en otros cultivos. En este Capitulo se monitorizé con
PCR a tiempo real la poblacion del patdgeno en el sustrato de crecimiento (turba)
durante el crecimiento de las plantulas de melén, comparandolo con técnicas
tradicionales de cultivo en placa. Los semilleros presentan las condiciones
ambientales ideales para el desarrollo del patdgeno, favoreciéndo su dispersion
mediante el agua de riego, los sustratos o las herramientas infectadas (Gomez y
Tello, 2000b). Asi, por ejemplo, Waller y col. (2008) y Al-Sadi y col. (2011) detectaron
la presencia de este hongo en sustratos organicos empleados en semilleros.
Mediante la aplicacién de este sistema molecular se comprob6 que la poblacion de F.
oxysporum permanecidé constante en aquellos sustratos a los que se les inoculd
durante el cultivo de plantulas de meldn. Estos datos concordaron con los obtenidos
con las técnicas clasicas de dilucion en placa, donde tampoco se obtuvo variacién en
la poblacién del patdgeno. Esta persistencia del patégeno en el sustrato ha sido

también demostrada por otros autores como Suarez-Estrella y col. (2004).

Este sistema basado en PCR a tiempo real también se empled para detectar
el patdgeno en tejidos vegetales de la plantula antes de que éstas mostraran
sintomas de la enfermedad. La deteccién temprana de este patégeno resulta de vital

importancia, ya que lotes de plantulas infectadas pueden contaminar otras plantas, o
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ser llevadas al campo, extendiendo de este modo la enfermedad (Blancard y col.,
1991, Suarez-Estrella y col., 2003). El sistema TagMan permitié detectar cantidades
muy bajas del patégeno (niveles menores a 100 copias del marcador SCAR) en los
tejidos de la planta, a pesar de que probablemente la cantidad de hongo en el
sistema vascular vegetal seria muy bajo al encontrarse las plantas en las primeras
etapas de la infeccion, antes de que apareciesen los sintomas de la enfermedad. El
empleo de esta técnica molecular, ademas de aportar mayor sensibilidad en la
deteccion del patdgeno que los medios de cultivo en placa, proporciond los
resultados de una forma mas rapida, menos de 48 horas, frente a los seis dias
necesitados con las técnicas tradicionales de cultivo en placa. Esta rapidez en la
deteccion, ayudara a mejorar el control efectivo del patégeno, evitando su desarrollo
y dispersion en el semillero. Esto podria permitir el reemplazo en el semillero de los
cultivos infectados con una mayor rapidez, y asegurar que las plantulas estan libres
de F. oxysporum antes de su transplante al campo, reduciendo de este modo la

propagacion del patégeno.

Como hemos comentado anteriormente, la aplicacion de las técnicas
moleculares en el control biolégico no sélo se reduce a la monitorizacién de hongos
antagonistas y fitopatdégenos. La obtencion de un ACB eficaz para su uso en el
control de enfermedades no es facil. La eleccion de estos agentes se realiza a
menudo mediante analisis con medios microbioldgicos clasicos, que en la mayoria de
los casos no son suficientes, junto con experimentos en semillero en los que se
prueban diferentes aislados, que resultan poco eficientes y tediosos (Montesinos y
col., 2008). Una buena alternativa a estos metodos radica en el empleo de métodos
bioquimicos y moleculares para el andlisis y seleccion de aislados con elevada
actividad de control biol6gico. En el Capitulo 4 de esta Tesis se analizaron 31
aislados del género Trichoderma obtenidos de diferentes fuentes naturales mediante
la técnica de RAPD-PCR. Los distintos patrones de bandas obtenidos con esta
técnica permitieron seleccionar e identificar cuatro especies diferentes de
Trichoderma, y la eleccion de cinco aislados distintos de la especie T. harzianum
para su estudio en profundidad. Se sabe que la eficacia de un aislado depende de

