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SUMMARY 

Wild olive (Olea europaea subs. europaea var. sylvestris) and cork oak (Quercus suber) 

are keystone tree species of high ecological value for Mediterranean forests. They are 

also species of economic importance: wild olive represents a unique source of genetic 

variability for olive breeding programs, as well as cork industry and Iberian pig 

production depend on cork oak forestry. Both species are suffering root rots, decline, and 

death, which seriously threaten their future. Nothing has been reported about the etiology 

of wild olive root rots, whereas it is well known the role of Phytophthora cinnamomi as 

the main agent of root rot on cork oaks, although Pythium spiculum has been also proved 

to be a root pathogen on it. Nevertheless, some epidemiological aspects of cork oak root 

disease remained unknown.  

Dealing with wild olive root rots, three Phytophthora spp., namely P. cryptogea, P. oleae 

and P. megasperma, and also Py. spiculum, were consistently isolated from wild olive 

necrotic roots, and their pathogenicity demonstrated in potted seedlings. Preliminary 

samplings (2009) revealed P. megasperma as the main pathogen associated with this 

disease, but in this work, P. cryptogea became the main species recovered from diseased 

roots in 2013, likely related with the forecasted increase of temperatures, favouring 

infections by the more thermophilic species, P. cryptogea. Moreover, since its first 

detection in 2014, the invasive new species P. oleae seems to be replacing both native 

Phytophthora spp., then putting at risk not only the survival of wild olive forests, but also 

being a potential threat for olive orchards.  

Respect to epidemiology of the root rot affecting cork oaks, it was demonstrated how P. 

cinnamomi acts as a virulent pathogen independently of previous water stress (drought) 

suffered by seedlings, when they are exposed to soil infested by chlamydospores. 

Consequently, drought by itself cannot be considered as a predisposing factor required 

for Phytophthora root disease development in cork oaks. Nevertheless, soil water content 

determines the preferential root infection by P. cinnamomi or Py. spiculum in cork oaks. 

Phytophthora cinnamomi was highly virulent in saturated to moderately dry soils (soil 

water content ≥ 25%), causing high levels of root necrosis, but it resulted unable to infect 

roots when soil humidity drops to 12% (drought). In contrast, Py. spiculum can infect oak 

roots at drought, being less virulent than P. cinnamomi in wet soils, and unable to infect 

roots in saturated soils. In oaks potted in soils simultaneously infested with both species, 



ii 
 

root symptoms always were as those induced by P. cinnamomi alone at soil water contents 

ranging between 9-100%, without any synergy between pathogens. Overall, P. 

cinnamomi will prevail as Quercus root pathogen in saturated to moderately wet soils, 

while Py. spiculum will do so only in absence of P. cinnamomi, or in droughted soils. 

Thus, Mediterranan-oak woodlands, usually infested by both pathogens, are at risk of 

disease outbreaks at present and under the expected increasing aridity in the 

Mediterranean region. 

On the other hand, the need for an environmental-friendly disease management in dehesa 

and natural oak forests, makes the use of resistance inducers (phosphonates) a suitable 

option. These products can be trunk-applied by endotherapy, stimulating the natural tree 

defences and avoiding contamination of cork oak woodland ecosystems. In this context, 

the effect of these products was evaluated for P. cinnamomi mycelial growth inhibition 

(in vitro) and tested to prevent infections on Q. suber seedlings (in planta). At doses 

recommended by manufacturers (100 μg/mL), potassium phosphite totally inhibited 

colony radial growth, whereas fosetyl-aluminium led to an inhibition of 75%. However, 

only the seedlings treated with fosetyl-aluminium showed root symptom levels like 

uninfected control ones. In addition, the effectiveness of potassium phosphite and fosetyl-

aluminium was evaluated against wild olive root pathogens in vitro and in planta. 

Potassium phosphite reduced the mycelial growth of P. cryptogea, P. oleae, P. 

megasperma and Py. spiculum, while fosetyl-aluminium only inhibited growth of P. 

cryptogea and P. oleae. Nevertheless, when tested in planta, both products induced a 

significant decrease of root necrosis caused by Phytophthora pathogens.   

Finally, as the use of potassium phosphite was prohibited in Spain, due to its 

commercialization as fertilizer, fosetyl-aluminium was tested to be used against root 

disease affecting cork oaks. Fosetyl-aluminium is a phosphonate marketed in Spain as a 

fungicide, registered for its use in agriculture and some forestry crops. This product was 

tested in a seminatural cork oak woodland (dehesa) applied by trunk injections at the dose 

recommended by the manufacturer for woody crops. Oaks were separated according to 

their defoliation class: asymptomatic (0-10% defoliation), slight (11-25%), or moderate 

(26-50%) defoliation. Additionally, rootlets and rhizosphere soil from each treee were 

sampled for pathogen isolation. Thirty oaks (10 per defoliation class) were treated and 

other thirty (controls) only received water. Cork oaks, including asymptomatic ones, were 

already root-infected by P. cinnamomi and Py. spiculum when fosetyl-aluminium or 
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water injections were applied. Evaluation of defoliation and root and soil sampling were 

repeated twice a year for 3 years. At the end of this evaluation period, fosetyl-aluminium 

significantly decreased defoliation in treated cork oaks in comparison with water-injected 

controls, regardless the initial defoliation class considered. A recovery of crown canopy 

was observed in treated oaks, suggesting some therapeutic effect of fosetyl-aluminium on 

preexisting infections, which would add to its preventive effect of new infections. On the 

other hand, changes in inoculum density in the rhizosphere or presence of P. cinnamomi 

and Py. spiculum in roots over time did not significantly depend on treatment. 

Nevertheless, a trend to a lower presence of pathogens in roots of treated oaks with 

increasing soil inoculum densities was confirmed. Foseyl-aluminium applied by trunk 

injection can therefore be used as part of the integrated approach to control this highly 

destructive disease in cork oak woodlands, including protected natural areas.  

Summarizing, this PhD thesis state the etiology of the root rots affecting wild olives, 

including the first report of the new pathogen P. oleae causing root disease on Olea spp.; 

clarify the influence of soil water content in the epidemiology of cork oak root disease; 

and provide statistical evidence of the preventive and therapeutic effectiveness of  

systemic phosphonates to avoid destruction of Mediterranean ecosystems based on oak 

woodlands. 
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RESUMEN 

El acebuche (Olea europaea subs. europaea var. sylvestris) y el alcornoque (Quercus 

suber) son especies clave en los ecosistemas mediterráneos. Además de su gran 

importancia ecológica, tienen un marcado valor económico: el acebuche es la principal 

fuente de recursos genéticos en los programas de mejora del olivo, mientras que la 

industria del corcho así como la alimentación del cerdo ibérico dependen directamente 

del alcornoque. Actualmente, ambas especies están siendo gravemente afectadas por 

podredumbres radicales, decaimiento y muerte del arbolado, que ponen en grave peligro 

su conservación. Aunque se desconoce la etiología de estas enfermedades en el acebuche, 

es de sobra conocido que Phytophthora cinnamomi es el principal agente causal de la 

podredumbre radical del alcornoque, si bien Pythium spiculum también se ha descrito 

como patógeno de esta especie. No obstante, existen algunos aspectos epidemiológicos 

de la podredumbre radical del alcornoque aún no aclarados.  

En cuanto a la podredumbre radical del acebuche, se han aislado consistentemente tres 

especies del género Phytophthora (P. cryptogea, P. oleae y P. megasperma), junto con 

Py. spiculum, a partir de raíces de árboles sintomáticos, demostrándose su patogenicidad 

en plantones. En muestreos previos (2009), P. megasperma fue el principal patógeno 

asociado a la enfermedad, mientras que en este trabajo se ha constatado que, en 2013, P. 

cryptogea fue la principal especie aislada, probablemente debido a un aumento 

generalizado de las temperaturas, favoreciendo las infecciones radicales por parte de una 

especie más termófila, como es P. cyptogea. Además, desde su primera detección en 

2014, la nueva especie invasora P. oleae parece estar desplazando a las especies de 

Phytophthora nativas, poniendo en peligro no solo la supervivencia de los acebuchales, 

sino que también representa un grave riesgo para el olivar.  

Con respecto a la epidemiología de la podredumbre radical del alcornoque, se demostró 

cómo P. cinnamomi actúa como un patógeno virulento cuando los plantones se 

expusieron a suelos infestados con clamidosporas, independientemente de las condiciones 

de estrés hídrico (sequía) que previamente sufrieron los plantones. Por lo tanto, la sequía 

por sí misma no puede ser considerada como un factor predisponente necesario para el 

desarrollo de la podredumbre radical del alcornoque. No obstante, el contenido de 

humedad del suelo es un factor determinante para la  infección radical del alcornoque por 

P. cinnamomi o Py. spiculum. Phytophthora cinnamomi fue altamente virulento en suelos 

con un porcentaje de humedad entre la saturación y la sequía moderada (≥ 25%), causando 
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altos niveles de necrosis radical, pero fue incapaz de infectar las raíces cuando la humedad 

del suelo disminuyó hasta el 12% (sequía). Por el contrario, Py. spiculum puede infectar 

la raíz del alcornoque en condiciones de sequía, pero resulta menos virulento que P. 

cinnamomi en suelos húmedos, e incapaz de infectar las raíces en suelos saturados. En 

los alcornoques inoculados simultáneamente con ambos patógenos, los síntomas radicales 

fueron siempre similares a los producidos en solitario por P. cinnamomi en un amplio 

rango de humedad del suelo (9-100%), sin ningún efecto sinérgico entre los dos 

patógenos. Por lo tanto, P. cinnamomi predominará como patógeno radical de Quercus 

en suelos saturados a moderadamente húmedos, mientras que Py. spiculum será el 

patógeno predominante solamente en ausencia de P. cinnamomi o en condiciones de 

sequía. De esta forma, los bosques de Quercus mediterráneos, habitualmente infestados 

por ambos patógenos, estarán en riesgo de sufrir epidemias de la enfermedad en el 

momento presente y también bajo las condiciones de aumento de la aridez previstas para 

la región mediterránea.  

Por otra parte, la creciente necesidad de un manejo integral de las enfermedades que 

afectan a las dehesas y montes de Quercus, que además sea respetuoso con el medio 

ambiente, hace del uso de productos activadores de resistencia (fosfonatos) una opción 

atractiva. Estos productos pueden ser aplicados directamente al tronco (endoterapia), 

estimulando las defensas naturales del árbol frente a determinados patógenos e 

impidiendo la contaminación de las dehesas y alcornocales. En este contexto, se evaluó 

la capacidad de estos productos para inhibir in vitro el crecimiento micelial de P. 

cinnamomi  y se ensayó su eficacia para prevenir la infección en plantones de alcornoque. 

Se demostró que el fosfito potásico, a la dosis recomendada por el fabricante (100 μg/mL), 

inhibe totalmente el crecimiento radial de las colonias de P. cinnamomi, mientras que el 

fosetil-aluminio indujo una reducción del crecimiento del 75%. Sin embargo, solamente 

las plantas tratadas con fosetil-aluminio mostraron unos niveles de síntomas radicales 

similares a los de las plantas no inoculadas. Además, también se evaluó la eficacia del 

fosfito potásico y el fosetil-aluminio contra los patógenos radicales del acebuche en 

condiciones in vitro e in planta. El fosfito potásico redujo el crecimiento micelial de P. 

cryptogea, P. oleae, P. megasperma y Py. spiculum, mientras que el fosetil-aluminio solo 

fue efectivo contra P. cryptogea y P. oleae. Sin embargo, cuando se ensayaron in planta, 

ambos fosfonatos redujeron significativamente la necrosis radical causada por todas las 

Phytophthora spp.  
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Finalmente, y debido a que el uso del fosfito potásico se prohibió en España, debido a su 

comercialización como fertilizante fosfórico, se ensayó la efectividad del fosetil-aluminio 

contra la podredumbre radical del alcornoque. Este producto es un fosfonato registrado 

en España como fungicida para su uso en cultivos agrícolas y algunos cultivos forestales. 

Por ello, se ensayó la eficacia del fosetil-aluminio en una dehesa de alcornoque, aplicando 

el producto por inyección al tronco a la dosis recomendada por el fabricante para cultivos 

leñosos. Los árboles se catalogaron en función de su clase de defoliación: árboles 

asintomáticos (0-10% de defoliación), con defoliación leve (11-25%) o moderada (26-

50%). Además, se tomaron muestras de raicillas absorbentes y de suelo de la rizosfera de 

cada árbol para el aislamiento de patógenos. Se inyectaron 30 árboles (10 por clase de 

defoliación) con fosetil-aluminio, y otros 30 (testigos) solamente con agua. Los 

alcornoques, incluyendo algunos asintomáticos, ya estaban infectados con P. cinnamomi 

y Py. spiculum cuando se realizó el tratamiento con fosetil-aluminio o con agua. La 

evaluación de la defoliación y los muestreos de raíz y suelo se repitieron dos veces al año 

durante 3 años. Al final del periodo de evaluación, la aplicación de fosetil-aluminio redujo 

significativamente la defoliación de los árboles tratados en comparación con los testigos, 

independientemente de la clase de defoliación inicial.  Además, se observó una mejora de 

la cobertura foliar en los árboles tratados, lo que sugiere un efecto terapéutico del fosetil-

aluminio sobre las infecciones preexistentes, que se sumaría a su efecto preventivo contra 

las nuevas infecciones. Por otro lado, las variaciones en la densidad de inóculo en el suelo 

o en la presencia de P. cinnnamomi y Py. spiculum en las raíces a lo largo del tiempo de 

evaluación, no dependieron significativamente del tratamiento aplicado. No obstante, se 

confirmó la tendencia a una menor presencia de patógenos en la raíz de los árboles 

tratados a concentraciones crecientes de densidad de inóculo en el suelo. Por lo tanto, la 

aplicación de inyecciones al tronco de fosetil-aluminio debe considerarse como una 

medida efectiva en el manejo integrado de esta grave enfermedad del alcornoque, incluso 

en áreas naturales protegidas. 

En resumen, esta Tesis Doctoral ha permitido determinar la etiología de las podredumbres 

radicales del acebuche, incluyendo la primera descripción de P. oleae como patógeno 

radical de Olea spp., así como esclarecer la influencia del contenido hídrico del suelo en 

la epidemiología de la podredumbre radical del alcornoque, además de aportar evidencia 

experimental contrastada del efecto preventivo y curativo de los fosfonatos para evitar la 

destrucción de los ecosistemas mediterráneos dominados por el alcornoque.  
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INTRODUCCIÓN Y OBJETIVOS 

El alcornoque (Quercus suber L.) y el acebuche (Olea europaea subsp. europaea 

var. sylvestris) constituyen dos de los elementos clave de los bosques mediterráneos 

(Costa et al. 1997). Estos ecosistemas son especialmente proclives a sufrir procesos de 

decaimiento derivados del cambio global, lo que está provocando una reducción en su 

superficie y un empobrecimiento de su biodiversidad  (Allen et al. 2010, Carnicer et al. 

2011). El cambio global es un proceso complejo en el que intervienen factores como el 

cambio climático, la alteración del ciclo del nitrógeno, el envejecimiento de las masas 

arbóreas, así como la incidencia de enfermedades y plagas (Vitousek 1994, Vitousek et 

al. 1997). Estos factores han sido frecuentemente estudiados de forma independiente. Sin 

embargo, el cambio global no puede ser considerado como un sistema simple de causa-

efecto, ya que los distintos factores involucrados interactúan entre sí generando efectos 

difícilmente previsibles. 

Los modelos de cambio climático para la Cuenca Mediterránea predicen un 

aumento generalizado de las temperaturas y un descenso de las precipitaciones, así como 

un incremento de la frecuencia de eventos climáticos extremos (IPCC 2014, Lindner et 

al. 2010). Esta previsible aridificación causaría efectos negativos directos sobre la 

vegetación, pudiendo también influir sobre los agentes bióticos causantes de plagas y 

enfermedades, modificando su rango de distribución o aumentando el número de especies 

forestales susceptibles (Bergot et al. 2004; Jactel et al. 2012; Thompson et al. 2014). 

En este contexto, uno de los mayores problemas a los que se enfrentan los 

ecosistemas forestales mediterráneos son las enfermedades radicales causadas por 

oomicetos (Liebhold et al. 2017; Sena et al. 2018). Estos microorganismos producen una 

destrucción masiva de raíces absorbentes de los árboles que infectan, reduciendo su 

capacidad de absorción de agua y nutrientes, y generando en la parte aérea una 

sintomatología muy inespecífica: amarillez y/o marchitez foliar, defoliación y muerte 

regresiva de brotes y ramas (Erwin y Ribeiro 1996).  

El acebuche, en general, es una especie forestal poco susceptible a la incidencia de 

enfermedades. Sin embargo, en uno de los acebuchales más importantes de Europa (Smits 

et al. 2005), se observó en el año 2009 la sintomatología típica de una podredumbre 
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radical. Por ello, se planteó la necesidad de determinar la etiología de esta enfermedad, 

que puede poner en peligro la conservación de un acebuchal de alto valor ecológico.  

Por otra parte, la podredumbre radical causada por Phytophthora cinnamomi y 

Pythium spiculum se ha convertido en la principal causa de muerte del alcornoque en el 

suroeste de la Península Ibérica (Sánchez et al. 2006; Romero et al. 2007). Phytophthora 

cinnamomi es el único microorganismo incluido en las 100 especies exóticas invasoras 

más dañinas del mundo (Lowe et al. 2000). Existen numerosos estudios sobre diferentes 

aspectos epidemiológicos de la enfermedad radical que causa en los Quercus 

mediterráneos (Sánchez et al. 2002; Hardham 2005; Desprez-Loustau et al. 2006; 

Corcobado et al. 2013; Hubbart et al. 2016). Sin embargo, quedan por aclarar algunos 

aspectos relevantes, como el papel de la sequía, tantas veces citado como un factor 

predisponente a la infección por P. cinnamomi, o su capacidad de competencia con el otro 

oomiceto implicado, Py. spiculum, para infectar la raíz del alcornoque, tanto en las 

condiciones climáticas actuales, como bajo las futuras condiciones previstas por los 

modelos de cambio climático.  

En cuanto al control de este tipo de enfermedades en especies forestales, cabe 

destacar el manejo integrado de la enfermedad en dehesas de encina mediante un buen 

manejo del ganado, drenajes (Fernández et al. 2008), selección de cultivos herbáceos no 

susceptibles al patógeno (Serrano et al. 2012a), fertilización cálcica (Serrano et al. 

2012b), o biofumigación (Ríos et al., 2016). Sin embargo, la mayoría de estas medidas 

son de difícil aplicación en un medio natural no antropizado. En ecosistemas naturales, 

las podredumbres radicales suelen controlarse principalmente mediante la aplicación de 

fosfonatos, siendo un ejemplo paradigmático el control de la podredumbre radical de 

eucaliptos en bosques naturales australianos. Los fosfonatos son productos fitosanitarios 

inductores de resistencia (fitoactivadores) de carácter sistémico. Son sales de bajo peso 

molecular del ácido fosforoso, no tóxicas y absorbibles por la planta, capaces de 

desplazarse por el xilema (movimiento acrópeto) y el floema (movimiento basípeto). Por 

este motivo, a diferencia de otros productos sistémicos, los fosfonatos pueden ser 

aplicados al tronco mediante inyección (Whiley et al. 1995; Hardy et al. 2001; Garbelotto 

et al. 2007) o pulverizarse sobre el follaje (Jackson et al. 2000; Hardy et al. 2001; 

Wilkinson et al. 2001; Garbelotto et al. 2007; Shearer et al. 2012; Scott et al. 2016). Los 

productos basados en fosfito potásico han mostrado buenos resultados en el control 

preventivo de podredumbres radicales causadas por Phytophthora spp. en Quercus ilex 

2



(Fernández-Escobar et al. 1999); Quercus agrifolia (Garbelotto et al. 2009); Eucalyptus 

spp. y otras especies nativas australianas (Jackson et al. 2000; Hardy et al. 2001; Daniel 

y Guest 2005; Shearer et al. 2006; Scott et al. 2013), castaños (Gentile et al. 2009) o 

Austrocedrus chilensis (Silva et al. 2016). Sin embargo, la comercialización de las sales 

del ácido fosforoso (fosfitos) como fertilizantes ha dado lugar a la prohibición de su uso 

en tanto no sean comercializados como productos fitosanitarios, según su adscripción en 

el Registro Único Europeo (European Pesticides database 

https://ec.europa.eu/food/plant/pesticides/eu-pesticides-

database/public/?event=homepage&language=EN). Por este motivo, se hace necesario 

testar otros fosfonatos sistémicos comercializados como fitosanitarios para su posible uso 

tanto en monte como en sistemas adehesados. 

En base a estas premisas, los objetivos de esta Tesis Doctoral son: 

1. Determinar la etiología de la podredumbre radical que afecta al acebuche. 

2. Esclarecer la influencia del estrés hídrico del alcornoque como factor 

predisponente para la infección por Phytophthora cinnamomi. 

3. Determinar el grado de competencia entre P. cinnamomi y Py. spiculum para 

infectar la raíz del alcornoque en un gradiente de humedad del suelo.  

4. Evaluar la eficacia de inductores de resistencia (fosfonatos) en el control de la 

podredumbre radical del alcornoque y el acebuche en condiciones controladas.   

5. Evaluar la eficacia de inductores de resistencia (fosetil-aluminio) en el control de 

la podredumbre radical del alcornoque en campo. 

 Los resultados relacionados con el primer objetivo se abordan en los artículos 

“First report of Pythium spiculum causing root rot on wild-olive in Spain” publicado en 

Plant Disease 100: 1023 (2016); “Two Phytophthora species causing decline of wild 

olive (Olea europaea subsp. europaea var. sylvestris)” publicado en Plant Pathology, 66: 

941-948 (2017); y “Phytophthora oleae, a new root pathogen of wild olives” publicado 

en Plant Pathology, 68: 901-907 (2019). 

 Los resultados del segundo objetivo se reflejan en el artículo “Unravelling the role 

of drought as predisposing factor for Quercus suber decline caused by Phytophthora 

cinnamomi” en revisión en European Journal of Plant Pathology. 
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 Los del tercer objetivo están expuestos en el artículo “Competition between 

Phytophthora cinnamomi and Pythium spiculum for Quercus root infection: the role of 

soil water content” en revisión en Annals of Forest Sciences. 

 Los resultados concernientes al cuarto objetivo aparecen reflejados en “Testing 

systemic fungicides for control of Phytophthora oak root disease” publicado en Forest 

Pathology 47: e12343 (2017); y “Effectiveness of systemic products for control of wild 

olive root pathogens”, en revisión en Phytopathologia Mediterranea.  

 Finalmente, los resultados del quinto objetivo se exponen en “Fosetyl-aluminium 

injection controls the root rot disease affecting Quercus suber in southern Spain” en 

prensa en European Journal of Forest Pathology. DOI: 10.1007/s10658-019-01865-1. 
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CAPÍTULO 1: Etiología de la podredumbre radical del acebuche 
------------------------------------------------------------------------------ 

CHAPTER 1: Etiology of wild olive root rot  
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En este capítulo se detallan los resultados relativos al Objetivo 1 de esta Tesis Doctoral, 
en el cual se plantea conocer los agentes causales de la podredumbre radical de Olea 
europaea subsp. europaea var. sylvestris. 

Los resultados obtenidos se han recogido en los artículos: 

Capítulo 1.1, publicado en Plant Disease 2016, volumen 10, página 1023, y titulado: 

“First report of Pythium spiculum causing root rot on wild-olive in Spain” 

Autores: Mario González, María Socorro Serrano, María Esperanza Sánchez 

Capítulo 1.2, publicado en Plant Pathology 2017, volumen 66, páginas 941-948, y 
titulado: 

“Two Phytophthora species causing decline of wild olive (Olea europaea subsp. 
europaea var. sylvestris)” 

Autores: Mario González, Ana Pérez-Sierra, María Socorro Serrano, María Esperanza 
Sánchez 

Capítulo 1.3, publicado en Plant Pathology 2019, volumen 68, páginas 901-909, y 
titulado: 

“Phytophthora oleae, a new root pathogen of wild olives” 

Autores: Mario González, Ana Pérez-Sierra, María Esperanza Sánchez 
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The wild-olive (Olea europaea var. sylvestris) has a high ecological value in the Mediterranean Basin. 
In 2007 a severe root rot, similar in symptomatology to that caused by Phytophthora spp. in cultivated 
olives (Sánchez et al. 1998), was detected in a wildolive forest in a Natural Reserve in Spain (Dehesa 
de Abajo, Seville). Twenty five symptomatic trees displaying foliar yellowing, wilting and 
defoliation, and feeder root necrosis, were sampled in May and December 2013. Isolates consistently 
obtained from feeder roots exhibited spiny oospores (15.0±1.2 µm in diameter) typical of Pythium 
spiculum (Paul et al. 2006). They showed a 99-100% homology with their expected ITS sequence in 
GenBank (DQ196131). Pythium spiculum was isolated from 48% of sampled trees in May, increasing to 
76% in December 2013. Pathogenicity tests were conducted on healthy 1-year-old wild-olive 
seedlings grown in fertilized peat (San Jeronimo Nursery, Environment Council, Andalusian 
Government, Spain). The isolate PYWO6 of P. spiculum, coming from diseased rootlets, was cultured 
in carrot broth and incubated at 22ºC for 4 weeks. Inoculum was prepared by shaking the mycelium in 
sterile water to produce an oospore water suspension (2.2x104 oosporesxml-1). Fifty millilitres of 
inoculum were added to each root ball of ten seedlings (replicates) and only water was added to 
another ten seedlings acting as controls. AII plants were individually transferred to plastic pots, 
each one containing 2 L of fertilized peat, maintained in a growth chamber (24ºC day / 20ºC 
night), and flooded 2 days per week to favour root infections. Severity of foliar symptoms was 
evaluated weekly on a 0-4 scale (0=0% of symptomatic leaves, 4=total wilt, as described by 
Sánchez et al. 2005) during 20 weeks. After this time, the relative area under the disease progress 
curve (rAUDPC, Campbell and Madden 1990) was calculated for foliar symptoms a percentage with 
regard to the potential maximum value, and root damage assessed on a similar 0-4 scale (Sánchez et 
al. 2005). ANOVA was performed for foliar rAUDPC and root symptoms values, and mean values 
compared by the  Tukey's test (a=0.05). Inoculated plants exhibited rAUDPC values significantly higher 
(P=0.0072) than controls. Root symptoms in inoculated seedlings (averaging 2.7±0.3) also differed 
significantly (P<0.0001) from those of control plant s    (   av     era    g   in   g     0.        2±0.1,         possibly due to flooding). The

pathogen was always re-isolated from necrotic roots of inoculated seedlings and never from controls. 

Pythium spiculum has been cited causing root disease on Quercus ilex and Q. suber, and it has been 

also isolated from symptomatic Vitis, Prunus, Castanea and Celtis spp. (Romero et al. 2007), but this 

is the first report of P. spiculum causing root rot on Olea spp. Currently there are no reports of it 

affecting cultivated olive trees but it should be considered as a potential risk for this important 

Mediterranean crop, as well as wild-olive forests. 
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Two Phytophthora species causing decline of wild olive
(Olea europaea subsp. europaea var. sylvestris)

M. Gonz�alezab, A. P�erez-Sierrab, M. S. Serranoac and M. E. S�ancheza*
aAgronomy Department, ETSIAM, University of C�ordoba, Ctra. Madrid-C�adiz 396, 14014 C�ordoba, Spain; bTree Health Diagnostic and

Advisory Service, Forest Research, Alice Holt Lodge, Farnham, GU10 4LH, UK; and cForest Pathology and Mycology Department,

University of California at Berkeley, 338 Hildgard Hall, Berkeley, CA 94720, USA

Since 2009, a severe decline leading to mortality has been observed affecting nearly 5 ha of a wild olive woodland of

high ecological value in Seville, southern Spain. Phytophthora cryptogea and P. megasperma were consistently isolated

from roots and rhizosphere of trees with symptoms sampled in 2009, 2011 and 2013. The isolates were identified on

the basis of colony and reproductive structure morphology as well as temperature–growth relationships, and identifica-

tion was further corroborated by their ITS and b-tubulin sequences. Koch’s postulates were demonstrated for both spe-

cies on 1-year-old wild olives. Pathogenicity tests showed that both Phytophthora spp. are highly aggressive pathogens,

although temperature–growth requirements for each species were distinct. As a consequence, the two species may be

active in different seasons and their epidemiology may be differently influenced by global climate change, and they may

show their active periods in different climatic scenarios. The climate change models for the Mediterranean Basin fore-

cast a global temperature increase that favours the more thermophilic P. cryptogea. The high susceptibility to phytoph-

thora root rot should not be disregarded in olive breeding programmes where wild olive is used as a source of

resistance to verticillium wilt.

Keywords: Natural Reserve, Phytophthora cryptogea, Phytophthora megasperma, root rot

Introduction

Olive (Olea europaea subsp. europaea var. europaea) is
the most important oil tree crop in temperate areas
worldwide (FAO, 2015) and especially in the Mediter-
ranean Basin. Cultivated olives were probably domesti-
cated somewhere in the Persian-Syrian region and
subsequently introduced throughout the Mediterranean
Basin by ancient Mediterranean civilizations (Jim�enez-
D�ıaz et al., 2012). Wild olives (O. europaea subsp.
europaea var. sylvestris) represent a distinct botanical
variety of the subspecies europaea. In Spain, wild olives
represent an important component of olive genetic her-
itage and their presence in pure or mixed forests is con-
sidered the best bioindicator of the Mediterranean
Floristic Region (Rubio de Casas et al., 2002). Many
efforts have been directed toward the conservation, eval-
uation and useful exploitation of wild olive germplasm
(Arias-Calder�on et al., 2015). Traditionally, olive trees
have been vegetatively propagated by on-farm rooting of
woody stems by farmers (Jim�enez-D�ıaz et al., 2012),
resulting in thousands of cultivars coming from empirical
selection and often restricted to their specific areas of ori-
gin (Belaj et al., 2012). In contrast, wild olives reproduce
sexually, and therefore exhibit higher genetic diversity
than their cultivated relatives (Arias-Calder�on et al.,

2015). Previous results indicate that wild olive in
Andalusia (southern Spain) represents a differentiated
gene pool from cultivars of the same area and from wild
olive populations of other regions (Belaj et al., 2011).
Wild relatives of extant crop plants can be used as par-
ents in breeding programmes to improve crop perfor-
mance for different agronomic traits. This strategy has
been used by plant breeders of different crops for over a
century and recent surveys indicate that over 80% of the
beneficial traits conferred by wild relatives involve pest
and disease resistance (Hajjar & Hodgkin, 2007).
From the beginning of the 1990s, wilting and death of

olive trees caused by Phytophthora megasperma and
P. inundata has been affecting commercial olive cultivars
in southern Spain (S�anchez-Hern�andez et al., 2001; Bra-
sier et al., 2003). Recently, a similar root rot was
detected in a Natural Reserve (Dehesa de Abajo, Seville,
Spain) close to Do~nana National Park, affecting nearly
5 ha of wild olive woodland of high ecological value.
This wild olive forest grows around a natural pond,
markedly suffering fluctuations in water tables due to the
seasonal distribution of rainfall and increased by water
extraction for agricultural purposes, alternating seasonal
soil flooding and drought periods. Affected trees exhib-
ited different degree of symptoms depending on their dis-
tribution: moderate defoliation uphill, while severe
defoliation and tree death were recorded downhill. In
preliminary surveys carried out in 2009 and 2011, two
Phytophthora species were associated with rotten roots:*E-mail: ag1sahem@uco.es
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one species morphologically identified as P. megasperma
and a second self-sterile Phytophthora sp. (S�anchez et al.,
2014). Given the inherent ecological value of wild olive
and its potential use as a source of disease resistance for
olive breeding programmes, the objectives of this work
were to identify Phytophthora species associated with
the root disease and test them for pathogenicity on wild
olive. The implications of root diseases of wild olives
caused by Phytophthora spp. for olive breeding pro-
grammes are also considered.

Materials and methods

Field surveys and samplings

The Dehesa de Abajo Natural Reserve (Seville, Spain, UTM 29:
37°12033″N; 06°10016″W) is a protected area of Mediterranean

climate composed of pure stands of stone pine (Pinus pinea) and a

wild olive forest surrounding a natural pond that hosts protected

water birds. Soils are a mixture of gravel and sand with rainfall
rates averaging 648 mm per year, mainly distributed in autumn

and winter, and an average annual temperature of 18.8 °C (Con-

sejer�ıa de Agricultura, Pesca y Desarrollo Rural, 2013). Symp-
toms of decline affecting wild olives associated with root rot

disease have been reported since 2009 (S�anchez et al., 2014) and
consist of poor growth of the shoots, foliar yellowing and wilting,

defoliation and branch dieback, and finally tree death.
An initial sampling was carried out in November 2009. Sam-

ples of necrotic feeder roots and rhizosphere soil were taken

from three wild olives with symptoms in a focus located down-

hill (200 m from the pond and 7 m altitude; Focus D). Root
excavations (four holes from each tree with symptoms) were

carried out 1 m from the base of the trunk at a depth of

10–50 cm. A total of 200 cm3 of feeder roots with symptoms
and 1 kg of soil were collected from each tree and mixed to lead

to one single sample per tree. The samples (roots and soil) were

placed into plastic bags, kept in a cool box and carried to the

laboratory for further isolation. A second field survey made in
November 2011 revealed eight trees with symptoms in Focus D,

which were sampled using the same methodology. Finally, in

2013 two different samplings were carried out in May and

December. Using the same methodology, samples of root and
rhizosphere soil were taken from a total of 25 wild olives with

symptoms distributed in two foci: the eight trees in Focus D and

17 additional trees in a second focus located uphill (800 m from
the pond and 15 m altitude; Focus U).

Phytophthora isolation

Rotten feeder roots were washed under running tap water, air

dried, cut into 4 mm-long segments and directly plated on

NARPH medium (H€uberli et al., 2000). Plates were incubated
at 22 °C in the dark for 5 days. Soil samples were air dried and

sieved (2 mm). Six aliquots of 15 g of soil were placed in

200 mL plastic beakers and 180 mL distilled water added to

each beaker. After mixing the soil–water suspensions with a
glass rod, six pieces of newly formed olive leaves (4–5 mm long,

avoiding the leaf margin and the central vein) per beaker were

floated on the water, acting as baits for Phytophthora spp.
Beakers were then incubated for 4 days at 22 °C under 12 h

photoperiod. After the incubation period, the leaf pieces were

washed with sterile water, dried with sterile filter paper, and

plated in Petri dishes containing NARPH medium. These dishes

were incubated at 22 °C in the dark for 4 days. Colonies

obtained from damaged roots and soil were grouped according
to their morphology and transferred to 20% carrot agar (CA)

medium. Five isolates per colony morphology were selected

among the pure cultures for species identification and growth

characterization, two obtained in 2011 and three in 2013.

Morphological identification and growth
characterization

To characterize colony morphologies, 5 mm diameter agar plugs
were cut from the edges of actively growing colonies, placed in

the centre of Petri dishes (9 cm diameter, 20 mL CA medium

per dish), and incubated at 20 °C in the dark for 6 days. The
isolates were classified according to colony morphology: colour,

colony pattern, edge shape and aerial mycelium.

Morphological identification was based on characteristics of

the sexual (oogonia, antheridia and oospores) and asexual (spo-
rangia) reproductive structures.

For sexual structure characterization, the cultures selected

were individually transferred onto CA medium and incubated at

22 °C in the dark. The plates were periodically observed under
the inverted microscope (Olympus IMT-2, 940). After 20 days

of incubation, sexual reproductive structures were detected in

single cultures of some isolates. Then, small pieces of agar were
removed with a sterile needle, placed on glass slides and stained

with acid fuchsin in lactophenol (0.0005%) for observation

under the microscope (Nikon Eclipse 80i, 9100).

For each isolate, 30 mature oogonia, 30 antheridia and 30
oospores were randomly chosen and the following parameters

were measured (NIS-Elements D 2.30; Nikon Instruments):

oogonium and oospore diameter, antheridium length and thick-

ness of the oospore wall.
When sexual reproductive structures were not present in sin-

gle cultures after 20 days of incubation, pairing tests were car-

ried out with Phytophthora testers of already known mating
type: P. cinnamomi A2 (Culture Collection, University of

C�ordoba, Spain), P. cryptogea A1 and P. cryptogea A2 (Culture

Collection, Mediterranean Forest Institute of Politechnique

University of Valencia, Spain). For pairing tests, dual cultures
were prepared in 5 cm Petri dishes with 8 mL CA medium per

dish. These dual cultures consisted of one agar plug from each

isolate from wild olive plated in one half of the dish and the tes-

ter isolate plated in the other half, 1 cm apart. Three plates with
dual cultures of every wild olive isolate with every tester were

prepared and incubated for 20 days at 22 °C in the dark. When

sexual reproductive structures were observed under the inverted

microscope, slides were prepared then mounted, stained, and
gametangia measured as described above.

To characterize sporangia, 5 mm diameter agar plugs were

cut from the edges of actively growing colonies, placed in the
centre of 5 cm diameter Petri dishes and sterile saline solution

(MSS; Chen & Zentmyer, 1970) was added to just cover the

plugs. Petri dishes were incubated at 20 °C in the dark. Every

24 h, the saline solution was removed and replaced with fresh
solution that had been stored at 4 °C. Sporangial production

was assessed by direct observation using an inverted microscope

(Olympus IMT-2, 940). Maximal sporangial development

occurred between 2 and 4 days. Mature sporangia were
removed and placed on glass microscope slides, then stained

with acid fuchsin in lactophenol (0.0005%) for observation

under the microscope (Nikon Eclipse 80i, 9100). For each iso-
late, 30 mature sporangia were randomly chosen and the follow-

ing parameters were measured (NIS-Elements D 2.30; Nikon
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Instruments): sporangium length and breadth, and pore width.

Other sporangial characteristics such as shape and presence or
absence of papilla were also recorded.

For growth rate tests, three replicates per isolate were pre-

pared in 9 cm Petri dishes with CA medium and incubated in

the dark at 5, 10, 15, 20, 25, 30, 33 or 35 °C. Colony radius
was measured daily until the colony covered the agar surface.

Growth rate per day was calculated for each isolate and incuba-

tion temperature. Maximum average data were adjusted to a
regression curve using STATISTIX v. 10.0 (Analytical Software).

The best polynomial model was chosen from several combina-

tions of terms, based on the significance of the estimated param-

eters (P < 0.05), coefficients of determination (R2), coefficients
of determination adjusted by degrees of freedom (Ra

2), and pat-

tern of residuals. Maximum growth rate and optimum growth

temperature were estimated for each morphological group over

the regression curve obtained.

DNA extraction, amplification and sequencing

Genomic DNA was obtained from 1-week-old pure cultures

grown on potato dextrose agar (PDA) at 25 °C in the dark.

Mycelium was scraped and mechanically disrupted by grinding
to a fine powder under liquid nitrogen using a mortar and pes-

tle. Total DNA was extracted using the E.Z.N.A. Plant Mini-

prep kit (Omega Bio-tek) following the manufacturer’s

instructions, and the DNA samples were stored at �20 °C.
The ITS region of the rDNA and the b-tubulin gene were

amplified by PCR using the universal primer pairs ITS6/ITS4

(White et al., 1990; Cooke et al., 2000) and BtubF1A/BtubR1A

(Blair et al., 2008), respectively. Each PCR contained 19 PCR
buffer, 2.5 mM MgCl2, 200 lM each dNTP, 0.4 lM each primer,

1 U DNA Taq polymerase (Dominion MBL), and 1 lL template

DNA. The PCR mix was adjusted to a final volume of 25 lL
with water. A Peltier thermal cycler-200 (MJ Research) was

used for PCR amplification. The cycling protocol for the ITS

region was: initial denaturing step of 94 °C for 3 min; 35 cycles

of 94 °C for 30 s, annealing at 54 °C for 30 s, extension at
72 °C for 45 s; and a final extension of 72 °C for 10 min. The

cycling protocol for the b-tubulin gene was: initial step of 94 °C
for 3 min; 35 cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C
for 60 s; and a final 10 min at 72 °C.

PCR products were purified with the High Pure PCR Product

Purification kit (Roche Diagnostics) and sequenced in both

directions by the DNA Sequencing Service of Macrogen (Nether-
lands). Sequences were edited using SEQUENCHER v. 4.7 (Gene

Codes Corp.) and CLUSTALW (Thompson et al., 1994) was used

to align consensus sequences. The sequences were compared

with sequences in GenBank database using the NCBI BLAST tool
(http://www.ncbi.nlm.nih.gov/BLAST/; Zhang et al., 2000).

Pathogenicity tests

One-year-old healthy wild olive seedlings from an Andalusian

Government forest nursery, previously checked for absence of
pathogens, were inoculated with one isolate from each Phytoph-
thora species associated with diseased wild olives:

P. megasperma (Pm) and P. cryptogea (Pc). To prepare Pm

inoculum, a P. megasperma isolate was placed in 9 cm Petri
dishes containing 20 mL of 20% carrot broth and incubated at

22 °C in the dark for 20 days. To obtain Pc inoculum, the cho-

sen P. cryptogea isolate from wild olive was placed in dual cul-

ture together with the A2 P. cryptogea tester in Petri dishes
containing carrot broth and similarly incubated. In both cases,

the mycelium produced after 20 days’ incubation was filtered,

washed and shaken in an electric mixer (Osterizer pulse-matic
16) with sterile water for 3 min. Oospore concentrations were

estimated by counting in a Neubauer chamber and adjusted to

2.2 9 104 oospores mL�1 for both Pm and Pc inocula. For inoc-

ulation, 50 mL of inoculum was homogeneously added to the
root ball of each plant, before transferring them into plastic pots

containing 2 L commercial peat (Turbas y Coco Mar Menor).