numerosos factores, tales como su forma de inoculacién o su persistencia en el
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sustrato (Bernal-Vicente y col., 2009). Sin embargo, el potencial micoparasitico del
aislado, basado principalmente en la sintesis de enzimas hidroliticas es uno de los
puntos clave en el control biolégico (Verma y col., 2007). Numerosos autores han
profundizado en el estudio de los genes relacionados con el micoparasitismo y las
diferentes enzimas hidroliticas que codifican (Geremia y col., 1993; De la Cruz y col.,
1995; Flores y col., 1997; Steyaert y col., 2004), responsables no solo de producir la
hidrélisis de la pared celular del patégeno, si no también de activar la respuesta del
hongo ante la presencia de un posible hospedador (Seidl y col., 2006). De este
modo, en el Capitulo 4 de esta Tesis Doctoral se estudiaron los perfiles de expresion
de seis de los genes que codifican para la sintesis de quitinasas (excl, exc2, chit42,
y chit33), glucanasas (bgnl3.1) y proteasas (prbl), de los distintos aislados de T.
harzianum en presencia de paredes celulares de F. oxysporum. Nuestros resultados
mostraron que los patrones de expresion fueron diferentes dependiendo del aislado.
Asi, algunos de los aislados de T. harzianum ensayados mostraron mayores niveles
de expresiéon de unos determinados genes frente a otros, como T-78 para los genes
chit42 y chit33, o T-30 para los genes excl y bgnl3.1. Por el contrario, algunos
aislados seleccionados, como fue el caso de T-57, no expresaron alguno de los
genes analizados, tales como exc2, chit33 o prbl. Estos datos de expresion se
relacionaron con las actividades enzimaticas hidroliticas, donde también se observé
gue el potencial de sintesis de enzimas hidroliticas puede variar enormemente de un
aislado a otro. Ambos datos, de expresion de genes y actividad enzimatica, se
correlacionaron ademas con enfrentamientos en placa frente a F. oxysporum, donde
no todos los aislados mostraron el mismo grado de micoparasitismo frente al
patdgeno, siendo los aislados T-30 y T-78 los que presentaron el mayor efecto. La
eficacia del aislado T-78 frente a la fusariosis vascular ya ha sido mostrada en
estudios previos por Bernal-Vicente y col. (2009) y Lopez-Mondéjar y col. (2010). La
seleccion de aislados naturales que presenten un elevado potencial evita el
desarrollo de microorganismos modificados genéticamente, cuyo uso no esta
permitido en agricultura ecolégica, no pudiendo emplearse en semillero bajo estas

condiciones.
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Las técnicas moleculares aplicadas al estudio de la expresion de genes
importantes en biocontrol también se aplicaron en el Capitulo 5 de esta Tesis
Doctoral. En este apartado se evalud el efecto de tres residuos diferentes ricos en
quitina, quitosano (CHIT), harina de camardén (SSP), y restos de champifion (MW),
sobre la expresion de distintos genes responsables de la actividad quitinolitica de T.
harzianum, tanto quitinasa (chit42, chit33, y chit37) como NAGasa (excl y exc2).
Tanto la quitina como sus derivados y sus oligdmeros (repeticiones de mondmeros
de N-acetilglucosamina mas o menos deacetilada) son capaces de activar estos
genes (Viterbo y col., 2002). Todas estas fuentes de quitina activaron la expresion de
los genes chitinoliticos anteriormente expuestos, si bien los niveles de expresion
dependieron del contenido en glucosamina de los diferentes residuos, alcanzandose
los mayores niveles en los cultivos con CHIT seguido de SSP y MW. Los niveles de
expresion de genes no estuvieron relacionados sin embargo con las actividades
enzimaticas NAGasa y quitinasa medidas en los cultivos puros, lo cual se relacioné
con el contenido en quitosano presente en algunos de estos residuos (CHIT y SSP).
Se sabe que la carga positiva del quitosano puede provocar desde una inhibicion del
crecimiento del hongo hasta cambios estructurales en la pared celular y en la
membrana del hongo que evite la excrecion de enzimas al medio (Xu y col., 2007; Li
y col., 2009) e incluso la inhibicién de la sintesis proteica (Bautista-Bafios y col.,
2006). Esta inhibicion no se encontré cuando el hongo crecié en presencia de MW,
debido a que el gquitosano no suele encontrarse en la pared celular de los
Basidiomicetos (Di Mario y col., 2008). Cuando los restos de quitina eran afiadidos a
la turba junto con T. harzianum, usandose como sustratos de crecimiento en
semillero, la inhibicion de la actividad quitinolitica no se observd. En estas
condiciones, tanto los sustratos complementados con CHIT como con MW mostraron
una elevada actividad quitinasa y NAGasa. Esto pudo deberse a que estos residuos
favorecieron el desarrollo de microorganismos quitinoliticos, que degradaron el

guitosano, reduciendo su efecto inhibidor del crecimiento de T. harzianum.