Uninoculated control plants were treated in the same way except
50 mL sterile water only was added. Ten plants (replicates) per

Phytophthora species were inoculated plus 10 additional uninoc-

ulated plants (controls). All the pots were incubated in an accli-

matized greenhouse (25 � 2 °C day and 10 � 2 °C night) and
flooded 2 days per week (Romero et al., 2007). Foliar symptoms

were assessed weekly for each plant based on a 0–4 scale,

according to the percentage of yellowing, wilted foliage or defo-

liation (0 = 0%, 1 = 1–33%, 2 = 34–66%, 3 = >67% and
4 = dead foliage; S�anchez Hern�andez et al., 1998). After

14 weeks, the relative area under the disease progress curve

(rAUDPC) was calculated as a percentage with regard to the

potential maximum value, as follows:

rAUDPC ¼ 100

ðsmax�teÞ�
Xn

i¼1

ðsi�siþ1Þ
2

�ðtiþ1�tiÞ

where si = disease severity value for observation number i,
smax = maximum value of severity (4), ti = number of days

between potting and observation i, te = total evaluation period,

and n = number of observations.
At the end of the experiment, root symptoms were also

assessed according to a similar 0–4 scale referring to root necro-

sis or rootlet absence percentage as follows: 0 = 0%, 1 = 1–
33%, 2 = 34–66%, 3 = >67%, 4 = dead root (S�anchez Hern�an-
dez et al., 1998).

Data on foliar symptoms, rAUDPCs and root symptoms were

tested for homoscedasticity by Bartlett’s test and then ANOVA

was performed and mean values were compared by the Tukey’s

HSD test for a = 0.05 (STATISTIX v. 10.0).

Additionally, root segments from inoculated or control plants

were carefully washed and plated on NARPH medium for reiso-
lation of the pathogens.

Results

Species identification

The colony morphology assessment on CA medium sepa-
rated the isolates into two groups, Pm and Pc (Table 1).
Pm isolates produced white, flat colonies with smooth
edges, scarce aerial mycelium, powdery appearance when
oospores were abundant, and a slightly petaloid growth
pattern. Gametangia were produced abundantly in single
culture. The Pc group of isolates showed white colonies
with sharp edges and cottony aerial mycelium with a
chrysanthemum growth pattern. Isolates in this group
did not produce gametangia in single culture, but they
were abundant when paired with A2 mating types of
P. cinnamomi or P. cryptogea.
Morphological characteristics of group Pm (Table 1)

are in a good agreement with the description of
P. megasperma BHR-type or sensu stricto (Hansen et al.,
1986).
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In terms of colony pattern and gametangial and spo-
rangial characteristics, group Pc conformed to Phytoph-
thora cryptogea Pethybridge and Lafferty (Erwin &
Ribeiro, 1996) (Table 1). Equally, this Pc group fitted
well with P. cryptogea sensu stricto into the recently re-
evaluated P. cryptogea species complex (Safaiefarahani
et al., 2015); however, sporangia were longer and larger
than those described for P. cryptogea s. s., as well as for
P. pseudocryptogea (Safaiefarahani et al., 2015).
Pm isolates were confirmed to be P. megasperma sensu

stricto in a sequence analysis of their ITS rDNA regions
(99% homology with GenBank accession no. KJ405942).
The sequences of the ITS rDNA regions and b-tubulin
gene of Pc group isolates were identical and confirmed as
P. cryptogea with 99% sequence homology. Their
sequences were submitted to the GenBank database
(accession nos. KX611692 and KX611693).

Isolation frequencies

In the first two samplings, carried out in Focus D, only
Pm isolates were obtained in 2009 (66.6% from roots or
soil), while in 2011 both Pm and Pc were isolated at the
same rate from roots (37.5%) and soil samples (62.5%),
infecting roots either individually (25% Pm, 25% Pc) or,
to a lesser extent, both together (12.5%; Fig. 1).
In 2013, Pc isolates were obtained from roots and rhi-

zosphere soil in both samplings (100% and 87.5%,
respectively, in May; 75% and 50%, respectively, in
December), although Pm isolates were obtained at low
levels and only in December (12.5% from roots; 12.5%
from soil samples).
In Focus U, Pm isolates were only obtained in Decem-

ber 2013 and only from roots (5.9%), while Pc isolates

were obtained in both samplings from roots (64.7% in
May and 29.4% in December) and rhizosphere soil
(58.8% in May and 29.5% in December).
The recovery of Phytophthora in 2013 was higher

downhill versus uphill, with Pc being consistently iso-
lated from roots with symptoms. In contrast, Pm was
never recovered in 2013 from roots or soil of trees with
symptoms on its own, but was only isolated when Pc
was also present.

Growth–temperature relationships

To express growth rate versus incubation temperature, a
third degree polynomic model was selected:
y = aT3 + bT2 + cT, with y being the growth rate,
T = temperature and a, b and c, the regression constants.

Table 1 Morphological characteristics of Phytophthora isolates

Group Pm

(P. megasperma)

Group Pc

(P. cryptogea)

Colony morphology on CA

(6 days at 20 °C)

Petaloid Chrysanthemum

Sexual system Homothallic Heterothallic

Oogonia diameter (lm � SE) 40.6 � 0.2 29.9 � 0.3

Oospores Aplerotic Aplerotic

Diameter (lm � SE) 34.7 � 0.3 25.4 � 0.2

Wall thickness (lm � SE) 5.3 � 0.1 3.0 � 0.1

Antheridia

Amphigynous 30% 100%

Paragynous 70% 0%

Length (lm � SE) 11.3 � 0.2 13.8 � 0.2

Oogonium diameter:

antheridium length ratio

3.6 2.2

Sporangia

Shape Obpyriform, ovoid Ellipsoid, ovoid

Length (lm � SE) 59.2 � 1.1 49.3 � 0.7

Breadth (lm � SE) 33.5 � 0.5 31.6 � 0.6

Length: breadth ratio 1.8 1.6

Papilla No No

Pore width (lm � SE) 6.8 � 0.2 6.9 � 0.1
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Two different growth patterns, corresponding to each
species, were obtained (Fig. 2). According to the
adjusted curve: y = �0.0012T3 + 0.0375T2 + 0.1028T
(R2 = 0.9883), the estimated maximum growth rate for
P. megasperma isolates averaged 7.6 mm per day at the
optimum temperature, estimated to be 22.1 °C. These
isolates grew at 5 °C but did not grow at 33 °C (Fig. 2a).
According to the regression curve for P. cryptogea
isolates: y = �0.0017T3 + 0.0664T2 � 0.234T (R2 =
0.9665), the maximum growth rate was 8.9 mm per day
at the estimated optimum temperature of 24.1 °C. In con-
trast with P. megasperma, P. cryptogea isolates did not
grow at 5 °C, but they did grow at 33 °C (Fig. 2b).

Pathogenicity

All the inoculated wild olive seedlings showed foliar
symptoms similar to those observed in the field: foliar
yellowing and wilting, starting at the leaf edges and
gradually spreading towards the centre, followed by drop
of wilted leaves and branch dieback. Necrosis and
absence of feeder roots were recorded as root symptoms
for wild olives in the field and also for inoculated
seedlings.

Average values of foliar symptoms recorded are shown
in Figure 3a. Fourteen weeks after inoculation, the analy-
sis of variance for foliar symptoms showed significant
differences among treatments (F = 19.7, P < 0.0001).
Foliar symptoms were significantly higher for plants
inoculated with either P. megasperma or P. cryptogea in
comparison with uninoculated control plants, but they
did not differ between plants inoculated with a particular
Phytophthora species (Fig. 3a). In the disease progres-
sion, ANOVA indicated significant differences for
rAUDPCs recorded for foliar symptoms among treat-
ments (Fig. 3b) (F = 18.5; P < 0.0001). The comparison
of means showed that plants inoculated with P. crypto-
gea exhibited a mean value of rAUDPC significantly
higher than that obtained for plants inoculated with
P. megasperma, and in both cases were higher than
uninoculated control plants.
Root symptoms recorded for plants inoculated with

P. megasperma or P. cryptogea at the end of the
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experiment are shown in Figure 3c. Control plants pre-
sented a very low level of root damage. ANOVA showed
significant differences in root symptoms depending on
plant inoculations (F = 240.6; P < 0.0001), and the
Tukey’s test revealed that plants inoculated with either
P. megasperma or P. cryptogea showed root symptoms
significantly higher than those recorded for control
plants, with no significant differences within plants inoc-
ulated with either of the two Phytophthora species
(Fig. 3c). Furthermore, each Phytophthora species was
consistently reisolated from necrotic roots on inoculated
seedlings. No Phytophthora was isolated from the roots
of uninoculated control seedlings.

Discussion

This study provides evidence of P. cryptogea and
P. megasperma as aggressive pathogens of wild olive in
southern Spain. Foliar and root symptoms and pattern of
mortality observed in mature, wild olives at Dehesa de
Abajo were similar to those described for olive cultivars
suffering root rots caused by different Phytophthora spp.
in different locations: P. citricola and P. drechsleri in
California (Teviotdale, 2005), P. megasperma and
P. inundata in Spain (S�anchez-Hern�andez et al., 2001;
Brasier et al., 2003) and Italy (Cacciola et al.,
2007), P. megasperma in Greece (Kouyeas & Chitzanidis,
1968), P. nicotianae and P. palmivora in Argentina
(Vettraino et al., 2009) and Italy (Cacciola et al., 2000,
2007), P. palmivora in Morocco (Chliyeh et al., 2013)
and olive nurseries in Spain (S�anchez Hern�andez et al.,
1998), for example. Recently, Jung et al. (2016) reported
a total of nine Phytophthora species in 36 olive plantings
surveyed in Croatia, Italy and Spain, with P. palmivora
and P. inundata being the most frequent, whereas
P. palmivora was the species isolated from 29 nurseries in
Italy. However, records about Phytophthora spp. causing
disease on wild olive have not been reported, and only
Verticillium dahliae (Arias-Calder�on et al., 2015) and
Pseudomonas savastanoi pv. savastanoi (Ramos et al.,
2012) seem to be known pathogens for this host.
In the initial sampling of wild olives with symptoms

carried out in 2009 in Dehesa de Abajo, P. megasperma
was the only species associated with the root rot in
Focus D. In contrast, in 2011 an autosterile Phytoph-
thora species, identified as P. cryptogea, was also
obtained from root and soil samples together with
P. megasperma, whilst P. cryptogea was the main Phy-
tophthora species isolated from wild olive root and soil
samples in both 2013 samplings.
The highest frequency of Phytophthora isolation was

obtained in 2013 from Focus D, located downhill, near
the pond, and with a scarce tree population: 3.5 PTC
(percentage tree cover) versus 20 PTC at Focus U. This
poorly drained area favoured seasonal soil water flooding
(Smits et al., 2005), which in turn encourages infections
by Phytophthora species (Erwin & Ribeiro, 1996),
including P. megasperma and P. cryptogea (S�anchez-
Hern�andez et al., 2001; Aghighi et al., 2016). This fact

could explain the low tree density around the pond, and
consequently, better drainage of the sandy soils located
uphill (Focus U) may explain the lower frequency of
Phytophthora isolations at this focus in 2013.
Recently the P. cryptogea species complex was

re-evaluated, with P. pseudocryptogea being described as
a new species (Safaiefarahani et al., 2015). Furthermore,
six distinct hybrids between closely related species
within Phytophthora Clade 8 were reported, show-
ing multiple polymorphisms in the nuclear sequences
(Safaiefarahani et al., 2016). Isolates obtained in this
study were clearly different from P. pseudocryptogea
both by morphology and their ITS and b-tubulin
sequences, and no polymorphisms were detected in the
nuclear sequences.
Phytophthora cryptogea has a worldwide distribution

and has been reported causing disease in many agricul-
tural crops (Erwin & Ribeiro, 1996), forest trees and
shrubs (Vettraino et al., 2002; P�erez-Sierra et al., 2013;
Aghighi et al., 2016; Jung et al., 2016), and ornamentals
(Ferguson & Jeffers, 1999; Jung et al., 2016). Neverthe-
less, its impact on the genus Olea seems to be very low,
only cited in Australia associated with rotten roots of
cultivated olives or recovered from soil samples, but its
role as causal agent of olive root rot was not experimen-
tally demonstrated (Cacciola et al., 2011).
In contrast, P. megasperma was isolated at low fre-

quency in 2013 and always in association with P. cryp-
togea, even though in 2009 it was the only species
associated with the disease, and in 2011 became as fre-
quent as P. cryptogea. According to the data reported
(S�anchez-Hern�andez et al., 2001), P. megasperma
appears as the most common root pathogen for olive cul-
tivars, whereas P. cryptogea was never reported causing
olive root disease in Spain. In the same way,
P. megasperma is frequently cited causing root rot all
around the olive cultivation area (Kouyeas & Chitzani-
dis, 1968; S�anchez-Hern�andez et al., 2001; Brasier et al.,
2003; Cacciola et al., 2011), whereas P. cryptogea has
been only associated with olives in Australia (Cacciola
et al., 2011).
The estimated optimum growth temperature for

P. megasperma isolated from wild olives was 22.1 °C,
with a rapid growth rate drop above 25 °C and no
growth above 33 °C, similar to growth–temperature rela-
tionships reported for the same pathogen isolated from
olive cultivars (S�anchez-Hern�andez et al., 2001), and
also in good agreement with the optimum temperatures
reported by various authors for P. megasperma isolates
from different hosts (Hansen & Maxwell, 1991; Erwin
& Ribeiro, 1996). The ability to grow at 5 °C suggests
the good adaptability of P. megasperma to regional win-
ter temperatures, agreeing with the results obtained for
isolates of P. megasperma on raspberry in Europe and
North America (Wilcox et al., 1993). In contrast,
P. cryptogea from wild olive was able to grow at 33 °C
but no growth was recorded at 5 °C, being a ‘high-tem-
perature’ Phytophthora species (sensu P�erez-Sierra et al.,
2013) in comparison with P. megasperma. These
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observations also agree with the cardinal temperatures
recently described for P. cryptogea sensu stricto, which
differs from the new species P. pseudocryptogea in its
maximum growth temperature: 33 °C, in contrast with
35 °C reported for P. pseudocryptogea (Safaiefarahani
et al., 2015). Consequently, the temperature–growth
requirements for P. megasperma and P. cryptogea infect-
ing wild olive roots are distinct and may show their
active periods in different seasons. Considering a global
increase in temperatures in the Mediterranean Basin as a
result of global climate change (Lindner et al., 2010),
high-temperature Phytophthora species could replace
low-temperature ones in their respective hosts, including
wild type or perhaps cultivars of O. europaea. This
hypothesis could explain why P. megasperma was the
only species isolated from wild olives in 2009, then
P. cryptogea was isolated in 2011 for the first time, and
subsequently became the main species associated with
wild olive root disease in 2013. Moreover, if the
expected temperature increase in the Mediterranean
Basin is realized, the displacement of known root patho-
gens by other more aggressive and better-adapted species
(as high-temperature phytophthoras) could become fre-
quent in natural or agricultural systems. Climate change
models for the region also forecast an increase of heavy
rain episodes concentrated in short periods of time and
followed by long summer droughts (G�omez-Aparicio
et al., 2011) that could directly endanger the survival of
this high value ecosystem and indirectly would favour
the incidence and severity of phytophthora root diseases.
On the other hand, wild olives represent a useful

source of genetic variability for some characters that are
seldom found in cultivated material, such as verticillium
wilt resistance (Arias-Calder�on et al., 2015). Direct culti-
vation of these wild materials is not possible for com-
mercial purposes due to their poor agronomic
performance (Belaj et al., 2011). Therefore, as previously
reported for other tree species such as pistachio (Epstein
et al., 2004), the most straightforward application would
be to use them as rootstocks for grafting of susceptible
cultivars. In fact, several wild olive genotypes with high
levels of resistance to verticillium wilt have been selected
for testing rootstocks for susceptible olive cultivars
(Jim�enez-D�ıaz et al., 2012) and recently, four wild olive
clones have been reported showing a complete resistance
to the defoliating V. dahliae pathotype (Jim�enez-Fern�an-
dez et al., 2016). Using wild olive rootstocks resistant to
verticillium wilt is considered the best long-term measure
for effective control and the central point of the inte-
grated management strategies for this disease (Jim�enez-
D�ıaz et al., 2012). However, these resistant rootstocks
might be highly susceptible to phytophthora root disease
and this fact should therefore be taken into consideration
when searching for wild olive resistant rootstocks.
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Phytophthora oleae, a new root pathogen of wild olives
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aAgronomy Department, ETSIAM, Universidad de C�ordoba, Ctra. Madrid-C�adiz 396, 14014 C�ordoba, Spain; and bTree Health Diagnostic
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Wild olive (Olea europaea subsp. europaea var. sylvestris) is an important component of Mediterranean forests and a

key genetic source for olive improvement programmes. Since 2009, a severe decline caused by Phytophthora cryptogea

and P. megasperma has been detected in a protected wild olive forest of high ecological value (Dehesa de Abajo,

Seville, Spain). In this natural forest, sampling of roots and soil was carried out on 25 wild olives with symptoms in

2014 and 2015. Apart from the already known P. cryptogea A1 and P. megasperma, a third Phytophthora species was

consistently isolated from wild olive rootlets with symptoms. These isolates conformed morphologically with the newly

described species P. oleae and were confirmed by analysis of their ITS regions and cox1 sequences. Temperature–

growth relationships showed a maximum growth at 19.9 °C on carrot agar medium, making it the lowest temperature

Phytophthora species infecting wild olive roots. Pathogenicity was confirmed on 1-year-old healthy wild olive seedlings

and was similar to the previously known pathogenic phytophthoras. As temperature requirements are quite different,

the three Phytophthora species may be active against wild olive roots in different seasons. However, the prevalence of

P. oleae infecting wild olives in recent years could be due to its introduction as a new invasive pathogen. The probable

invasive nature of P. oleae, together with increasing rain episodes concentrated in short periods frequent in southern

Spain, would allow the outbreak of infections in wild olive forests, and also put cultivated olive orchards at risk.

Keywords: decline, invasive pathogen, Natural Reserve, Olea europaea var. sylvestris

Introduction

Olive (Olea europaea subsp. europaea) is a fruit crop
widely distributed in the Mediterranean region with eco-
nomically important cultivars and also wild genotypes
growing in natural forests. In Spain, the wild form
(O. europaea subsp. europaea var. sylvestris) represents
a distinct botanical variety of the subspecies europaea
and is considered the best bioindicator of the Mediter-
ranean Floristic Region (Rubio de Casas et al., 2002).
Moreover, wild olives represent the main source of
genetic traits for improvement of cultivated forms, com-
monly used in breeding programmes for the high degree
of resistance to diseases shown by some genotypes
(Arias-Calder�on et al., 2015).
Recently, a wild olive root rot caused by Phytophthora

megasperma and P. cryptogea was reported in a Natural
Reserve in southern Spain (Dehesa de Abajo, Seville) affect-
ing almost 5 ha of wild olive woodland of high ecological
value (Gonz�alez et al., 2017a). This forest grows around a
natural pond with marked fluctuations in the water table
due to the seasonal distribution of rainfall, alternating

seasonal soil flooding and drought periods. As expected for
Phytophthora soilborne pathogens, affected trees exhibit
different degrees of symptoms depending on their distribu-
tion: moderate defoliation uphill, while severe defoliation
and tree death were recorded downhill. Phytophthora
megasperma was the only species isolated from declining
wild olives in 2009. However, P. cryptogea was the main
species associated with wild olive root disease in 2013
(Gonz�alez et al., 2017a). It was hypothesized that a higher-
temperature P. cryptogea could replace the lower-tem-
perature P. megasperma as a result of the global increase
in temperatures in the Mediterranean region due to global
climate change (Lindner et al., 2010). Given the intrinsic
ecological and genetic value of wild olive populations, the
main objective of this work was to understand the evolu-
tion of Phytophthora spp. associated with the root disease,
clarifying the role of temperature in the disease aetiology.
Additionally, a new Phytophthora species associated with
necrotic roots was isolated, identified, temperature-charac-
terized, and checked for pathogenicity on wild olive.

Materials and methods

Sampling and isolation

In November 2014 and November 2015, two field surveys were

carried out at the Natural Reserve Dehesa de Abajo (Seville,
Spain, UTM 29: 37°12033″N; 06°10016″W). Soil is a mixture of
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gravel and sand, with rainfall rates averaging 648 mm per year,

mainly distributed in autumn and winter (Consejer�ıa de Agricul-
tura, Pesca y Desarrollo Rural, 2017). Cardinal temperatures

(minimum and maximum) recorded in the period 2001–15 at

the nearest meteorological station (La Puebla del R�ıo II Meteo-

rological Station; 37°04048″N, 06°02047″W, 41 m a.s.l.) are
summarized in Table 1.