Los estudios moleculares, bioquimicos e in vivo con plantulas en semillero
aplicados en este capitulo permitieron conocer mejor como afectan estos residuos a

la actividad del ACB, y a su empleo frente al patdgeno. La incorporacion de estos
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residuos junto a T. harzianum redujo las pérdidas de peso seco causadas por F.
oxysporum, aunque estos compuestos no redujeron la cantidad de patégeno en el
sustrato a diferencia de lo expuesto por otros autores (Rose y col., 2003; Ha y
Huang, 2007). Este efecto se relacioné con el aumento de la actividad quitinolitica de
los sustratos, si bien nuestros resultados sugirieron la presencia de otros posibles
fendmenos como la induccién de resistencia en la planta por parte de T. harzianum
(Howell, 2003) y por la presencia de quitina y sus oligdbmeros (Shibuya y Minami,
2001). Ademas, la incorporacién de estos residuos mejoré el crecimiento de las
platulas de melon, debido fundamentalmente al alto contenido en macronutrientes,

principalemente nitrogeno, de estos compuestos.
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Conclusiones

1. Los cebadores ITS1 S e ITS1 R, junto con la sonda TagMan ITS1 TM Fam,
disefiados en la regién ITS1 de T. harzianum permitieron la deteccion y
cuantificacion especifica de este hongo tanto en cultivos puros, como en
muestras provenientes de sustratos organicos basados en turba y compost,
mostrandose como una alternativa, rapida y eficaz a métodos clasicos de

dilucién en placa.

2. El empleo de la gRT-PCR basada en la cuantificacion del ARNr de T.
harzianum permiti6 cuantificar la cantidad de ACB activo en muestras de
sustratos organicos como turba y compost. Las curvas de poblacién activa de
T. harzianum obtenidas mediante este sistema fueron totalmente diferentes a
las obtenidas con gPCR y dilucién en placa, mostrando como el ACB puede
crecer y desarrollarse en los sustratos de crecimiento de semillero basados

tanto en turba como en compost.

3. El uso de sustratos organicos de crecimiento basados en compost inoculado
con T. harzianum ofrecié6 mejores resultados que la turba inoculada con el
ACB, mostrando mayor capacidad para reducir la infeccion por F. oxysporum y
para disminuir la pérdida de peso provocada por este patégeno en plantulas

de melbn bajo condiciones de semillero.

4. El sistema TagMan formado por los cebadores FOX S y FOX R, junto con la
sonda FOX TM basados en un marcador SCAR permiti6 la deteccion
especifica de aislados de F. oxysporum potencialmente patdégenos para varias
especies de plantas de interés en horticultura. El empleo de este sistema para
monitorizar F. oxysporum f. sp. melonis permitié detectar a este patégeno
tanto en tejidos vegetales como en sustratos organicos (turba) usados en los
semilleros. La cuantificacion del patdgeno con este sistema de PCR a tiempo

real ofreci6 similares resultados que los métodos de cultivo en placa con
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medios selectivos, ofreciendo sin embargo mayor rapidez, en menos de 48 h,

en la deteccién del patégeno.

Los perfiles generados mediante RAPD-PCR permitieron agrupar los diversos
aislados de Trichoderma usados en esta Tesis en cuatro especies diferentes,
la deteccion de los aislados duplicados y la seleccion de cinco aislados
diferentes de T. harzianum. Los patrones de expresion de los genes
relacionados con el micoparasitismo (excl, exc2, chit42, chit33, prbl, y
bgn13.1) y de las actividades hidroliticas fueron diferentes segun el aislado
seleccionado ensayado. Los aislados con mayor actividad quitinasa, NAGasa
y B-1,3-glucanasa, T-30 y T-78, mostraron también la mayor capacidad

micoparasitica frente a F. oxysporum en los enfrentamientos en placa.

El empleo de residuos ricos en quitina activo la expresion de los genes excl,
exc2, chit42, chit33 y chit37, responsables de la actividad quitinolitica de T.
harzianum in vitro, si bien la composicion de alguno de estos residuos pudo
inhibir la secrecion de enzimas quitinoliticas por parte del hongo en estas
condiciones. El uso de estos residuos en condiciones in vivo disipé este
posible efecto inhibidor, aumentando la actividad NAGasa y quitinasa de los
sustratos durante el crecimiento de la planta. Esta mayor actividad quitinolitica
se relacioné con una menor efecto del patdégeno F. oxysporum en las
plantulas, que mantuvieron un peso mayor respecto a los tratamientos no

inoculados con T. harzianum.