Using the methodology described by Gonz�alez et al.
(2017a), samples of rootlets and rhizosphere soil were taken
at approximately 1 m distance from the trunk at 10–30 cm

depth from a total of 25 wild olives with symptoms (crown

wilting and/or defoliation). Samples from different trees were

independently processed. For each sample, rotten feeder roots
were cut into 3–4 mm segments, washed under running water

for 2 h, and directly plated on NARPH medium (H€uberli

et al., 2000). Soil samples were air dried and sieved (2 mm)

and isolations from soil were performed using pieces of newly
formed olive leaves as baits, according to Gonz�alez et al.
(2017a). Six beakers per sample with a soil–water mixture

(15:200 w:v) and six floating baits in each one were incubated

for 4 days at 22 °C under a 12 h photoperiod. After the incu-
bation period, the leaf pieces were washed and plated in Petri

dishes containing NARPH medium. All the dishes (roots and

soil baits) were incubated at 22 °C in the dark for 4 days.
Colonies obtained from damaged roots and soil baits were

grouped according to their morphology and transferred to

20% carrot agar (CA) medium. Five isolates per colony mor-

phology were selected among the pure cultures obtained, and
used for molecular and morphological identification and

growth-temperature characterization.

DNA extraction, amplification and sequencing

DNA of the isolates was obtained by harvesting the mycelium
from 1-week-old pure cultures grown on potato dextrose agar

(PDA) at 20 °C in the dark. DNA was extracted using the

PowerSoil DNeasy kit (QIAGEN) following the manufacturer’s

protocol. The internal transcribed spacer (ITS1-5.8S-ITS2) region
of the rDNA was amplified by PCR using the universal primers

ITS6 (Cooke et al., 2000) and ITS4 (White et al., 1990). The

PCR conditions used were an initial denaturing step of 94 °C for

2 min; then 35 cycles of 94 °C for 30 s, annealing at 55 °C for
30 s and an extension at 72 °C for 45 s; with a final extension

of 72 °C for 10 min. The mitochondrial cox1 gene was ampli-

fied using the primers OomCoxI-Levup and Fm85mod (Robi-
deau et al., 2011) and were sequenced with the same primers.

The PCR conditions for cox1 consisted of 3 min at 94 °C; 35

cycles of 30 s at 94 °C, 30 s at 50 °C and 60 s at 72 °C; with a

final extension of 5 min at 72 °C (Ruano-Rosa et al., 2018).

Morphological and growth-temperature
characterization

For isolates molecularly identified but not previously associated
with wild olive root rot, morphological and growth-temperature

characterizations were carried out.

To characterize colony morphologies, the five selected isolates

were grown at 20 °C in the dark on CA and PDA media for
5 days to describe colony colour, pattern, edge shape and pres-

ence of aerial mycelium.

To describe sexual structures (oogonia, antheridia and oos-
pores), isolates were individually transferred onto CA medium,

incubated at 22 °C in the dark, and periodically observed under

the inverted microscope (Olympus IMT-2, 940). When sexual

reproductive structures were detected in single cultures (after
10 days of incubation), small pieces of agar were placed on

glass slides, stained with acid fuchsin in lactophenol (0.0005%)

and observed under the microscope (Nikon Eclipse 80i, 9100).

For each isolate, 30 mature oogonia, 30 antheridia and 30 oos-
pores were selected and the following parameters were measured

(NIS-Elements D 2.30, Nikon Instruments): oogonium and oos-

pore diameter, antheridium length and thickness of the oospore
wall.

To characterize asexual structures (sporangia), small CA plugs

(5 mm diameter) from the edges of actively growing colonies

were placed in the centre of 5 cm-diameter Petri dishes, and
sterilized saline solution (MSS; Chen & Zentmyer, 1970) added

to just cover the agar plugs. Petri dishes were incubated at

20 °C in the dark. Every 24 h, the saline solution was removed

and replaced with fresh solution. After 4 days of incubation,
mature sporangia present in the floating mycelium were removed

and placed on glass microscope slides and stained with acid

fuchsin in lactophenol (0.0005%) for observation under the
microscope (Nikon Eclipse 80i, 9100). For each isolate, 30

mature sporangia were randomly chosen, and the following

parameters were measured (NIS-Elements D 2.30, Nikon Instru-

ments): sporangium length and breadth, and pore width. Other
sporangial characteristics such as shape, and presence or absence

of papillae, were also recorded.

For growth rate tests, agar plugs of each isolate were plated

in 9 cm Petri dishes with CA or PDA and incubated in the dark
at 5, 10, 15, 20, 25, 30 or 35 °C. Three replicates (dishes) per

isolate were prepared. Colony radius was measured daily until

the colonies covered the agar surface and growth rate per day

Table 1 Average seasonal minimum and maximum temperatures (°C) between 2007 and 2015.

Season

Year

Mean (2001–2015)2007 2008 2009 2010 2011 2012 2013 2014 2015

Mean of minima Winter (Jan–Mar) 2.9 5.6 5.8 7.9 7.0 3.1 6.8 6.8 5.1 6.1

Spring (Apr–Jun) 10.8 12.5 12.1 13.0 14.9 13.2 12.1 13.2 14.0 13.2

Summer (Jul–Sep) 16.1 16.8 17.0 17.9 17.4 16.7 18.0 16.6 16.9 17.3

Autumn (Oct–Dec) 6.8 7.2 10.2 9.1 9.4 10.4 8.6 10.2 11.0 9.5

Mean of maxima Winter (Jan–Mar) 15.2 18.2 17.4 16.2 17.4 18.6 16.6 17.9 18.1 17.4

Spring (Apr–Jun) 24.7 26.2 27.0 26.3 28.5 27.7 26.3 27.5 28.7 27.0

Summer (Jul–Sep) 31.2 31.5 32.6 32.9 32.1 32.2 32.3 30.3 31.9 31.7

Autumn (Oct–Dec) 19.3 18.6 21.8 19.4 21.5 20.2 20.9 20.9 21.4 20.3

Data obtained from La Puebla del R�ıo II Meteorological Station (37°04048″N, 06°02047″W), Seville, Spain.

Plant Pathology (2019) 68, 901–907

M. Gonz�alez et al.

28



was calculated for each isolate, culture medium and incubation

temperature. Maximum average data were adjusted to a regres-
sion curve using STATISTIX v. 10.0 for WINDOWS (Analytical Soft-

ware). The best polynomial model was chosen from several

combinations of terms, based on the significance of the esti-

mated parameters (P < 0.05), coefficients of determination (R2),
coefficients of determination adjusted by degrees of freedom

(Ra
2), and pattern of residuals. Maximum growth rates and

optimum growth temperatures were estimated over the regres-
sion curves obtained.

Pathogenicity tests

Healthy 1-year-old wild olive seedlings from a forest nursery of

the Andalusian Government (Vivero San Jer�onimo, Seville) were

inoculated with one isolate of the Phytophthora species newly
associated with wild olive root disease (Po group). To prepare

the inoculum, colonized agar plugs were placed in 9 cm Petri

dishes containing 20 mL of 20% carrot broth and incubated at
22 °C in the dark for 20 days. The mycelium produced was

then filtered, washed, and shaken in an electric mixer (Osterizer

pulse-matic 16) with sterile water for 3 min at the highest speed

to break mycelial masses and liberate oospores. Oospore con-
centration was estimated by counting in a Neubauer chamber

and adjusted to 2.2 9 104 oospores mL�l. For inoculation,

50 mL of this inoculal was homogeneously added to the root

ball of each seedling, before transferring them into plastic pots
containing 2 L soil (sand:lime:peat, 1:1:1 v/v/v). Ten seedlings

(replicates) were inoculated and 10 additional seedlings (uninoc-

ulated controls) were treated in the same way, but only 50 mL

of sterile water was applied to their root balls. All the pots were
incubated in an acclimatized greenhouse and flooded 2 days per

week (Romero et al., 2007). Foliar symptoms were assessed

weekly for each seedling based on a 0–4 scale, according to the
percentage of yellowing, wilted foliage or defoliation recorded,

as follows: 0 = 0%, 1 = 1–33%, 2 = 34–66%, 3 = more than

67% and 4 = dead foliage (S�anchez et al., 1998; Gonz�alez

et al., 2017a). After 14 weeks, the relative area under the dis-
ease progress curve (rAUDPC) was calculated as percentage of

the potential maximum value (Campbell & Madden, 1990).

Root symptoms were also assessed according to a similar 0–4
scale based on root necrosis or rootlet absence percentage as fol-
lows: 0 = 0%, 1 = 1–33%, 2 = 34–66%, 3 = more than 67%,

4 = dead root (S�anchez et al., 1998; Gonz�alez et al., 2017a).
Data on foliar and root symptoms at the end of the experi-

ment and rAUDPCs were tested for homoscedasticity by the

Levene’s test and then a one-way ANOVA was performed, and

mean values compared by the Tukey’s HSD test for a = 0.05

(STATISTIX v. 10.0).
Additionally, root segments from inoculated or control plants

were carefully washed and plated on NARPH medium for reiso-

lation of the pathogen.

Results

Site temperatures

Table 1 shows the mean values of minimum and maxi-
mum temperatures recorded at La Puebla del R�ıo II
Meteorological Station, grouped by season, for the per-
iod 2007–15 and the wider historical temperature series
available (2001–15). Two exceptional cold episodes
occurred in winter 2007 (2.9 °C) and winter 2012

(3.1 °C) in comparison with the mean minimum temper-
ature registered in the historical series (6.1 °C).

Species identification

Based on their colony morphology on CA, three different
groups of isolates were found: Pm, Pc and Po. The
sequences of the ITS rDNA region (99% homology with
GenBank) conformed with P. megasperma (Pm) and
P. cryptogea (Pc) as described by Gonz�alez et al. (2017a).

The third group of isolates (Po) was morphologically
described because it was not previously known to be
associated with wild olive root rot. All these isolates
showed colonies with scarce aerial mycelium and
chrysanthemum growth pattern (Table 2). The sporangia
of the Po group were rarely produced in CA medium but
very abundant in MSS saline solution. Gametangia were
produced abundantly in CA single culture. Morphologi-
cal characteristics of Po isolates are summarized in
Table 2, and were in good agreement with the descrip-
tion of P. citricola complex (Jung & Burgess, 2009),
which includes P. plurivora, P. multivora and P. citri-
cola. The sequence analyses of ITS rDNA regions con-
formed with P. plurivora, but only with a 95%
homology with sequences in GenBank. Following the
recent description of a new Phytophthora species,
P. oleae (Ruano-Rosa et al., 2018), it was found that
morphological data obtained for Po isolates were in a
better agreement with features issued for P. oleae and,
moreover, ITS rDNA regions and cox1 gene sequences
conformed with P. oleae with 100% homology.

Growth-temperature relationships

All five Po isolates had similar cardinal temperatures and
growth rates at all temperatures. A 3rd degree polynomic
model was selected: y = aT3 + bT2 + cT + d, as the best
expression of growth rate versus incubation temperature,

Table 2 Morphological characteristics of Phytophthora oleae isolates.

Colony morphology on CA (6 days at 20 °C) Chrysanthemum

Sexual system Homothallic

Oogonia diameter (lm � SE) 28.8 � 0.3

Oospores Aplerotic

Diameter (lm � SE) 26.8 � 0.2

Oospore wall thickness (lm � SE) 1.5 � 0.1

Antheridia

Amphigynous 0%

Paragynous 100%

Length (lm � SE) 6.3 � 0.3

Oogonium diameter:antheridium length ratio 4.6

Sporangia

Shape Obpyriform, ovoid

Length (lm � SE) 39.1 � 0.3

Breadth (lm � SE) 28.2 � 0.3

Length:breadth ratio 1.4

Papilla Semipapillate

Pore width (lm � SE) 6.6 � 0.1
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where y = growth rate, T = incubation temperature, and
a, b, c and d the regression constants. According to the
adjusted curve: y = �0.0013T3 + 0.0324T2 + 0.253T �
1.85 (R2 = 0.9932), the estimated maximum growth rate
for P. oleae isolates in CA medium was 5.8 mm per day at
the optimum temperature, estimated at 19.9 °C (Fig. 1a).
The maximum growth rate in PDA medium was 2.5 mm
per day at the optimum temperature, estimated at 20.6 °C
(Fig. 1b), according to the adjusted curve
y = �0.0004T3 + 0.0084T2 + 0.164T � 0.9933 (R2 =
0.9726). Isolates did not grow at either 5 or 30 °C in
either culture medium.

Isolation frequencies

Isolation frequencies (percentage of trees with positive iso-
lation) of Phytophthora spp. obtained in 2014 and 2015
from root and soil samples are given in Figure 2. All three
species (P. cryptogea, P. megasperma and P. oleae) were
isolated from roots and rhizosphere soil in both samplings.
In 2014, P. cryptogea was the main species associated
with roots with symptoms (44% of positive isolation) and

rhizosphere (36% of positive isolation); while in 2015 it
was replaced by P. oleae as the main species in roots
(36%) and rhizosphere (40%). Phytophthora megasperma
was isolated from roots and rhizosphere in both sam-
plings, but always at low frequencies (Fig. 2). More than
one Phytophthora species was recovered from roots of the
same tree at the same sampling, but only from four indi-
viduals.

Pathogenicity

The inoculated wild olive seedlings showed foliar symp-
toms like those observed in the field: foliar yellowing
and wilting, starting at the leaf edges and gradually
spreading towards the centre, dropping of wilted leaves
and twig dieback. Necrosis and absence of feeder roots
were equally observed in the field and in inoculated seed-
lings.
Average values of foliar symptoms recorded weekly are

given in Figure 3a. Fourteen weeks after inoculation, final
foliar symptoms were significantly higher for wild olives
inoculated with P. oleae in comparison with uninoculated
controls (F = 17.59, P = 0.0005). With respect to the dis-
ease progression, ANOVA analysis and comparison of
means also indicated that average rAUDPC recorded for
foliar symptoms was significantly higher in seedlings inoc-
ulated with P. oleae than in uninoculated control seedlings
(F = 19.80; P = 0.0003; Fig. 3b).

0

2

4

6

0 10 20 30 40

G
ro

w
th

 (m
m

da
y–

1 )
 

Temperature (°C) 

0

2

4

6

0 10 20 30 40

G
ro

w
th

 (m
m

da
y–

1 )
 

Temperature (°C) 

(a) 

(b) 

Figure 1 Growth rate patterns for Phytophthora oleae isolated from

wild olives growing on carrot agar (CA) (a) and potato dextrose agar

(PDA) (b) Lines represent the adjusted third-degree polynomic model

on CA (y = �0.0013T3 + 0.0324T2 + 0.253T � 1.85; R2 = 0.9932) and

PDA (y = �0.0004T3 + 0.0084T2 + 0.164T � 0.9933; R2 = 0.9726).

Dots are the main values of the observed growth rates. Arrows indicate

the estimated optimum growth temperature on CA (19.9 °C) and PDA

(20.6 °C).

(a) 

(b)

0

10

20

30

40

50

2014 2015

Tr
ee

s w
ith

  p
os

iti
ve

is
ol

at
io

n 
(%

)

Po Pc Pm

0

10

20

30

40

50

2014 2015

T
re

es
 w

ith
  p

os
iti

ve
is

ol
at

io
n 

(%
)

Po Pc Pm

Figure 2 Percentage of trees with positive isolation of Phytophthora

oleae (Po), P. cryptogea (Pc) or P. megasperma (Pm) from roots (a)

and rhizosphere soil (b) of wild olives with symptoms sampled in 2014

and 2015.

Plant Pathology (2019) 68, 901–907

M. Gonz�alez et al.

30



Mean values of root symptoms at the end of the
experiment are given in Figure 3c. ANOVA showed sig-
nificant differences between inoculated and uninoculated
wild olives (F = 56.18; P < 0.0001), and the Tukey’s test
revealed that P. oleae caused a level of root symptoms
significantly higher than those recorded for controls. Fur-
thermore, P. oleae was consistently reisolated from
necrotic roots from inoculated seedlings (16.6% of posi-
tive isolation). No Phytophthora spp. were isolated from
roots of uninoculated control seedlings.

Discussion

The present study shows P. oleae as a new pathogen for
wild olive, causing root rot in a natural forest at southwest-
ern Spain. This species is added to the other two Phytoph-
thora species (P. cryptogea and P. megasperma) already

known to cause root rot in wild olive (Gonz�alez et al.,
2017a). However, different Phytophthora species have been
described causing root rot in olive cultivars in different
parts of the world: P. citricola (Teviotdale, 2005),
P. drechsleri (Teviotdale, 2005), P. inundata (S�anchez-
Hern�andez et al., 2001), P. megasperma (S�anchez-Hern�an-
dez et al., 2001), P. nicotianae (Vettraino et al., 2009) and
P. palmivora (Vettraino et al., 2009).
Initially, Po isolates were tentatively identified as

P. plurivora (Gonz�alez et al., 2017b), because of their simi-
lar morphology (Jung & Burgess, 2009), although sequence
homology did not appear to be strong enough (only 95%).
In addition, Po wild olive isolates showed a low optimum
temperature (20 °C) when compared with the 25 °C
observed by Jung & Burgess (2009) for P. plurivora. After
the recent description of P. oleae as cause of fruit rot in cul-
tivated olives in southern Italy (Ruano-Rosa et al., 2018), a
new molecular analysis (ITS and cox1 regions) confirmed
the identification of Po isolates as P. oleae. Records of a
Phytophthora species causing both fruit rot and root rot on
woody plants are frequently found; some are in different
locations, e.g. P. palmivora causing pomegranate fruit rot
in India and Greece (Erwin & Ribeiro, 1996; Markakis
et al., 2017) but crown and root rot in Turkey (T€urk€olmez
et al., 2016); and in others, both kinds of symptoms occur
simultaneously, e.g. P. citrophthora causing fruit and root
rot on Citrus spp. (Erwin & Ribeiro, 1996), or P. parasitica
as a pathogen on papaya fruits and roots in Hawaii (Hunter
& Buddenhagen, 1969).
In previous samplings carried out in the same area

between 2009 and 2013, Gonz�alez et al. (2017a) hypothe-
sized that the root rot pathogen P. cryptogea, a high-tem-
perature species, could be replacing a low-temperature
one (P. megasperma) infecting wild olives, considering a
global increase in temperatures in the Mediterranean
Basin (Lindner et al., 2010). However, the unexpected
appearance of a new dominant low-temperature species,
P. oleae, suggests that it may have been favoured by the
extremely cold winter temperatures suffered in 2012 (min-
imum temperatures of 3.1 °C compared with the histori-
cal minimum mean of 6.1 °C), probably explaining the
prevalence of this species in 2015. The prevalence of two
low-temperature species infecting wild olive roots follow-
ing exceptionally cold winter temperatures 2 years previ-
ously, as P. megasperma in 2009 (Gonz�alez et al., 2017a)
and P. oleae in 2015, could be hypothesized as probably
unusual considering the long, hot and dry summers pre-
vailing in the area. However, the ability of some Phytoph-
thora spp. with low optimum temperature, including
P. oleae (Ruano-Rosa et al., 2018), to form thick-walled
oospores and abundant sporangia, has been described as
an adaptation to Mediterranean climates with long, hot
and dry summers and wet winters (Brazee et al., 2017;
Jung et al., 2017). According to this hypothesis, P. oleae
would be able to survive severe summer droughts in its
dormant state (oospore) and rapidly resume growth and
sporulation after autumn-winter rainfalls, acquiring an
advantage to compete for wild olive root infection when
temperatures are cooler than usual. However, the
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prevalence of P. oleae infecting wild olives in recent years
could also be a result of its arrival in Spanish natural for-
ests as a new invasive Phytophthora pathogen. Phytoph-
thora oleae was first described causing a soft rot of
mature olive fruits in a restricted area in Italy (Ruano-
Rosa et al., 2018) and, to the authors’ knowledge, this is
the only report of this pathogen worldwide. Some of the
most destructive and well-documented epidemics of trees
and forests are caused by alien Phytophthora spp. More-
over, most of the c. 150 currently known species of Phy-
tophthora were unknown to science before they turned up
in other continents as invasive aggressive pathogens of
native plants or plantation crops (Jung et al., 2016). Due
to a lack of coevolution between the likely newly intro-
duced P. oleae and wild olive, the endemic host could be
highly susceptible to the pathogen, and this fact could
explain why P. oleae is replacing native P. megasperma
and P. cryptogea in natural forests. Parameters commonly
used as indirect indicators of the alien origin of a patho-
gen include consistent association with diseased common
indigenous plant species and proven high aggressiveness
to these plants in pathogenicity trials, as determined for
P. oleae causing root rot of wild olive or fruit rot of culti-
vated olive (Ruano-Rosa et al., 2018). A stronger indica-
tor is a low genetic variability and close phylogenetic
relatedness to other non-native species (Jung et al., 2016).
Identical cox1 and ITS1-5.8S-ITS2 region sequences were
determined within the eight isolates characterized by
Ruano-Rosa et al. (2018), with only one isolate showing
a single base insertion in ITS1. Additionally, the five iso-
lates characterized in this work exhibit identical cox1 and
ITS sequences. Despite the low genetic variability exhib-
ited by P. oleae, which points to its alien origin, the low
number of isolates analysed, together with their small area
of provenance in Italy (two olive orchards in the same
province) and Spain (one wild olive forest), means that
additional research is necessary to determine whether
P. oleae is indigenous in Europe or whether it must be
considered as a new alien invasive pathogen. Moreover,
knowledge of whether this is of possible alien origin is of
utmost importance to assess the risk of spreading from
natural forest stands to olive plantation crops in Spain,
although it will not necessarily establish successfully.
The probable invasive nature of P. oleae, together with

increasing rain episodes concentrated in short periods
frequent in southern Spain, could allow outbreaks of
infection in wild olive forests, putting cultivated olive
orchards at risk.
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Figura 1: Toma y análisis de muestras de suelo y raíz de acebuches enfermos en la Reserva 
Natural Concertada de la Dehesa de Abajo. Vista general del acebuchal y la laguna de la 
Rianzuela (a). Vista general de un árbol sintomático (izquierda) junto a dos asintomáticos 
(derecha) (b). Acebuche con defoliación severa (c). Síntomas foliares y radicales: amarillez 
foliar (d); defoliación severa (e); necrosis y pérdida de raíces absorbentes (f). Realización de 
un hoyo de 15-20 cm de profundidad a 1 m del tronco del árbol para la toma de muestras de 
raíz y suelo (g), selección de raíces sintomáticas en campo (h). Muestras de suelo y raíz para 
su análisis en el laboratorio (i). Raíces sintomáticas en laboratorio (j) y siembra en placas con 
medio NARPH (k). Preparación de cebos biológicos con segmentos de hojas de olivo (l) y 
siembra de los cebos en placas con medio selectivo NARPH (m).