X. Resumen



Universitat d’Alacant
Universidad de Alicante



Aplicacién de herramientas moleculares en control bioldgico

Resumen

El control biolégico de fitopatégenos es una alternativa viable para sustituir el
empleo de productos quimicos en agricultura. Esta medida cobra gran importancia en
el campo de la agricultura ecoldgica, donde el uso de estos productos quimicos esta
prohibido por la regulaciébn europea, provocando que estos cultivos sean
especialmente sensibles a diferentes patégenos. Uno de estos patdgenos, Fusarium
oxysporum f. sp. melonis, agente causal de la fusariosis vascular del melon, es el
principal responsable de enormes pérdidas tanto a nivel de campo como durante la
produccion de plantula en semilleros. El problema de esta enfermedad en semillero
es si cabe aln mas importante, ya que estas instalaciones presentan las condiciones
Optimas para el desarrollo de la enfermedad y dispersion del patdgeno, asi como la
posibilidad de su traslado al campo, favoreciendo de este modo que la enfermedad

se extienda.

El empleo del hongo Trichoderma harzianum ha mostrado buenos resultados
como agente de control biolégico (ACB) contra este fitopatdgeno a nivel de semillero.
La actividad de control biolégico que presentan los aislados de esta especie es
debido principalmente a los distintos mecanismos de accion que presentan, tales
como antibiosis y competencia por nutrientes, caracterizandose ademas por producir
una gran bateria de enzimas hidroliticas que les permite actuar como micoparasitos

de otros hongos.

El empleo de estos aislados requiere sin embargo de herramientas que
permitan no solo la seleccion de aislados con un mayor potencial de control bioldgico
o una mayor efectividad frente a una enfermedad, si no también de herramientas que
permitan la monitorizacion del ACB una vez inoculado en los sustratos organicos
para el crecimiento de plantulas en semillero. A su vez, la aplicacién y desarrollo de
estas herramientas para la rapida deteccion del patdbgeno mejoraria enormemente el
control de la enfermedad, reduciendo las posibles pérdidas y la expansién de la

misma.
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En los ultimos afios, el desarrollo de los métodos moleculares basados en el
ADN y la PCR han ofrecido numerosas herramientas para el estudio en profundidad
tanto de los hongos antagonistas como de los fitopatégenos. De entre estas técnicas
destaca la PCR a tiempo real, la cual ofrece buenas alternativas al empleo de otros
métodos clasicos como el cultivo en placa o la microscopia a la hora de monitorizar y

estudiar el uso del ACB.

Es por ello que el objetivo de estas Tesis Doctoral fue aplicar y desarrollar
estas herramientas moleculares en el empleo de T. harzianum en el control de la
fusariosis vascular del melén en semillero. Para ello, la Tesis se ha estructurado en
dos partes: la primera, que incluye los capitulos 1, 2 y 3, centrada en la deteccion y
cuantificaciéon tanto del ACB como del fitopatdgeno; y una segunda parte, que incluye
los capitulos 4 y 5, centrada en el estudio de los mecanismos biocontrol de este ACB
frente al patégeno:

Capitulo 1. Lopez-Mondéjar R, Anton A, Raidl S, Ros M, Pascual JA, 2010.
Quantification of the biocontrol agent Trichoderma harzianum with real-
time TagMan PCR and its potential extrapolation to the hyphal biomass.
Bioresource Technology 101, 2888-2891

Capitulo 2. Beaulieu R, Lopez-Mondéjar R, Tittarelli F, Ros M, Pascual JA, 2011.
gRT-PCR quantification of the biological control agent Trichoderma
harzianum in peat and compost-based growing media. Bioresource
Technology 102, 2793-2798.

Capitulo 3. Lopez-Mondéjar R, Beaulieu R, Ros M, Pascual JA, 2011. SCAR-based
real-time PCR for early detection of Fusarium oxysporum in melon

seedlings under greenhouse nursery conditions. En revision.

Capitulo 4. Lépez-Mondéjar R, Ros M, Pascual JA, 2011. Mycoparasitism-related
genes expression of Trichoderma harzianum isolates to evaluate their

efficacy as biological control agent. Biological Control 56, 59-66.
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Capitulo 5. Lopez-Mondéjar R, Blaya J, Ros M, Pascual JA, 2011. Evaluation of the
effect of chitin-rich residues on chitinolytic activity of Trichoderma

harzianum: in vitro and greenhouse nursery experiments. En revision.

Los resultados obtenidos en esta Tesis Doctoral ofrecieron un sistema
molecular basado en u par de cebadores y en una sonda TagMan para la deteccién y
cuantificacion especifica de T. harzianum mediante PCR a tiempo real, tanto en
cultivos puros como en sustratos organicos en semillero. Ademas, este sistema se
utilizé para cuantificar la cantidad de ACB activo en el sustrato, mediante gRT-PCR.
Los resultados obtenidos ofrecieron una curva de poblacién totalmente diferente a la
conseguida con qPCR y/o cultivo en placa, mostrando como este hongo fue capaz de
desarrollarse en los medios de crecimiento de plantula bajo condiciones de semillero.

El empleo de compost inoculados con T. harzianum mostré también mejores
resultados en el control de la enfermedad que el uso de turbas inoculadas con este
ACB, reduciéndose la pérdida de peso y la infeccion por parte del patdégeno. Estos
resultados confirmaron que los sustratos basados en compost pueden ser buenas

alternativas para controlar la fusariosis vascular del melon a nivel de semillero.

Los resultados de esta Tesis incluyeron ademas el desarrollo de un sistema
TagMan para detectar y cuantificar F. oxysporum mediante PCR a tiempo real bajo
condiciones de semillero. Este sistema permitié la deteccion del hongo en tejidos de
la planta en los primeros estados de la infeccion, cuando adn no se observaban
sintomas, asi como la deteccion y cuantificacion del patégeno en el sustrato. Este
sistema ofrecié mayor sensibilidad y rapidez, en menos de 48 h, que los métodos

clasicos de cultivo en placa.

El empleo de herramientas moleculares basadas en el estudio de perfiles de
amplificacién del ADN (RAPD-PCR) y el estudio de expresion de genes relacionados
con el proceso de micoparasitismo (QRT-PCR), junto al estudio de actividades
enzimaticas codificadas por estos genes y observaciones en placa, permitio
seleccionar aislados de T. harzianum con un alto potencial biocontrol frente al
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patdgeno F. oxysporum. La presencia de paredes celulares del patégeno activé la
expresion de estos genes, siendo su perfil de expresion diferente segun cada
aislado. Los aislados de T. harzianum T-30 y T-78, que presentaron mayor actividad
quitinasa, NAGasa y p-1,3-glucanasa, mostraron también el mayor grado de

micoparasitismo cuando fueron enfrentados en placa con el patdgeno.

El estudio de los perfiles de expresion de los genes relacionados con el efecto
biocontrol de T. harzianum permitié6 también evaluar la respuesta del sistema
quitinolitico de este hongo frente a tres residuos ricos en quitina. El uso tanto de
quitosano, como de harina de camardn y restos de champifion, activaron los genes
responsables de la actividad quitinolitica de este hongo. Ademas, nuestros
resultados mostraron que el posible efecto inhibidor de algunas de estas sustancias
se disipaba cuando se utilizaron como complementos de la turba en experimentos en
semillero. Bajo estas condiciones de semillero, la presencia de T. harzianum y de
estos compuestos aumentd la actividad quitinolitica (quitinasa y NAGasa) de los
sustratos, lo cual se relaciond con un menor efecto del patégeno en las plantas, que
presentaban un mayor mantenimiento del peso seco en presencia del patégeno.
Ademas, se demostr6 que pequefias cantidades de estos compuestos ricos en
quitina adicionadas a turbas inoculadas con T. harzianum mejoraban el crecimiento
de las plantulas debido a su aporte nutricional, ofreciendo por tanto un valor afiadido

para estos residuos en el campo de la agricultura.
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Summary

The biological control of fungal phytopathogens has emerged as an efficient
and nature-friendly alternative to substitute the use of chemical products in
agriculture. This measure is of great importance in the field of organic farming, where
the use of these chemicals (pesticides and fungicides) is banned by European
regulation, making these crops particularly sensitive to different pathogens. One of
these pathogens, Fusarium oxysporum f. sp. melonis, causal agent of Fusarium wilt
of melon, is primarily responsible for huge losses at both the field and during the
production of seedlings in nurseries. The problem of this disease in the greenhouse
nursery is even more important, since these facilities have the optimal conditions for
disease development and spread of the pathogen, and the possibility of transfer to

the field, thus favoring the disease spread.