b) 

c) d) f) 

e) 

g) h) i) 

j) k) l) m) 

a)
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Figura 2: Características morfológicas de las especies de oomicetos aisladas de acebuches 
con síntomas de podredumbre radical. Colonia lisa, con micelio aéreo algodonoso de Py. 
spiculum desarrollada en CA tras 2 días de incubación a 22ºC en oscuridad (a), micelio 
aseptado (b) y oospora donde se puede observar la pared del oogonio ornamentada con 
espículas (c). Colonia tipo crisantemo de P. cryptogea desarrollada en CA tras 6 días 
incubación a 22ºC en oscuridad (d), hinchazones hifales en racimo típicos de P. cryptogea 
(e) y oospora aplerótica con anteridio anfigino (f). Colonia tipo petaloide de P. megasperma
desarrollada en CA tras 6 días de incubación a 22ºC en oscuridad (g), oospora aplerótica
con anteridio anfigino (h) y oospora aplerótica con anteridio paragino (i). Colonia
tipo crisantemo de P. oleae desarrollada en CA tras 8 días de incubación a 22ºC en
oscuridad (j), micelio aseptado y esporangio con el ápice truncado producido en medio
sólido CA (k) y oospora aplerótica (l).

a) b) c) 

e) f) d) 

h) g) i) 

j) k) l)
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Figura 3: Ensayos de patogenicidad de P. cryptogea, P. megasperma, P. oleae y Py. 
spiculum en plantones de acebuche de 1 año de edad. Plantones encharcados durante 2 días 
a la semana (a) y sin encharcamiento durante los 5 días restantes (b). Síntomas foliares 
observados en plantones inoculados: amarillez (c) y defoliación (d). Raíces de acebuches 
inoculados sometidos a encharcamiento periódico (2 días por semana) tras 20 semanas de 
incubación (e) (izquierda = testigo, derecha = inoculada). Se puede observar la necrosis y 
la pérdida de raíces absorbentes en las plantas inoculadas. Detalle de raíz necrosada en un 
acebuche inoculado (f).   

a) b) 

c) 

d) 

e) f)
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CAPÍTULO 2: Epidemiología de la podredumbre radical del 
alcornoque causada por Phytophthora cinnamomi y Pythium spiculum  
--------------------------------------------------------------------------------------- 
CHAPTER 2: Epidemiology of cork oak root rot caused 
by Phytophthora cinnamomi and Pythium spiculum 
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En este capítulo se detallan los resultados relativos a los Objetivos 2 y 3 de esta Tesis 
Doctoral, en los que se plantea conocer el efecto de la humedad del suelo en la 
epidemiología de la podredumbre radical de Quercus suber causada por Phytophthora 
cinnamomi y Pythium spiculum. 

Los resultados obtenidos se han recogido en los siguientes artículos: 

Capítulo 2.1, en revision en European Journal of Plant Pathology y titulado: 

“Unraveling the role of drought as predisposing factor for Quercus suber decline 

caused by Phytophthora cinnamomi ” 

Autores: Mario González, María Ángeles Romero, Luis-Ventura García, Lorena 

Gómez-Aparicio,  María Socorro Serrano 

Capítulo 2.2, en revisión en Annals of Forest Sciences y titulado: 

“Competition between Phytophthora cinnamomi and Pythium spiculum for Quercus 

root infection: the role of soil water content” 

Autores: Mario González, María Socorro Serrano, María Ángeles Romero, María 

Esperanza Sánchez 

41





 2.1 

Unraveling the role of drought as predisposing factor for 
Quercus suber decline caused by Phytophthora cinnamomi 

Mario González, María Ángeles Romero, Luis-Ventura García, Lorena Gómez-
Aparicio,  María Socorro Serrano 

First, second and fifth authors: Agronomy Department, Agroforest Pathology, University of Córdoba, 

Ctra. Madrid-Cádiz Km 396, 14014 Córdoba, Spain.  

Third and fourth authors: Institute of Natural Resources and Agrobiology (IRNAS-CSIC), Avda. Reina 

Mercedes 10, 41012 Sevilla, Spain.  

Corresponding author: M. González, e-mail: o02gorom@uco.es 

European Journal of Plant Pathology (under review) 

43

mailto:o02gorom@uco.es




European Journal of Plant Pathology
 

Unravelling the role of drought as predisposing factor for Quercus suber decline
caused by Phytophthora cinnamomi

--Manuscript Draft--

Manuscript Number: EJPP-D-19-00104

Full Title: Unravelling the role of drought as predisposing factor for Quercus suber decline
caused by Phytophthora cinnamomi

Article Type: Original Article

Keywords: cork oak;  decline;  oomycete;  root rot

Corresponding Author: Mario González
Universidad de Córdoba
Córdoba, SPAIN

Corresponding Author Secondary
Information:

Corresponding Author's Institution: Universidad de Córdoba

Corresponding Author's Secondary
Institution:

First Author: Mario González

First Author Secondary Information:

Order of Authors: Mario González

María-Ángeles Romero

Luis-Ventura García

Lorena Gómez-Aparicio

María-Socorro Serrano

Order of Authors Secondary Information:

Funding Information: MINECO, Spain
(CGL2014-56739-R)

Not applicable

EU LIFE
(LIFE+ 11 BIO/ES/000726)

Not applicable

Abstract: Drought has been assumed as a predisposing factor in the decline caused by
Phytophthora cinnamomi on Mediterranean Quercus forests, enhancing cork oak
susceptibility to the root infection. However, P. cinnamomi outbreaks appear
associated to waterlogged soils, being infections particularly successful when soil
moisture content fluctuates from flooding to water deficiency. We obtained cork oak
seedlings potentially predisposed to Phytophthora disease by exposing them to a short
(3 weeks) or a long (6 weeks) drought. These droughted seedlings, together with well-
watered seedlings, were exposed to two different soil concentrations of P. cinnamomi
inoculum (chlamydospores) and submitted to high soil humidity for 4 weeks. Values of
root necrosis were significantly higher in inoculated oak seedlings compared to
uninoculated control seedlings, but no significant differences were observed depending
on previous drought treatments. Consequently, drought cannot be considered as a
predisposing factor required for Phytophthora root disease development in cork oaks;
although the adverse effects of both factors (drought and Phytophthora root infections)
likely have synergistic consequences in the decline and death of affected oaks.

Suggested Reviewers: Latéfa Belhoucine
belhoucine_latifa2@yahoo.fr

Ana Pérez-Sierra
ana.perez-sierra@forestry.gsi.gov.uk

Simone Prospero

45



simone.prospero@wsl.ch

Bruno Scanu
bscanu@uniss.it

46



Unravelling the role of drought as predisposing factor for Quercus 1 

suber decline caused by Phytophthora cinnamomi 2 

Mario Gonzáleza*, María-Ángeles Romeroa, Luis-Ventura Garcíab, Lorena Gómez-3 

Apariciob and María-Socorro Serranob 4 

a ETSIAM, Universidad de Córdoba, Ctra. Madrid-Cádiz Km 396, 14014-Córdoba, 5 

Spain. 6 

b Institute of Natural Resources and Agrobiology (IRNAS-CSIC), Avda. Reina 7 

Mercedes 10, 41012-Sevilla, Spain.  8 

*To whom correspondence should be addressed: o02gorom@uco.es9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

47

https://www.editorialmanager.com/ejpp/download.aspx?id=213144&guid=77c673bf-0c2f-4415-ad84-d61f2263b0d5&scheme=1
https://www.editorialmanager.com/ejpp/download.aspx?id=213144&guid=77c673bf-0c2f-4415-ad84-d61f2263b0d5&scheme=1


Abstract Drought has been assumed as a predisposing factor in the decline caused by 1 

Phytophthora cinnamomi on Mediterranean Quercus forests, enhancing cork oak 2 

susceptibility to the root infection. However, P. cinnamomi outbreaks appear associated 3 

to waterlogged soils, being infections particularly successful when soil moisture content 4 

fluctuates from flooding to water deficiency. We obtained cork oak seedlings potentially 5 

predisposed to Phytophthora disease by exposing them to a short (3 weeks) or a long (6 6 

weeks) drought. These droughted seedlings, together with well-watered seedlings, were 7 

exposed to two different soil concentrations of P. cinnamomi inoculum 8 

(chlamydospores) and submitted to high soil humidity for 4 weeks. Values of root 9 

necrosis were significantly higher in inoculated oak seedlings compared to uninoculated 10 

control seedlings, but no significant differences were observed depending on previous 11 

drought treatments. Consequently, drought cannot be considered as a predisposing 12 

factor required for Phytophthora root disease development in cork oaks; although the 13 

adverse effects of both factors (drought and Phytophthora root infections) likely have 14 

synergistic consequences in the decline and death of affected oaks. 15 

16 

Keywords cork oak, decline, oomycete, root rot 17 

18 

19 

Introduction 20 

21 

Cork oak (Quercus suber L.) is a key evergreen tree species in the Mediterranean Basin, 22 

covering approximately 2.5 million ha in Europe and North Africa (Bugalho et al., 23 

2011). Soil moisture appears as the main limiting factor for cork oak distribution in the 24 

regions, although the species is well adapted to water stress situations by activation of 25 
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physiological mechanisms to control water loss (Nardini et al., 1999). Climate change 1 

predictions for the Mediterranean Basin forecast mean temperature increases, as well as 2 

a higher frequency and severity of extreme droughts, putting at risk the conservation of 3 

Mediterranean forests (Lindner et al., 2010; IPCC, 2014). In fact, drought-related 4 

mortality appears as an emerging widespread event with important implications for 5 

forest conservation (Allen et al., 2010; Martínez-Vilalta et al., 2012). 6 

On the other hand, increasing invasions of alien microorganisms are important factors 7 

for tree mortality in the Mediterranean region (Sala et al., 2000). This is the case for 8 

Phytophthora cinnamomi, an invasive oomycete causing root necrosis in Q. suber, thus 9 

reducing the ability of the affected trees to uptake water and resulting crown symptoms  10 

like those caused by drought (Luque et al., 2002; Sánchez et al., 2002).  11 

The most severe outbreaks for P. cinnamomi disease in Mediterranean Quercus forests 12 

have been observed in waterlogged soils (Brasier et al., 1993; Sánchez et al., 2002; 13 

Corcobado et al., 2013; Hubbart et al., 2016), previously reported as particularly 14 

favourable for Phytophthora root infections (Erwin and Ribeiro, 1996). Additionally, P. 15 

cinnamomi infections may be particularly successful when soil moisture content 16 

fluctuates from flooding to water deficiency (Brasier, 1996; Jönsson, 2006), as 17 

experimentally demonstrated by Corcobado et al. (2014) for Quercus ilex seedlings. 18 

Waterlogging followed by drought was reported as the worst scenario for root infection 19 

by P. cinnamomi, causing a 100% mortality of seedings (Corcobado et al., 2014). 20 

On the other hand, drought was cited as the environmental factor most favourable for 21 

symptom development (Marçais et al., 1993; Sánchez et al., 2002), but it was not clearly 22 

specified whether drought itself acts as a major predisposing factor for Mediterranean 23 

oak decline, as commonly assumed by the public opinion in Spain and referred in some 24 

informative publications (i.e. Montoya and Mesón, 1993; Navarro and Fernández, 2000; 25 
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Romeralo, 2008). The aim of the present work was to experimentally clarify whether 1 

drought acts as a predisposing factor for oak decline enhancing the susceptibility of Q. 2 

suber seedlings to P. cinnamomi root infections. Understanding the tree responses to the 3 

P. cinnamomi infection after drought periods, would help with disease management in4 

oak agroecosystems in the Mediterranean region. 5 

6 

7 

Materials and Methods 8 

9 

Soil 10 

11 

To test whether drought plays a role in predisposing cork oak for P. cinnamomi 12 

infection, a soil mixture was prepared simulating the soil composition of Los 13 

Alcornocales Natural Park (Cádiz province, Spain, 36° 20′ N, 5° 36′ W) (Ávila et al., 14 

2017), where decline is present (Gómez-Aparicio et al., 2012). The soil mix consisted of 15 

sand, silt, clay and peat (6:2:1:1 in volume, ρ = 1100 g×l-1) plus 10% v/v of natural soil 16 

from an asymptomatic cork oak forest (Marismillas de Doñana, Huelva province, Spain, 17 

36° 55′ N, 6° 20′ W), previously checked for absence of P. cinnamomi inoculum. 18 

To check the absence of pathogens into the natural soil to be added, rhizosphere soil 19 

samples (0.5 l approximately) were taken from three different cork oaks chosen at 20 

random at Marismillas forest. Soil samples were air dried, sieved and homogenized. 21 

Aliquots of 10 g of dry soil were suspended in 100 ml of 0.2% sterilized water-agar 22 

(Roko Industries, Asturias, Spain), shaken and analysed following Romero et al. (2007): 23 

1 ml aliquots were taken from each soil–water–agar mix and plated onto Phytophthora 24 

selective NARPH medium (Hüberli et al., 2000). Twenty plates were prepared for each 25 
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soil sample and incubated at 24°C for 24 h in the dark before washing the agar surface 1 

with sterile water to remove the soil–water–agar mix. After additional 4 days of 2 

incubation, it was confirmed that no colonies were growing on any plate. 3 

4 

Plant material 5 

6 

Quercus suber acorns were collected from asymptomatic trees in Los Alcornocales 7 

Natural Park in November 2016. In the laboratory, the acorns were surface-disinfested 8 

by dipping them in 10% NaOCl for 1 min, washed three times with deionized water, air 9 

dried, and incubated in a wet chamber at 5ºC for 7 days to favour germination. In 10 

January 2017, 90 pre-germinated seeds were individually potted in 2 l plastic pots with 11 

1.5 l of soil and maintained in a shade house (7.4 ± 1.7ºC to 11.4 ± 2.2ºC from January 12 

to March 2017) at the University of Córdoba, Spain (37° 51′ N, 4° 48′ W). One hundred 13 

ml of tap water was added in each pot every 3 days for 3 months (from January 2017 to 14 

March 2017), until seedlings reached approximately 20 cm in height.  15 

16 

Watering conditions 17 

18 

Watering treatments applied to seedlings are outlined in Figure 1. In April 2017, 60 pots 19 

with a seedling were randomly chosen and watered twice a week with approximately 20 

200 ml of tap water per pot, to keep a 100 % WRC (Water Retention Capacity). The 21 

remaining 30 pots did not receive any water input (drought). 22 

After 3 weeks, 30 pots among 60 pots at 100% WCR did not receive any water and the 23 

other 30 pots remained at 100% WCR. At that time, previously unwatered pots received 24 
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one single water input (50 ml per pot, approximately) to raise soil moisture up to 10% 1 

WRC. 2 

After 3 additional weeks, there were three groups of pots: 30 pots always kept at 100% 3 

WRC (well-watered, WW); 30 pots subjected to a short drought period (SD, 3 weeks at 4 

100% WRC and 3 weeks of no watering); and 30 pots exposed to a long drought period 5 

(LD, 6 weeks of no watering with a single water input at the beginning of 4th week).  6 

Percentages of WRC were individually checked for each pot as the difference between 7 

the weight after watering (maximum value) and the weight obtained just before the next 8 

watering (minimum value). Then, the amount of water applied to each pot was always 9 

individually calculated to keep the required WRC. 10 

All the pots were maintained in an open-air shadow house and protected from rain. 11 

During the experiment period (April-June 2017), the temperature ranged from 13.4 ± 12 

0.3ºC to 28.1 ± 0.5ºC (mean 20.6 ± 0.4ºC).  13 

14 

Inoculation experiments 15 

16 

SD and LD seedlings were considered as potentially drought-predisposed to P. 17 

cinnamomi disease, and WW seedlings were considered as control plants not 18 

predisposed by drought. All these seedlings (90 in total) were exposed to P. cinnamomi 19 

inoculum to investigate their responses to the pathogen. 20 

For inoculum preparation, an isolate of P. cinnamomi (Sánchez et al., 2003) was grown 21 

in Petri dishes containing 20 ml of 20% carrot broth and incubated at 22ºC in the dark. 22 

After 4 weeks of incubation, the liquid medium was filtered aseptically, and the 23 

mycelium washed with sterile deionized water. Washed mycelium was suspended in 24 

sterile water at a rate of three Petri dishes per 100 ml and placed in an electric blender 25 
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(Osterizer pulse-matic 16) for 3 min to break up the mycelial aggregates and obtain free 1 

chlamydospores. Aliquots were taken from the homogenized suspension, and 2 

chlamydospores were counted in a Neubauer chamber (0.1 µl) (Romero et al., 2007). 3 

Inoculum concentration was adjusted to 5×103 chlamydospores×ml-l. A second 4 

inoculum with a concentration of 103 chlamydospores×ml-1 was also obtained by water 5 

dilution of the original suspension.  6 

For inoculation, the soil in each pot was carefully mixed with 100 ml of inoculum. Non-7 

inoculated control plants were treated in the same way and only 100 ml of sterile water 8 

was added to the soil. Then, two different levels of inoculum were applied: high 9 

inoculum level, by adding 100 ml of water suspension with 5×103 chlamydospores×ml-l 10 

per pot (1.5 l of soil), corresponding to 120 colony forming units per gram of dry soil 11 

(CFUg-1) according to Serrano et al. (2015); and low inoculum level, by adding 100 ml 12 

of water suspension with 103 chlamydospores×ml-l per pot (equivalent to 30 CFUg-1, 13 

Serrano et al., 2015). Ten pots (replicates) were prepared per inoculum concentration (0, 14 

30 or 120 CFUg-1) and previous watering treatment (WW, SD or LD, Figure 1). 15 

After inoculation, each pot was watered twice a week to maintain a WCR near 100% for 16 

4 weeks (optimal conditions for P. cinnamomi disease development, Sánchez et al., 17 

2005). At the end of the incubation period, root symptoms for each seedling were 18 

assessed according with the percentage of root necrosis, on a 0–4 scale: 0 = 0-10%, 1 = 19 

11-33%, 2 = 34-66%, 3 = more than 67% and 4 = dead root (Sánchez et al., 2005).20 

A two-way ANOVA test was performed for root necrosis data, considering inoculum 21 

density, watering treatment, and their interaction. As heterogeneity of variances was 22 

detected by the Levene’s test, angular transformations were applied to the data. When 23 

the ANOVA of transformed data revealed significant differences at P < 0.05, mean 24 

values were compared by the Tukey’s HSD test for α = 0.05 (Statistix software 9.0). 25 
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In addition, necrotic roots were selected from all seedlings, and root segments washed 1 

in sterile water and plated on selective NARPH medium. One Petri dish per seedling, 2 

each containing 6 root segments, were prepared. Dishes were incubated for 6 days at 3 

22ºC in the dark for re-isolation of the pathogen.  4 

5 

6 

Results 7 

8 

Soil water content 9 

10 

The evolution of soil water content for seedlings subjected to the different watering 11 

treatments is outlined in Figure 2. Well-watered plants (WW) maintained a soil 12 

moisture between 63.9 ± 3.3 and 100% WRC. Cork oak seedlings submitted to short 13 

drought (SD) were maintained for 3 weeks as WW plants (72.5 ± 2.2 to 100% WRC), 14 

followed by 3 weeks without any watering, resulting in a final soil moisture of 7.3 ± 15 

1.3% WRC. Seedlings under the long drought treatment (LD) were maintained for 6 16 

weeks without any watering, except for a single low watering (until 10% WRC) applied 17 

at the beginning of the 4th week, since soil was extremely dry (4.4 ± 0.8% WRC). At the 18 

end of their watering treatment, LD seedlings showed a soil moisture of 6.5 ± 0.7%, 19 

similar to SD seedlings. 20 

21 

Inoculation experiments 22 

23 

Root necrosis symptoms recorded are shown in Figure 3. ANOVA showed significant 24 

differences (F = 34.63; P < 0.0001) depending on inoculum density applied, but no 25 
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differences were detected based on previous watering (F = 0.89, P = 0.4149) nor on the 1 

interaction inoculum density×previous watering (F = 0.17, P = 0.9514). 2 

The Tukey's test revealed that seedlings inoculated with either 30 or 120 CFUg-1 3 

showed significantly higher values of root necrosis than uninoculated plants, 4 

independently of previous watering treatment (Figure 3). 5 

Phytophthora cinnamomi was always reisolated from necrotic roots from inoculated oak 6 

seedlings and never from control plants. 7 

8 

9 

Discussion 10 

11 

Time ago, Waterhouse and Waterston (1966) already established the aquatic character 12 

of oomycetes, including P. cinnamomi (Erwin and Ribeiro, 1996). This species is 13 

usually found in soil as resistant spores (mainly thick-walled chlamydospores) or, when 14 

the soil is very dry, it can survive as stromata (Crone et al., 2013). However, when the 15 

soil is wet and the temperature is near 25ºC (Brasier, 1996; Sánchez et al., 2005; 16 

Caetano et al., 2009), resting structures germinate generating sporangia, which in turn 17 

germinate releasing biflagellate zoospores that move actively through free water in the 18 

soil, attracted by root exudates of susceptible plant species (Shearer and Tippet, 1989; 19 

Erwin and Ribeiro, 1996; Romero et al., 2007; Oßwald et al., 2014). For all these 20 

reasons, it was assumed that a high soil moisture will favor Phytophthora root disease 21 

development (Brasier et al., 1993; Brasier, 1996; Sánchez et al., 2002; Hardham, 2005; 22 

Romero et al., 2007; Oßwald et al., 2014), while a low soil moisture will have a 23 

negative influence (Brasier, 1996; Robin et al., 2001; Hardham, 2005). Nevertheless, 24 

there have been reports assuming that drought favors Mediterranean oak decline by 25 
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predisposing oaks to P. cinnamomi root disease, either by inducing oaks with a 1 

hypothetical tolerance to the pathogen in humid soils to become susceptible in dry soils, 2 

or directly increasing oak susceptibility to P. cinnamomi infections (i.e. Navarro and 3 

Fernández, 2000). Drought is believed to favour diseases such as canker or dieback 4 

pathogens. As Desprez-Loustau et al. (2006) summarized, drought-induced diseases are 5 

often caused by facultative parasites having saprophytic or endophytic abilities, but a 6 

negative effect may be expected to occur for fine root pathogens such as Phytophthora 7 

spp., because their dispersal mostly relies on flagellate zoospores swimming in free 8 

water in spaces between the soil particles filled with water (Desprez-Loustau et al., 9 

2006). 10 

To clarify the interaction of P. cinnamomi oak disease with drought, cork oak seedlings 11 

were exposed to severe drought conditions (no irrigation at all) and responses of 12 

potentially drought-predisposed seedlings were compared with those of non-13 

predisposed ones. Drought treatments applied (SD or LD) were quite hard, but not too 14 

much to induce by themselves any visible drought damage to the seedlings. In fact, 15 

before inoculation, potentially predisposed cork oak seedlings remained asymptomatic, 16 

as least at foliar level, even when soil moisture reached around 6-7% WRC. That level 17 

of soil moisture is like Spanish open woodland soils after seasonal summer drought 18 

(González-Rodríguez et al., 2011). 19 

After the exposure to the pathogen, root necrosis was significantly higher in roots of 20 

inoculated seedlings in comparison with uninoculated control ones, as expected, but no 21 

differences were recorded between seedlings previously submitted to drought or not. In 22 

fact, all the inoculated seedlings were severely affected by root rot, independently of 23 

their previous soil moisture history and even at a low inoculum density (30 CFUg-1). 24 

56



Consequently, previous drought episodes did not act as a predisposing factor enhancing 1 

cork oak susceptibility to the pathogen.  2 

Corcobado et al. (2014) showed waterlogging followed by drought as the worst scenario 3 

for holm oak root infection by P. cinnamomi, causing a 100% of seedling mortality. 4 

Periodical variation of soil moisture content by flooding or water deficiency was already 5 

cited as a particularly favourable condition for P. cinnamomi root disease development 6 

(Sánchez et al., 2002; Desprez-Loustau et al., 2006; Oßwald et al., 2014; Hubbart et al., 7 

2016). 8 

As reported for P. cinnamomi in the southwestern USA (Thompson et al., 2014), the 9 

present work demonstrated that soil water deficit by itself, did not increase the 10 

susceptibility of cork oaks to P. cinnamomi root infections. Nevertheless, drought is a 11 

harmful factor which can induce a physiological decline, leading to tree mortality by 12 

itself (Allen et al., 2010; Martínez-Vilalta et al., 2012). Moreover, at a given level of 13 

root destruction driven by P. cinnamomi, the likelihood of cork oak decline and death 14 

will be greater in a dry soil compared to a wet soil, due to a decreased ability of root-15 

damaged trees to cope with situations of poor water availability, as previously reported 16 

for Quercus robur affected by the root rot fungus Collybia fusipes (Camy et al., 17 

2003). 18 

Soil moisture commonly fluctuates by flooding and water deficit in the Mediterranean 19 

basin, particularly in southern Spain. Therefore, the worst episodes of cork oak 20 

mortality that mostly co-occur with long droughts could be likely due to the synergistic 21 

effect of both deleterious factors, drought itself, and P. cinnamomi outbreaks. However, 22 

according to our study, drought itself cannot be considered as a predisposing factor 23 

required for P. cinnamomi root disease development in cork oaks. 24 

25 

57



Acknowledgements With acknowledgement to MINECO, Spain (project CGL2014-1 

56739-R), and LIFE program, EU (project LIFE+ 11 BIO/ES/000726) for financial 2 

support; and ME Sánchez from ETSIAM, Universidad de Córdoba (Spain), for the 3 

critical review of the manuscript. 4 

5 

Compliance with ethical standards 6 

7 

Conflict of interest The authors declare that they have no conflict of interest. 8 

Human and animal rights This article does not contain any studies with human or 9 

animal subjects. 10 

11 

References 12 

13 

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, 14 

M., Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, E. H., González, P., 15 

Fensham, R., Zhang, Z., Castro, J., Demidova, N., Lim, J. H., Allard, G., Running, 16 

S. W., Semerci, A., & Cobb, N. (2010). A global overview of drought and heat-17 

induced tree mortality reveals emerging climate change risks for forests. Forest 18 

Ecology and Management, 259, 660-684. 19 

Ávila, J. M., Linares, J. C., García-Nogales, A., Sánchez, M. E., & Gómez-Aparicio, L. 20 

(2017). Across-scale patterning of plant-soil-pathogen interactions in Quercus suber 21 

decline. European Journal of Forest Research, 136, 677-688. 22 

Brasier, C. M., Robredo, F., & Ferraz, J. F. (1993). Evidence for Phytophthora 23 

cinnamoni involvement in Iberia oak decline. Plant Pathology, 42, 140-145. 24 

Brasier, C. M. (1996). Phytophthora cinnamomi and oak decline in southern Europe. 25 

Environmental constraints including climate change. Annals of Science Forest, 53, 26 

347-358.27 

58



Bugalho, M. N., Caldeira, M. C., Pereira, J. S., Aronson, J., & Pausas, J. G. (2011). 1 

Mediterranean cork oak savannas require human use to sustain biodiversity and 2 

ecosystem services. Frontiers in Ecology and the Enviroment, 5, 278-286. 3 

Caetano, P., Ávila, A., Sánchez, M. E., Trapero, A., Coelho, A. C. (2009). 4 

Phytophthoras in forests and natural ecosystems. In Goheen, E. M. & Frankel S. 5 

J. (Technical Coordinators), Phytophthora cinnamomi populations on Quercus 6 

forests from Spain and Portugal (pp. 261-269). Monterey: USDA-Forest Service.  7 

Camy, C., Delatour, C., Caël, O. & Marçais, B. (2003). Inoculation of mature 8 

pedunculate oaks (Quercus robur) with the root rot fungus Collybia fusipes: 9 

Relationship with tree vigour and soil factors. European Journal of Plant 10 

Pathology, 109, 545-553. 11 

Corcobado, T., Cubera, E., Moreno, G., & Solla, A. (2013). Quercus ilex forests are 12 

influenced by anual variations in water table, soil water deficit and fine root loss 13 

caused by Phytophthora cinnamomi. Agricultural and Forest Meteorology, 169 , 14 

92-99. 15 

Corcobado, T., Cubera, E., Juárez, E., Moreno, G., & Solla, A. (2014). Drought events 16 

determine performance of Quercus ilex seedlings and increase their susceptibility to 17 

Phytophthora cinnamomi. Agricultural and Forest Meteorology, 192-193, 1-8. 18 

Desprez-Loustau, M. L., Marçais, B., Nageleisen, L. M., Piou, D., & Vannini, A. 19 

(2006). Interactive effects of drought and pathogens in forest trees. Annals of Forest 20 

Science, 63, 597-612. 21 

Erwin, D. C., & Ribeiro, O. K. (1996). Phytophthora diseases worldwide. St. Paul: APS 22 

Press. 23 

Gómez-Aparicio, L., Ibáñez, B., Serrano, M. S., De Vita, P., Avila, J. M., Pérez-Ramos, 24 

I. M., García, L. V., Sánchez, M. E. & Marañón, T. (2012). Spatial patterns of soil 25 

pathogens in declining Mediterranean forests: implications for tree species 26 

regeneration. New Phytologist, 194, 1014-1024. 27 

González-Rodríguez, V., Villar, R., Casado, R., Suárez-Bonnet, E., Quero, J. L., & 28 

Navarro-Cerrillo, R. M. (2011). Spatio-temporal heterogeneity effects on seedling 29 

growth and establishment in four Quercus species. Annals of Forest Science, 68, 30 

1217-1232. 31 

Hardham, A. R. (2005). Pathogen profile Phytophthora cinnamomi. Molecular Plant 32 

Pathology, 6, 589-604. 33 

59



Hubbart, J. A., Guyette, R., & Muzika, R. M. (2016). More than drought: precipitation 1 

variance, excessive wetness, pathogens and the future of the western edge of the 2 

eastern deciduous forest. Science of the Total Environment, 566-567, 463-467. 3 

Hüberli, D., Tommerup, I. C. & Hardy, G. E. S. (2000). False negative isolations or 4 

absence of lesions may cause misdiagnosis of diseased plants infected with 5 

Phytophthora cinnamomi. Australasian Plant Pathology, 29, 164-169. 6 

IPCC, 2014. Climate Change 2013: The Physical Science Basis. Contribution of 7 

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 8 

Climate Change. Cambridge and New York: Cambridge University Press.  9 

Jönsson, U. (2006). A conceptual model for the development of Phytophthora disease in 10 

Quercus robur. New Phytologist, 171, 55-68.  11 

Lindner, M., Maroschek, M., Netherer, S., Kremer, A., Barbati, A., García-Gonzalo, J., 12 

Seidl, R., Delzon, S., Corona, P., Kolström, M., Lexer, M. J., & Marchetti, M. 13 

(2010). Climate change impacts, adaptive capacity, and vulnerability of European 14 

forest ecosystems. Forest Ecology and Management, 259, 698-709. 15 

Luque, J., Parladé, J. & Pera, J. (2002). Seasonal changes in susceptibility of Quercus 16 

suber to Botryosphaeria stevensii and Phytophthora cinnamomi. Plant Pathology, 17 

51, 338-345. 18 

Marçais, B., Dupuis, F., & Despres-Loustau, M. L. (1993). Influence of water stress on 19 

susceptibility of red oak (Quercus rubra L) to Phytophthora cinnamomi Rands. 20 

European Journal of Forest Pathology, 23, 295-305. 21 

Martínez-Vilalta, J., Lloret, F., & Breshears, D. D. (2012). Drought-induced forest 22 

decline: causes, scope and implications. Biology Letters, 8, 689-691. 23 

Montoya, J. M. & Mesón, M. L. (1993). Mortandad de encinas y alcornoques Hojas 24 

Divulgadoras 11/93 HD. Ministerio de Agricultura, Pesca y Alimentación, Madrid.  25 

Nardini, A., Lo Gullo, M. A., & Salleo, S. (1999). Competitive strategies for water 26 

availability in two Mediterranean Quercus species. Plant, Cell & Environment, 22, 27 

109-116. 28 

Navarro, R. M. & Fernández, P. (2000). El síndrome de la Seca del encinar. Propuesta 29 

de solución para el Valle de los Pedroches. Pozoblanco: Fundación Ricardo Delgado 30 

Vizcaíno. 31 

Oßwald, W., Fleischmann, F., Rigling, D., Díez, J., Coelho, A.C., Cravador, A., Dalio, 32 

R. J., Horta Jung, M., Pfanz, H., Robin, C., Sipos, G., Solla, S., Cech, T., Chambery, 33 

A., Diamandis, S., Hansen, E., Jung, T., Orlikowski, L. B., Parke, J., Prospero, S., 34 

60



Werres, S. (2014). Strategies of attack and defence in woody plant-Phytophthora 1 

interactions. Forest Pathology, 44, 169-190. 2 

Robin, C., Capron, G., & Desprez-Loustau, M. L. (2001). Root infection by 3 

Phytophthora cinnamomi in seedlings of tree oaks species. Plant Pathology, 50, 4 

708-716.5 

Romeralo, C. (2008). La Seca. Decaimiento y muerte del género Quercus en la 6 

Comunidad de Castilla La Mancha. Serie Técnica La Salud de los Bosques nº 1. 7 

Consejería de Medio Ambiente y Desarrollo Rural, Junta de Castilla La Mancha, 8 

Spain. 9 

Romero, M. A., Sánchez, J. E., Jiménez, J. J., Belbahri, L., Trapero, A., Lefort, F., 10 

Sánchez, M. E. (2007) New Pythium taxa causing root rot on Mediterranean 11 

Quercus species in southwest Spain and Portugal. Journal of Phytopathology, 155, 12 

289-295.13 

Sala, O. E., Chapin III, F. S., Armesto, J. J., Berlow, E., Bloomfield, J., Dirzo, R., 14 

Huber-Sanwald, E., Huenneke, L. F., Jackson, R. B., Kinzig, A., Leemans, R., 15 

Lodge, D. M., Mooney, H. A., Oesterheld, M., Poff, N. L., Sykes, M. T., Walker, B. 16 

H., Walker, M., Wall, & D. H. (2000). Global biodiversity scenarios for the year 17 

2100. Science, 287, 1770-1774. 18 

Sánchez, M. E., Caetano, P., Ferraz, J., & Trapero, A. (2002). Phytophtora disease of 19 

Quercus ilex in south-western Spain. Forest Pathology, 32, 5-18. 20 

Sánchez, M. E., Sánchez, J. E., Navarro, R. M., Fernández, P., & Trapero, A. (2003). 21 

Incidencia de la podredumbre radical causada por Phytophthora cinnamomi en 22 

masas de Quercus en Andalucía. Boletín de Sanidad Vegetal Plagas, 29, 87-108.  23 

Sánchez, M. E., Andicoberry, S., & Trapero, A. (2005). Pathogenicity of three 24 

Phytophthora spp. causing late seedling rot of Quercus ilex ssp. ballota. Forest 25 

Pathology, 35, 115-125. 26 

Serrano, M. S., Ríos, P., González, M., & Sánchez, M. E. (2015). Experimental 27 

minimum threshold for Phytophthora cinnamomi root disease expression on 28 

Quercus suber. Phytopathologia Mediterranea, 54, 461-464. 29 

Shearer, B. L., & Tippett, J. T. (1989). Jarrah dieback: the dynamics and management 30 

of Phytophthora cinnamomi in the Jarrah (Eucalyptus marginata) forest of south-31 

western Australia. Western Australia Department of Conservation and Land 32 

Management Research Bulletin, 3, 1-76. 33 

61



Thompson, S. E., Levin, S., & Rodriguez‐ Iturbe, I. (2014). Rainfall and temperatures 1 

changes have confounding impacts on Phytophthora cinnamomi occurrence risk in 2 

the southwestern USA under climate change scenarios. Global change biology, 20, 3 

1299-1312. 4 

5 

Figure 1. Experimental design for watering treatment of Quercus suber seedlings from 6 

January-June 2017. Soil infestation with Phytophthora cinnamomi (inoculation) was 7 

performed on 15th May. Number of replicates (N) and watering treatment (WW, SD or 8 

LD) are shown for each combination. 9 

10 

Figure 2. Evolution of soil moisture expressed as percentage of Water Retention 11 

Capacity (WRC) ± SE in pots well-watered (WW), submitted to short drought (SD), or 12 

long drought (LD). LD pots received a single water input at the end of the 4th week. For 13 

each week and watering treatment, minimum values are WRC before watering and 14 

maximum values are WRC after watering. 15 

16 

Figure 3. Average values and standard errors of root necrosis recorded on cork oak 17 

seedlings inoculated with different concentrations of P. cinnamomi chlamydospore 18 

water suspensions. WW = well-watered seedlings, SD = short droughted seedlings, LD 19 

= long droughted seedlings. Different letter indicates significant differences according 20 

with the Tukey’s HSD test at P < 0.05.  21 

62



D
ro

u
g
h
t 

(n
o

 w
at

er
in

g
) 

(N
 =

 3
0

) 

A
p
ri

l 

2
0
1
7
 

3
 w

ee
k
s 

M
ay

 

2
0
1
7
 

3
 w

ee
k
s 

L
o
n
g
 D

ro
u
g
h
t 

L
D

 

 (
N

 =
 3

0
) 

S
h
o
rt

 D
ro

u
g
h
t 

S
D

 

(N
 =

 3
0
) 

P
re

-g
er

m
in

at
ed

 

ac
o

rn
s 

W
at

er
in

g
: 

≈
 2

0
0

 m
l 

tw
ic

e 
/ 

w
ee

k
 

(N
 =

 6
0

) 

1
0

0
 m

l/
3

 d
ay

s 

S
ee

d
li

n
g
s 

(N
 =

 9
0
) 

D
ro

u
g
h
t 

(n
o

 w
at

er
in

g
) 

(N
 =

 3
0

) 

D
ro

u
g
h
t 

(n
o

 w
at

er
in

g
) 

(N
 =

 3
0

) 

W
at

er
in

g
: 

≈
 2

0
0

 m
l 

tw
ic

e 
/ 

w
ee

k
 

(N
 =

 3
0

) 

W
el

l 
W

at
er

ed
 

W
W

 

(N
 =

 3
0
) 

Ju
n

e 

2
0

1
7
 

P
.
ci

n
n

a
m

o
m

i

in
o
cu

la
ti

o
n

4
 w

ee
k
s 

W
at

er
in

g
: 

≈
 2

0
0

 m
l 

tw
ic

e 
/ 

w
ee

k
 

Ja
n

u
ar

y
 

2
0
1
7
 

3
 m

o
n
th

s 

S
in

g
le

 w
at

er
in

g
 

(5
0

 m
l 

/ 
p

o
t)

 

Fi
gu

re
 1

63

https://www.editorialmanager.com/ejpp/download.aspx?id=212802&guid=5cd83ff4-7ce0-411b-b318-4064fff451ce&scheme=1
https://www.editorialmanager.com/ejpp/download.aspx?id=212802&guid=5cd83ff4-7ce0-411b-b318-4064fff451ce&scheme=1


Figure 3. Phytophthora cinnamomi sporangial production in soil extracts with or without 

seedling before the different irrigation schedules applied (Figure 1). Different letter indicates 

significant differences according with the Tukey’s HSD test at P < 0.05. 
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Competition between Phytophthora cinnamomi and Pythium spiculum 1 

for Quercus root infection: the role of soil water content 2 

3 

Abstract 4 

Key message Phytophthora cinnamomi prevails as Quercus root pathogen in 5 

saturated to moderately dry soils, while Py. spiculum does so in droughted soils.  6 

Mediterranan-oak woodlands, usually infested by both pathogens, are at risk of 7 

disease outbreaks at present and under increasing droughts. 8 

Context Root diseases caused by Phytophthora cinnamomi (Pc) and Pythium spiculum 9 

(Ps), and drought are limiting factors for oak survival under the increasing aridity 10 

forecasted for the Mediterranean region. 11 

Aims Understand the competition between Pc and Ps on Q. suber depending on 12 

changing soil water content, for a better risk assessment in infested woodlands suffering 13 

the climate change. 14 

Methods Assessment of disease symptoms development in seedlings inoculated with 15 