The use of isolates of the fungus Trichoderma harzianum has shown good
results as a biological control agent (BCA) against this phytopathogen at greenhouse
nursery level. The biocontrol effect of these isolates is due to several mechanisms of
action, such as antibiotic production, nutrient and space competition, and the
secretion of a large battery of hydrolytic enzymes that allow them to act as a

mycoparasite of phytopathogens.

The application of these BCA, however, requires effective tools that allow not
only the selection of isolates with the highest biocontrol potential or the highest
effectiveness against the disease, but also of tools that allow the monitoring of this
BCA once inoculated into organic substrates for the growth of seedlings in
greenhouse nurseries. In turn, the implementation and development of these tools for
rapid detection of the phytopathogen greatly improve the control of the disease,

reducing the potential losses and the spread of the disease.

The development of molecular methods based in DNA and PCR during the last
decades has provided powerful tools for in-depth study of both antagonistic fungi as

phytopathogen. Among all these techniques, the real-time PCR stands as a good
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alternative

to the use of other conventional methods such as plate culture or

microscopy for monitoring and study of the use of BCAs.

In this context, the aim of this Doctoral Thesis focused on applying and

developing

these molecular tools in the use of T. harzianum in controlling Fusarium

wilt of melon seedlings. To this end, the thesis was structured in two parts: the first,

which includes Chapters 1, 2 and 3, focused on the detection and quantification both

BCA and the phytopathogen; and a second part, comprising Chapters 4 and 5,

focused on the study of biocontrol mechanisms of T. harzianum against the pathogen

F. oxysporum:

Chapter 1.

Chapter 2.

Chapter 3.

Chapter 4.

Chapter 5.
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The results in this thesis provided a molecular system based on primers and
TagMan probe for specific detection and quantification of T. harzianum by real-time
PCR, both in pure cultures as organic substrates in the greenhouse nursery.
Moreover, the use of this system to quantify the amount of active T. harzianum in the
substrate, by gRT-PCR, gave a completely different population curve to that achieved
with real-time PCR (qPCR) and / or plate culture, showing how this fungus was able

to grow in seedlings growth media under greenhouse nursery conditions.

The use of compost inoculated with T. harzianum also showed better results in
controlling the disease than the use of peat inoculated with the BCA, reducing weight
loss and infection by the pathogen. These results confirmed that compost-based
growing media can be good alternatives for controlling Fusarium wilt of melon

seedling at greenhouse nursery level.

The results of this thesis also included developing a TagMan system to detect
and quantify F. oxysporum by real-time PCR under greenhouse nursery conditions.
This system allowed the detection of the fungus in plant tissues in the early stages of
infection when no symptoms are observed, and the detection and quantification of the
pathogen in the substrate of melon seedlings. This system offered greater sensitivity

and speed, in less than 48 h, than the classical methods of plate culture.

The use of molecular techniques based on the study of DNA amplification
profiles (RAPD-PCR) and the study of gene expression related to the process of
mycoparasitism (QRT-PCR), together with the study of enzymatic activities encoded
by these genes and dual plate confrontation assays, allowed to select isolates of T.
harzianum with high biocontrol potential against the pathogen F. oxysporum. The
presence of the pathogen cell walls triggered the expression of these genes, their
expression profile being different for each isolated. The isolates T-30 and T-78, which
showed higher chitinase activity, N-acetylglucosaminidase and p-1,3-glucanase also
showed the highest degree of mycoparasitism when they were confronted with the

pathogen on plate.

The study of the expression profiles of genes related to the biocontrol effect of
T. harzianum also allowed evaluating the response of the chitinolytic system of this
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fungus against three chitin-rich residues. The use of both chitosan and shrimp meal
and mushroom wastes activated the expression of the genes involved in the
chitinolytic activity of this fungus. Moreover, our results showed that the possible
inhibitory effect of some of these substances was dissipated when were used as
complements of peat in experiments under greenhouse nursery conditions. Under
these in vivo conditions, the presence of T. harzianum and these residues increased
the chitinolytic activity (chitinase and N-acetylglucosaminidase) of the seedling
substrates, which was associated with a lower effect of the pathogen in plants that
had a higher dry weight maintenance in the presence of the F. oxysporum. The
results of this thesis also showed that small amounts of these compounds rich in
chitin added to peat inoculated with T. harzianum improved the seedling growth due
to its nutritional value, thereby offering added value for these residues in the field of
agriculture.
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