Pc, Ps, or Pc+Ps, and submitted to continuous flooding, periodical flooding, standard 16 

watering, low watering and drought. Data analysis (ANOVA) and reisolation of 17 

pathogens. 18 

Results Pc was virulent in saturated to moderately dry soils, causing high levels of root 19 

necrosis, but unable to infect at drought. In contrast, Ps infected roots at drought, but 20 

never at saturation, being less virulent than Pc in wet soils. In oaks inoculated with 21 

Pc+Ps, symptoms were as those induced by Pc alone, without any synergistic effect. 22 
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Conclusion Pc and Ps infect oak roots in a wide range of soil moisture, prevailing Pc in 23 

wet to moderately dry soils, and Ps in droughted soils. At present and under future 24 

water deficit, oak woodlands infested by both pathogens are at high risk of disease 25 

outbreaks which seriously endanger their future. 26 

Keywords: cork oak, drought, flooding, oak decline 27 

28 

1 Introduction 29 

Cork oaks (Quercus suber L.) have a high ecological, social and economic value at the 30 

Mediterranean Basin (David et al. 2007), where they are considered keystone species 31 

(Silva and Catry 2006). In the Iberian Peninsula, evergreen oaks, including Q. suber, are 32 

the dominant species of dehesa agroforestry systems (montado in Portugal), which 33 

combine cork and acorn production with extensive livestock ranching (García-Moreno 34 

et al. 2014), leading to a typical savannah-like landscape. Quercus species must 35 

withstand hot and dry summers for up to 4-5 months (Martín-Vide and Gómez 1999), 36 

but summer droughts will become limiting factors for oak trees in dehesa under the 37 

increasing aridity predicted for the region according with climate change projections 38 

(Lindner et al. 2010; IPCC 2014). In fact, drought-related mortality appears as an 39 

emerging widespread event with important implications for Mediterranean forest 40 

conservation (Allen et al. 2010; Martínez-Vilalta et al. 2012). However, climatic factors 41 

involved in global change are not the only damaging agents acting on vegetation; other 42 

environmental drivers with negative effects in regions of Mediterranean climate, as 43 

invasive microorganisms (Garbelotto and Pautasso 2011; Sache et al. 2011), seem to be 44 

also increasing, and both type of factors, climatic and biotic, can be co-related (Brasier 45 

1996).  Changes in intensity, length, and frequency of dry periods will likely affect 46 
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forest vulnerability to biotic agent´s attacks (Desprez-Loustau et al. 2006). This would 47 

be the case of Phytophthora cinnamomi Rands. infecting highly susceptible hosts, as 48 

oak species (Jung 2009), or Pythium spiculum Paul., whose presence in southern Iberian 49 

Peninsula infecting evergreen oaks increased along the last decades and threat the 50 

survival of oak-based agroecosystems (Serrano et al. 2012). 51 

Phytophthora cinnamomi causes its most severe outbreaks on topographically depressed 52 

areas, poorly drained or periodically waterlogged (Brasier et al. 1993; Sánchez et al. 53 

2002; Hubbart et al. 2016), which promote sporangial production and zoospore release 54 

required for disease spreading (Hardham 2005).  On the other hand, microorganisms in 55 

the genus Pythium are important root pathogens of many agricultural crops, including 56 

forest nursery seedlings, and their requirements for high soil moisture are like 57 

Phytophthora spp. (Dick 2001). Nevertheless, Py. spiculum, as a few others Pythium 58 

spp. (Benhamou et al. 1997; Paul et al. 2008; 2009; Karaca et al. 2009), does not seem 59 

to produce flagellated zoospores (Paul et al. 2006; De Vita et al. 2011) and root 60 

infections would depend on direct germination of hyphal bodies (sporangium-like 61 

structures, De Vita et al. 2011). For this reason, its feasible inability to produce 62 

swimming zoospores lead to hypothesize its better adaptability to terrestrial habitats in 63 

comparison with other oomycetes (Paul et al. 2006; De Vita et al. 2013). 64 

Phytophthora cinnamomi and Py. spiculum are frequently found in Spanish and 65 

Portuguese oak woodlands infecting oak roots of adjacent trees in the same site or even 66 

infecting roots from the same oak (Romero et al. 2007). Nothing is reported about the 67 

influence of soil moisture in the competition between both pathogens for Q. suber 68 

infection and root rot development. In this context, the main objective of this work was 69 

to establish the competition level between P. cinnamomi and Py. spiculum on Q. suber 70 

depending on soil water content in pot experiments. Understanding how soil moisture 71 
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can determine the aetiology of oak root disease should led to a better risk assessment of 72 

root rot development in cork oak open woodlands suffering the impact of climate 73 

change in the Mediterranean Basin. 74 

75 

2 Materials and methods 76 

2.1 Oomycete material 77 

Isolates of P. cinnamomi (PE90, from roots of Q. ilex L. subsp. ballota (Desf.) Samp.) 78 

and Py. spiculum (PA54, from rhizosphere of Q. suber) obtained from woodlands in 79 

southern Spain (De Vita et al. 2013) were used along the experiments. Isolates were 80 

maintained at the oomycete collection of the Agroforest Pathology Group at the 81 

University of Córdoba, Spain, stored under sterile mineral oil. Identification of the 82 

isolates was previously confirmed by ITS region sequentiation and comparison with 83 

sequences in GenBank (Paul et al. 2006, De Vita et al. 2013). 84 

2.2 Plant material 85 

Healthy 1-year-old cork oak seedlings potted in plastic containers (forest pot) with 40 86 

cells of 0.3 L, were obtained from San Jerónimo Forest Nursery, belonging to the 87 

Nursery Network of the Andalusian Government, Spain. 88 

2.3 Soil infestation 89 

For pot experiments, fertilized peat (Turbas y Coco Mar Menor, Sucina, pH = 5.5, ρ = 90 

170 g×l-1), a standarized substrate for growth of Mediterranean oak seedlings, was used. 91 

The substrate was infested with three different water spore suspensions: i) 92 

chlamydospores of P. cinnamomi PE90, ii) oospores of Py. spiculum PA54, and iii) a 93 

mix of resting spores (chlamydospores and oospores) from both pathogens. For inocula 94 
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preparation, each isolate was grown separately in Petri dishes containing 20 ml of 20% 95 

carrot broth and incubated at 22ºC in the dark. After 4 weeks of incubation, the 96 

mycelium produced was aseptically filtered and washed with sterile water. The 97 

mycelium mats were shaken for 3 min with sterile water in an electric mixer at the 98 

highest speed (Oster™ Pulse-matic 16, London), at a rate of three Petri dishes per 100 ml 99 

water. Spore concentration was estimated by counting in a Neubauer chamber and 100 

adjusted to 8×103 spores (chlamydospores or oospores)×ml-l. For P. cinnamomi soil 101 

infestation, the chlamydospore water suspension was added to the substrate in a ratio of 102 

33 ml×l-1 of substrate, resulting in 1.5×103 chlamydospores of P. cinnamomi per gram 103 

of dry substrate (corresponding to 640 CFUg-1 according with Serrano et al. 2015). 104 

Similarly, the water suspension containing 8×103 oospores of Py. spiculum×ml-l was 105 

added to to substrate at the same ratio, resulting in a density of 1.5×103 oospores per 106 

gram of dry substrate. A third infested substrate was equally prepared by adding the 107 

same quantity of both inocula all together, resulting in a density of 1.5×103 P. 108 

cinnamomi chlamydospores plus 1.5×103 Py. spiculum oospores per gram of dry 109 

substrate. Uninfested substrate with only water added was used as control. Once the 110 

soils were infested, oak seedlings were taken off their original containers and re-potted 111 

in plastic pots, each one containing 3 l of infested or control substrate. Forty pots 112 

containing one oak seedling per inoculum plus 40 control pots (replicates) were 113 

prepared, making a total of 160 pots. 114 

2.4 Watering treatments 115 

Eight pots per inoculum type and eight control pots were submitted to five different 116 

watering treatments: 117 

i) continuous flooding, by daily adding tap water until the substrate was saturated.118 

Plants were maintained under flooding for 4 weeks (Sánchez et al. 2005); 119 
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ii) periodical flooding, maintaining the pots inside trays filled with tap water for 2 days 120 

per week, and remaining out the trays without any supplementary watering for 5 days 121 

per week. This water treatment was maintained for 12 weeks (Sánchez et al. 2005); 122 

iii) standard watering, by adding 500 ml of tap water per pot every 3 days for 12 weeks123 

(Maurel et al. 2001; Sánchez et al. 2005); 124 

iv) low watering, by adding 200 ml of tap water per pot once a week for 24 weeks125 

(Sánchez et al. 2002); and 126 

v) drought, by adding 50 ml of tap water per pot once a week for 20 weeks.127 

All the pots were maintained in an acclimatized greenhouse (25 ± 2°C day and 10 ± 2°C 128 

night). To avoid cross-contamination, pots containing seedlings with different inocula 129 

were placed into separate trays. 130 

2.5 Determination of soil water content 131 

Eight additional pots containing 3 l (510 g) of dry substrate and submitted to each 132 

watering treatment as described above (40 pots in total) were weighted daily for 6 133 

weeks. The saturated water content (θs) for each watering treatment was calculated as 134 

the average difference between the weight at the time of watering (maximum value) and 135 

the weight obtained just before the next watering (minimum value) for each pot, 136 

expressed as percentage. 137 

2.6 Symptom assessment and data analysis 138 

The severity of foliar symptoms was assessed weekly for each seedling according with 139 

the percentage of yellow or wilt leaves on a 0–4 scale: 0 = 0-10%, 1 = 11-33%, 2 = 34-140 

66%, 3 = more than 67% and 4 = dead foliage (Sánchez et al. 2005). At the end of each 141 

experiment, the relative area under the disease progress curve (rAUDPC) for foliar 142 

symptoms was calculated as percentage regarding the potential maximum value 143 

76



(Campbell and Madden 1990). At this moment, root symptoms were also assessed 144 

according to a similar 0-4 scale referred to percentage of root necrosis or rootlet absence 145 

(Sánchez et al. 2005). Segments from inoculated or control roots were plated on 146 

selective NARPH medium (Hüberli et al. 2000) for re-isolation of the pathogens. 147 

Data on foliar and root symptoms at the end of the different experiments and rAUDPCs 148 

were tested for homocedasticity by the Levene’s test and then, two-way ANOVA tests 149 

were performed considering inocula, watering treatments and the interaction 150 

inocula×watering as factors. When interactions between factors were significant (p < 151 

0.05), data were grouped by watering treatment and submitted to one-way ANOVA 152 

tests. For each analysis, when significance was achieved (p < 0.05), mean values were 153 

compared among them by the Tukey HSD test at α = 0.05 (Statistix software 10.0, 154 

Tallahassee, FL, USA). 155 

156 

3 Results 157 

3.1 Soil water content 158 

The average maximum and minimum soil water content (θs) for each watering treatment 159 

were: 100% for continuous flooding, 73-100% for periodical flooding, 50-77% for 160 

standard watering, 25-36% for low watering, and 9-12% for drought. 161 

3.2 Inoculation experiments 162 

Foliar symptoms recorded in cork oak seedlings were like previously described in the 163 

field or in pot experiments for oaks infected with P. cinnamomi or Py. spiculum 164 

(Sánchez et al. 2002; Romero et al. 2007): leaf yellowing, wilting and defoliation. The 165 

two-way ANOVA test for the final foliar symptoms showed significant differences 166 

depending on inocula (F = 14.70, p < 0.0001), watering treatments (F = 32.26, p < 167 
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0.0001), and the interaction inocula×watering (F = 1.84, p = 0.0478). Then, foliar 168 

symptoms were separately analysed for each watering treatment. As shown in Table 1, 169 

significant differences in final foliar symptoms among inocula were achieved in 170 

seedlings submitted to periodical flooding (F = 9.70, p = 0.0001), standard watering (F 171 

= 6.45, p = 0.0019) and drought (F = 9.56, p = 0.0002). Under these watering 172 

treatments, all inoculated seedlings showed final foliar symptoms significantly higher 173 

than uninoculated ones, except for periodical flooding, where foliar symptoms of 174 

seedlings inoculated with Py. spiculum did not differ from controls (Table 1). 175 

The ANOVA test for disease progression based on the evolution of foliar symptoms 176 

(Fig. 1) expressed as rAUDPCs, showed significant differences depending on inocula (F 177 

= 2.94, P = 0.0354) and watering (F = 9.77, P < 0.0001), but not for the interaction 178 

between both variables (F = 1.31, P = 0.2201). Comparison of means showed 179 

significantly higher values for rAUDPCs only for seedlings inoculated with P. 180 

cinnamomi in comparison with control oaks (Fig. 2). 181 

On the other hand, drought induced higher values of rAUDPCs than all the other 182 

watering treatments tested. 183 

For root necrosis, significant differences were achieved depending on inocula (F = 184 

99.47, p < 0.0001), watering treatment (F = 28.29, p < 0.0001), and the interaction 185 

between both variables (F = 11.97, p < 0.0001). As for foliar symptoms, root symptoms 186 

were individualised by watering treatment and analysed (Fig. 3). Significant differences 187 

among inocula were recorded for every watering treatment tested. Under continuous 188 

flooding (Fig. 3a), only seedlings including P. cinnamomi in their inoculum showed a 189 

root necrosis significantly higher than controls (F = 20.69, p < 0.0001). For periodical 190 

flooding (Fig. 3b) all the inoculated seedlings showed root necrosis values significantly 191 

higher than controls (F = 102.07, p < 0.0001), being root symptoms caused by P. 192 
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cinnamomi or P. cinnamomi + Py. spiculum significantly higher than those induced by 193 

Py. spiculum alone. Similar results were obtained for standard watering (Fig. 3c): all the 194 

inoculated seedlings showed root symptoms significantly higher than controls (F = 195 

31.82, p < 0.0001), with P. cinnamomi and the mix of pathogens causing significantly 196 

higher values of root necrosis than Py. spiculum. 197 

However, when seedlings grew under low watering (Fig. 3d), no differences were 198 

recorded among the different inocula (F = 3.69, p = 0.0234). Finally, when seedlings 199 

were droughted (Fig. 3e), only Py. spiculum induced a level of root necrosis 200 

significantly higher than the already high values registered in controls (F = 3.17, p = 201 

0.0396). 202 

It is also remarkable that for the high to medium soil water contents (continuous 203 

flooding, periodical flooding and standard watering), values of root necrosis in 204 

uninoculated control seedlings were quite low (0.0 to 0.7), in contrast with the high 205 

values recorded for low soil water contents (2.2 and 3.2). 206 

3.3 Re-isolation of inoculated oomycetes 207 

In general, P. cinnamomi and Py. spiculum were re-isolated from symptomatic roots 208 

coming from seedlings inoculated with these pathogens, either separately or mixed one 209 

to each other. Re-isolation frequencies varied from 3 to 36% of positive isolations. 210 

Nevertheless, there were a few remarkable exceptions: i) under continuous flooding, Py. 211 

spiculum was always absent from roots coming from seedlings inoculated with only Py. 212 

spiculum, while it was re-isolated when seedlings were inoculated with both pathogens 213 

all together, and ii) P. cinnamomi was never re-isolated from seedlings inoculated with 214 

P. cinnamomi nor with both pathogens in droughted seedlings.215 
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Neither P. cinnamomi nor Py. spiculum were isolated from uninoculated control 216 

seedlings. 217 

218 

4 Discussion 219 

Different Phytopththora spp. and some Pythium spp. have been associated with 220 

Mediterranean Quercus decline, highlighting their potential as possible agents of root 221 

disease: P. cambivora (Mora-Sala et al. 2018), P. cryptogea (Pérez-Sierra et al. 2013), 222 

P. gonapodyides (Corcobado et al. 2010; 2016; Pérez-Sierra et al. 2013; Mora-Sala et223 

al. 2018), P. megasperma (Pérez-Sierra et al. 2013; Mora-Sala et al. 2018),  P. syringae 224 

(Pérez-Sierra et al. 2013), P. pseudocryptogea (Mora-Sala et al. 2018), P. psychrophila 225 

(Pérez-Sierra et al. 2013), P. quercina (Pérez-Sierra et al. 2013; Linaldeddu et al. 2014; 226 

Corcobado et al. 2016), and some other new cryptic species (Jung et al. 2017). Among 227 

Pythium spp., Py. anandrum (Jung et al. 1996), Py. mercuriale (Belbahri et al. 2008) 228 

and Py. sterilum (Belbahri et al. 2006; Jiménez et al. 2008), were also associated with 229 

declining oaks and pointed out as potential risks for oak forests. However, field 230 

outbreaks of Q. ilex or Q. suber root rot in southern Europe, even northern Africa, have 231 

been reported mainly associated with P. cinnamomi root infections (Romero et al. 2007; 232 

Camilo-Alves et al. 2013; Scanu et al. 2013; Smahi et al. 2017; Frisullo et al. 2018). In 233 

southern Spain and Portugal, a second oomycete species, Py. spiculum, has been 234 

consistently isolated from necrotic roots in field surveys on declining oak woodlands 235 

too (Romero et al. 2007; Corcobado et al. 2013). 236 

Oomycete pathogens, both Phytophthora and Pythium spp., require wet soils for 237 

zoospore release and spread to roots of host plants (Wakeham et al. 1997; Dick 2001), 238 

whereas seasonal fluctuations between flooded soil and drought were pointed as 239 
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especially favourable for P. cinnamomi epidemics (Sánchez et al. 2002; Corcobado et 240 

al. 2013). Soil flooding is a common phenomenon in southern oak woodlands (dehesa) 241 

in Spain during rainy autumn-winter seasons, but the summer dry character of dehesa 242 

soils, in addition to their poverty and shallow, are their most remarkable features 243 

(González-Rodríguez et al. 2011). 244 

Comparative virulence between P. cinnamomi and Py. spiculum were previously 245 

checked in potted Q. ilex and Q. suber seedlings submitted to periodical soil flooding, 246 

resulting Py. spiculum less pathogenic than P. cinnamomi (Jiménez et al. 2008; De Vita 247 

et al. 2013), as confirmed in the present work. However, Py. spiculum seemed able to 248 

compete with the highly virulent pathogen P. cinnamomi in the field, sharing Quercus 249 

hosts and being the main species isolated from symptomatic oak roots in some 250 

woodlands (Romero et al. 2007; Corcobado et al. 2013). In this work, we observed how 251 

different soil water contents determined the preferential oak root infection by P. 252 

cinnamomi or Py. spiculum. Phytophthora cinnamomi acted like a virulent pathogen in 253 

wet soils (54% ≤ θv = 100%), and even at medium water content (25% ≤ θv ≤ 36%), 254 

causing a high level of necrosis of the oak root system. As expected, this is in good 255 

agreement with previous field reports of P. cinnamomi infecting Q. ilex and Q. suber, 256 

inducing severe root damage both in waterlogged soils or when soil flooding seasonally 257 

occurs during short periods (Maurel et al. 2001; Sánchez et al. 2002; 2005; Romero et 258 

al. 2007). However, P. cinnamomi virulence resulted drastically reduced at drought (9% 259 

≤ θv ≤ 12%), becoming unable even to infect oak roots, as derived from the lack of 260 

reisolation from inoculated seedlings. This fact must be directly related with the 261 

requirement of soil moisture for sporangia development and zoospore release and 262 

spread in Phytophthora species (Erwin and Ribeiro 1996; Hardham 2005). 263 
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In contrast with P. cinnamomi, Py. spiculum can infect cork oak roots at drought, 264 

causing significant root necrosis when compared with roots from uninoculated control 265 

seedlings, highly damaged by drought itself. However, Py. spiculum infections were not 266 

detected in flooded soil (θv = 100%) and it was less virulent than P. cinnamomi in wet 267 

soils (θv ≥ 50%), as previously reported by De Vita et al. (2013), and equally found for 268 

holm oaks (Romero et al. 2007; Jiménez et al. 2008). This better adaptation of Py. 269 

spiculum to terrestrial habitats was already suggested, taking in account its unability to 270 

release infective zoospores (De Vita et al. 2011), and now it was demonstrated. 271 

When both pathogens were inoculated together, any synergistic effect was not observed, 272 

independently of the soil water content. The mixed inoculum of both pathogens always 273 

induced the same level of root necrosis than P. cinnamomi inoculum alone. Then, when 274 

both pathogens are present in the same woodland soil, the higher ability exhibited by P. 275 

cinnamomi to infect oak roots under a wide range of soil water contents, make it the 276 

main root pathogen for Mediterranean oaks, possibly displacing Py. spiculum to the role 277 

of secondary root invader. In fact, Py. spiculum was reisolated, together with P. 278 

cinnamomi, from roots inoculated with both pathogens under flooding, even when Py. 279 

spiculum alone was not able to infect roots under this high-water soil content. 280 

Nevertheless, during the summer dry season in the Mediterranean region, when soil 281 

moisture can drop until 5% (González-Rodríguez et al. 2011), P. cinnamomi would be 282 

unable to infect roots, but Py. spiculum would do, adding necrosis symptoms to oak 283 

roots already highly affected by drought itself. 284 

The Mediterranean Basin is considered a Global Climate Change hotspot due to the 285 

forecasted rainfall reduction and warming, and the expected increasing occurrence of 286 

extreme climate events (Giorgi and Lionello 2008; Lindner et al. 2010). Trees growing 287 

under the increasingly long summer season in this region have evolved a wide range of 288 
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morphological, physiological and anatomical adaptations to survive the drought (Allen 289 

et al. 2010; Peñuelas et al. 2010). However, the present work shows a high vulnerability 290 

to drought in cork oaks in absence of pathogens, as previously reported for Q. ilex 291 

(Corcobado et al. 2014). In contrast, cork oaks showed a low vulnerability to soil 292 

flooding, as previously reported by Romero et al. (2007) in the the field. 293 

Overall, our results demonstrated how P. cinnamomi and Py. spiculum, common in 294 

Mediterranean oak woodland soils, can infect cork oak roots causing decline in a wide 295 

range of soil moisture, prevailing P. cinnamomi infections in wet to moderately dry 296 

soils, and Py. spiculum in droughted soils. However, although reflecting root 297 

symptomatology (primary symptoms), secondary foliar symptoms were in general of 298 

lower magnitude than those detected at root level, due to a delay between Phytophthora 299 

root infection and aboveground symptom development, as frequently reported for trees 300 

with coriaceus leaves, as evergreen oaks (Robin et al. 1998, Serrano et al. 2013). 301 

Therefore, understanding the effects of global change drivers on tree health status 302 

requires a close look belowground, as canopy deterioration do not seem to be a good 303 

tool to evaluate decline driven by root pathogens. 304 

305 

5 Conclusion 306 

Phytophthora cinnamomi and Py. spiculum infect oak roots in a wide range of soil 307 

moisture, prevailing P. cinnamomi in wet to moderately dry soils, and Py. spiculum in 308 

droughted soils. At present, and also under future soil water deficit forecasted by 309 

climatic change for the Mediterranean region, oaks growing in woodland soils infested 310 

by both pathogens are at high risk of root disease outbreaks which seriously endanger 311 

their future. 312 
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Fig. 1 Evolution of foliar symptoms (0-4) of Q. suber plants growing in uninoculated 535 

(control) and soils inoculated with: Py. spiculum (Ps), P. cinnamomi (Pc) or Py. 536 

spiculum + P. cinnamomi (Ps+Pc); and submitted to continuous flooding (a), 537 

periodical flooding (b), standard watering (c), low watering (d) or drought (e) 538 

Fig. 2 Average values of rAUDPC (%) ± standard error recorded for oak seedlings 539 

growing in uninoculated soil (control) and soils inoculated with Py. spiculum 540 

(Ps), P. cinnamomi (Pc) or Py. spiculum + P. cinnamomi (Ps+Pc). Bars with 541 

different letters differ significantly according with Tukey´s HSD test (p < 0.05). 542 

Fig. 3 Average values of root symptoms (0-4) ± standard error recorded for oak 543 

seedlings growing in uninoculated soil (control) and soils inoculated with Py. 544 

spiculum (Ps), P. cinnamomi (Pc) or Py. spiculum + P. cinnamomi (Ps+Pc); and 545 

submitted to continuous flooding (a), periodical flooding (b), standard watering 546 

(c), low watering (d) or drought (e). Bars with different letters differ 547 

significantly according with Tukey´s HSD test (p < 0.05). 548 
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a) 

b) 

c) 

d) e) 

f) 

h) i) j) 

g)

Figura 4: Alcornoques sometidos a diferentes condiciones hídricas previas e 
inoculados con P. cinnamomi. Bellotas de alcornoque pregerminadas (a). Siembra de 
bellotas pregerminadas en  macetas de 1 L (b). Estructuras de exclusión de lluvia (c). 
Lavado del cepellón de los plantones de alcornoque tras 6 semanas bajo diferentes 
niveles de estrés hídrico (d). Trasplante de los plantones de alcornoque a suelo  
infestado con clamidosporas de P. cinnamomi (e). Plantones de alcornoque inoculados 
y sometidos a encharcamiento continuo (f). Alcornoques inoculados con P. cinnamomi 
tras 1 mes en encharcamiento continuo: síntomas foliares (g). Síntomas radicales: 
testigo (h), alcornoque inoculado con 30 UFC·g-1 de P. cinnamomi (i), alcornoque 
inoculado con 120 UFC·g-1 de P. cinnamomi (j). Se puede observar la necrosis y 
pérdida de raíces absorbentes en las plantas inoculadas con el patógeno.
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Figura 5: Plantones de alcornoque inoculados con P. cinnamomi y/o Py. spiculum y sometidos 
a diferentes condiciones hídricas del suelo. Vista general del experimento (a). Síntomas 
foliares: amarillez (b), marchitez marginal (c), marchitez total (d) y defoliación (e). Detalle de 
raíz afectada por podredumbre radical con ausencia de raicillas absorbentes (f) y 
descascarillamiento (g). Síntomas foliares (h) y radicales (i) de alcornoques sometidos a riego 
normal (50-77% de humedad del suelo) durante 12 semanas: testigo (T), inoculados con P. 
cinnamomi (Pc), Py. spiculum (Pys), y P. cinnamomi + Py. spiculum (Pc+Pys). Colonias de P. 
cinnamomi y Py. spiculum creciendo en medio selectivo NARPH a partir de segmentos de 
raicillas infectadas (j).
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CAPÍTULO 3: Control de la podredumbre radical del alcornoque y el 
acebuche mediante inductores de resistencia  
--------------------------------------------------------------------------------------- 
CHAPTER 3: Cork oak and wild olive root rot control through resistance 
inducers 
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En este capítulo se recogen los resultados relativos a los Objetivos 4 y 5 
de esta Tesis Doctoral, en los que se plantea conocer la eficacia de los 
fosfonatos como medida de control de la podredumbre radical del alcornoque y el 
acebuche. 

Los resultados obtenidos se han recogido en los artículos: 

Capítulo 3.1, publicado en Forest Pathology 2017, volumen 47, artículo e12343, y 
titulado  

“Testing systemic fungicides for control of Phytophthora oak root disease” 

Autores: Mario González, Paula Caetano, María Esperanza Sánchez 

Capítulo 3.2, en revisión en Phytopathologia Mediterranea y titulado: 

“Effectiveness of systemic products for control of wild olive root pathogens” 

Autores: Mario González,  María Esperanza Sánchez 

Capítulo 3.3, en prensa en European Journal of Plant Pathology 2019, y titulado 

“Fosetyl-aluminium injections controls root rot disease affecting Quercus suber in 

southern Spain” 

Autores: Mario González, María Ángeles Romero, María Socorro Serrano, María 

Esperanza Sánchez 
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Summary
Potassium	phosphite	(PP)	formulations	registered	as	fertilizers	are	now	prohibited	in	
Spain.	 Therefore,	we	 evaluated	 the	 systemic	 fungicide	 fosetyl-	aluminium	 (fos-	al)	 in	
comparison	with	PP,	against	root	rot	caused	by	Phytophthora cinnamomi in Quercus 
woodlands.	The	direct	effect	of	both	systemic	 fungicides	was	evaluated	 in	vitro	on	
P. cinnamomi mycelial growth. Protection of cork and holm oak against infection was
also evaluated in planta.	Metalaxyl	was	included	in	both	in	vitro	and	in planta	experi-
ments	 for	 comparison	 purposes.	 At	 100	μg/mL,	 PP	 totally	 inhibited	 colony	 radial	
growth,	in	comparison	with	75%	achieved	by	fos-	al.	At	doses	recommended	by	manu-
facturers,	with	fos-	al	and	metalaxyl	applications,	root	symptoms	remained	similar	to	
the	uninfected	control	levels.	Based	on	these	results,	fos-	al	is	a	candidate	substitute	
product for PP in Quercus woodlands for control of Phytophthora oak root disease.

1  | INTRODUCTION

Root rot caused by Phytophthora cinnamomi is the main disease affect-
ing Quercus	woodlands	in	the	Iberian	Peninsula.	The	use	of	systemic	
fungicides is an option for controlling the high rates of mortality caused 
by	 this	 pathogen	 (Sánchez,	 Caetano,	 Romero,	 Navarro,	 &	 Trapero,	
2006).	Potassium	phosphite	 (K2HPO3,	PP)	 is	 the	product	most	used	
against	Phytophthora	diseases	 (McDonald,	Grant,	&	Plaxton,	 2001).	
However,	 its	 use	 has	 been	 recently	 prohibited	 in	 Spain	when	mar-
keted	as	fertilizer	(Anexo	1	RD	506/2013,	www.juntadeandalucia.es/
agriculturaypesca/raif/novedades/2014/novedad_140507_02.html).	
The	antifungal	activity	of	PP	means	that	 the	product	 requires	toxic-
ity analyses and tests of residue persistence to enable registration as 
a	fungicide.	Before	prohibition,	PP	was	applied	as	trunk	injections	to	
control P. cinnamomi	infections	on	oak	trees.	The	use	of	a	xylem	mobile	
systemic	fungicide	effective	against	oomycetes,	such	as	Metalaxyl,	is	
not	allowed	in	woodlands	as	the	product	must	be	applied	to	the	soil,	
posing risks of forest soil contamination and potential leaching into 
water	courses.	Therefore,	other	products	registered	as	fungicides	and	
applied by trunk injection must be tested for use in the management 
of Quercus	 forest	 health.	 Fosetyl-	aluminium	 (aluminium	 tris-	O-	ethyl	
phosphonate,	 fos-	al),	 an	 alternative	 to	 PP,	 has	 been	widely	 used	 in	
the	management	of	diseases	caused	by	Peronosporales	(Ouimette	&	
Coffey,	1989),	including	application	by	trunk	injection.

Phosphonate treatment reduces disease by stimulation of plant de-
fence	mechanisms,	rather	than	through	direct	inhibition	of	pathogen	
growth	 (Guest	&	Grant,	 1991).	However,	 phosphonate	may	 also	 be	
directly inhibitory to P. cinnamomi	mycelial	growth	(Coffey	&	Joseph,	
1985;	Ouimette	&	Coffey,	1989).

The	purpose	of	work	reported	in	this	paper	was	to	(i)	evaluate	and	
compare the direct activity of PP and fos- al against mycelial growth 
of P. cinnamomi	isolates	recovered	from	oak	woodlands,	and	(ii)	com-
pare the ability of both compounds to control P. cinnamomi root rot on 
Quercus seedlings at doses recommended by the manufacturers using 
pot	experiments.

Metalaxyl	was	 also	 included	 in	 in	vitro	 and	pot	 experiments	 for	
comparative purposes because of its well- known effectiveness against 
Phytophthora spp.

2  | MATERIALS AND METHODS

Commercial	 formulations	 based	 on	 fos-	al	 (Aliette	WP	 80%,	 Bayer,	
Paterna,	 Spain),	 PP	 (Phyto	 Fos-	K	 25%	 P2O5,	 AMC	 Chemical,	 Dos	
Hermanas,	Spain)	and	metalaxyl	(Otria-	5-	GR	5%,	Probelte,	Espinardo,	
Spain)	were	tested	for	control	of	root	rot	caused	by	P. cinnamomi on 
Quercus ilex ssp. ballota and Q. suber.	For	in	vitro	experiments,	two	iso-
lates of P. cinnamomi	A2	from	the	culture	collection	of	the	Agronomy	
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Department	(PA20	and	PE13)	were	cultured	separately	in	Petri	dishes	
containing	 corn	 meal-	agar	 (CMA	 Difco,	 17%)	 amended	 with	 each	
fungicide at rates of 100 μg/ml	 active	 ingredient	 for	 fos-	al	 and	PP,	
or 1 μg/ml	active	ingredient	for	metalaxyl.	Six	dishes	per	isolate	and	
fungicide	were	tested.	Six	dishes	per	isolate	(without	fungicide)	were	
used as the control. Radial colony growth of isolates was determined 
after	5	days	of	incubation	at	22°C	in	the	dark,	when	control	cultures	
reached the edges of the Petri dishes.

In planta	 experiments	 were	 conducted	 on	 potted	 1-	year-	old	
healthy cork and holm oaks obtained from the Red de Viveros 
Forestales,	 a	 nursery	 of	 the	 Junta	 de	Andalucia.	A	 total	 of	 40	 cork	
oak and 40 holm oak seedlings were inoculated and 10 additional 
seedlings	 per	 tree	 species	 remained	 non-	inoculated,	 acting	 as	 con-
trols	 (Control	 0).	 Inoculum	was	 prepared	 by	 culturing	 both	 isolates	
of P. cinnamomi individually in Petri dishes containing 20 ml of car-
rot	broth	(20%)	and	incubating	at	22°C	in	the	dark	for	4	weeks.	The	
liquid	medium	was	 filtered	 aseptically	 and	 the	mycelium	washed	 in	
sterile	deionized	water.	Washed	mycelium	was	suspended	 in	 sterile	
water at a rate of three Petri dishes per 100 ml and placed in a blender 
for 3 min to break- up the mycelial aggregates and release chlamydo-
spores.	Aliquots	 from	the	homogenized	suspensions	were	placed	 in	
a 0.1 μl Neubauer counting chamber and chlamydospores counted. 
Chlamydospore	concentration	was	adjusted	to	1.5	×	104 units/ml for 
both isolates separately.

Chlamydospore	suspensions	from	the	two	isolates	were	mixed	to	
provide	 a	 single	 inoculum.	For	 inoculation,	 each	plant	was	 removed	
from its original container and 100 ml inoculum carefully added to the 
root ball before re- potting the plant in a plastic pot containing 3 L of 
peat	 (Turbas	y	Coco	Mar	Menor,	 Sucina,	 Spain).	One	week	after	 in-
oculation,	10	inoculated	seedlings	per	Quercus species were sprayed 
with	fos-	al,	PP	or	water	(Control	1).	Fungicides	were	applied	at	doses	
recommended	by	the	manufacturers	 for	citrus	 trees	 (2.5	g/L	Aliette,	
3	ml/L	Phyto	Fos)	as	foliar	spray	to	runoff	(100	ml	+	100	ml	2	hr	later)	
using	a	hand-	held	pressure	sprayer.	Ten	additional	plants	were	treated	
with	metalaxyl	by	application	of	200	ml	per	plant	 to	 the	soil,	 at	 the	
recommended	dose	(1	g/L	Otria-	5-	GR),	 in	two	treatments	of	100	ml	
each.	All	 plants	were	 incubated	 in	 an	 acclimatized	greenhouse	 (12–
26°C)	and	continuously	flooded	for	5	weeks.	Control	plants	(Control	
0	and	Control	1)	were	exposed	to	the	same	conditions.	Symptoms	of	
P. cinnamomi root disease were evaluated as percentage of root necro-
sis	on	a	0–4	scale	(Sánchez,	Andicoberry,	&	Trapero,	2005).

Two-	way	ANOVA	tests	were	performed	 for	data	analysis.	For	 in	
vitro	experiments,	 the	percentage	of	growth	 inhibition	compared	 to	
controls was analysed with isolate and fungicide considered as inde-
pendent	variables.	For	pot	experiments,	root	necrosis	data	were	tested	
with oak species and fungicide as independent variables.

Mean	values	were	compared	using	Fisher’s	LSD	test	(α =	0.05).

3  | RESULTS AND DISCUSSION

In	mycelial	growth	experiments,	no	significant	differences	were	found	
for	isolate	nor	isolate×fungicide	at	p < 0.05	(ANOVA);	therefore,	data	

from	both	 isolates	were	combined	 in	a	single	analysis.	All	 fungicides	
tested	 inhibited	mycelial	 growth	 (Figure	1).	 Fos-	al	 and	metalaxyl	 re-
duced	colony	radial	growth	up	to	75%,	whereas	PP	reduced	growth	by	
up	to	100%.	Previous	reports	demonstrated	the	ability	of	fos-	al	to	de-
crease growth of different Phytophthora	spp.	in	vitro,	but	only	at	a	dose	
rate over 100 μg/ml	(Bompeix,	Ravise,	Raynal,	Fettouche,	&	Durand,	
1980).	However,	lower	concentrations	of	PP	compared	to	that	used	in	
this	work	(28–72	vs	100	μg/ml)	were	reported	to	be	inhibitory	(Coffey	
&	 Joseph,	1985).	 In	 another	 study,	PP	was	more	 inhibitory	 towards	
mycelial growth of different Phytophthora	 spp.	 than	 fos-	al,	 including	
several isolates of P. cinnamomi	(Ouimette	&	Coffey,	1989).

In planta,	there	were	no	significant	differences	for	oak	species	nor	
oak	species×fungicide	at	p < 0.05.	Root	symptoms	(Figure	2)	in	plants	
treated	with	fos-	al	and	metalaxyl	were	significantly	lower	than	those	
recorded	in	inoculated	and	untreated	plants	(Control	1)	and	were	not	
different	 from	control	 inoculations	 (Control	0).	 Interestingly,	PP	was	
not	effective	against	oak	disease	at	the	recommended	dose.	A	possible	
explanation	could	be	that	as	fosetyl-	al	is	degraded	to	phosphonate	on	
application	to	plants,	this	treatment	can	result	in	high	concentrations	

F IGURE  1 Mycelial	growth	inhibition	(%)	of	P. cinnamomi 
isolates	PA13	and	PE20	on	corn	meal-	agar	amended	with	various	
fungicides	after	5	days	at	22°C.	Columns	with	different	letters	differ	
significantly	according	to	Fisher’s	LSD	test	(p	<0	.05)

F IGURE  2 Severity	of	root	lesions	on	P. cinnamomi infected Q. ilex 
and Q. suber	seedlings	after	application	of	various	fungicides.	Severity	
was	recorded	using	a	scale	of	0	=	0%	asymptomatic;	1	=	1–33%	
necrotic	roots;	2	=	34–66%;	3	=	67–99%;	4	=		dead	root.	Control	
0	=		no	fungicide,	P. cinnamomi-	free;	Control	1	=		no	fungicide,	
P. cinnamomi- inoculated. Columns with different letters differ
significantly	according	with	Fisher’s	LSD	test	(p < 0.05)
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of phosphonate being present in plant tissues in comparison with PP 
applied	at	similar	doses,	as	reported	for	controlling	stem	rot	of	pepper	
caused by P. capsici	(Ouimette	&	Coffey,	1989).

In	conclusion,	PP	at	the	recommended	dose	did	not	reduce	root	
symptoms in Quercus seedlings submitted to highly favourable con-
ditions	 for	 disease	 development	 under	 experimental	 conditions.	
Fosetyl-	al	 (registered	fungicide)	reduced	oak	root	symptoms	and	did	
not	differ	from	metylaxyl	in	effectiveness.

A	 long-	term	experiment	 in	mature	Q. suber trees is being carried 
out in woodlands and natural forests to confirm the effectiveness of 
fos- al applied by trunk injection at the recommended dose.

ACKNOWLEDGEMENTS

This	 work	 was	 supported	 by	 a	 research	 project	 funded	 by	 BBVA	
Foundation.	 M.	 González	 received	 a	 grant	 from	 LIFE+	 11	 BIO/
ES/000726	(BioDehesa).

REFERENCES

Bompeix,	G.,	Ravise,	A.,	Raynal,	G.,	Fettouche,	F.,	&	Durand,	M.	C.	(1980).	
Modalites	 de	 l’obtention	 des	 necroses	 bloquantes	 sur	 feuilles	 de-
tachées	de	Tomate	par	 l’action	du	 tris-	O-	ethyl	phosphonate	d’alumi-
num	(phosetyl	d’aluminum),	hypothyses	sur	son	mode	d’action	in vivo. 
Annals of Phytopathology,	12,	337–351.

Coffey,	M.	D.,	&	Joseph,	M.	C.	 (1985).	 Effects	 of	 phosphorous	 acid	 and	
fosetyl-	Al	on	the	life	cycle	of	Phytophthora cinnamomi and P. citricola. 
Phytopathology,	75,	1042–1046.

Guest,	D.,	&	Grant,	B.	(1991).	The	complex	action	of	phosphonates	as	anti-
fungal agents. Biological Reviews of the Cambridge Philosophical Society,	
66,	159–187.

McDonald,	 A.	 E.,	 Grant,	 B.	 R.,	 &	 Plaxton,	 W.	 C.	 (2001).	 Phosphite	
(Phosphorous	acid):	 Its	 relevance	 in	 the	environment	and	agriculture	
and influence on plant phosphate starvation response. Journal of Plant 
Nutrition,	24,	1505–1519.

Ouimette,	D.	G.,	&	Coffey,	M.	D.	 (1989).	Comparative	antifungal	activity	
of four phosphonate compounds against isolates of nine Phytophthora 
species. Phytopathology,	79,	761–767.

Sánchez,	M.	E.,	Andicoberry,	S.,	&	Trapero,	A.	(2005).	Pathogenicity	of	three	
Phytophthora spp. causing late seedling rot of three oak species. Forest 
Pathology,	35,	115–125.

Sánchez,	M.	E.,	Caetano,	P.,	Romero,	M.	A.,	Navarro,	R.	M.,	&	Trapero,	A.	
(2006).	Phytophtora root rot as the main factor in oak decline in south-
ern	Spain.	In	C.	Brasier,	T.	Jung,	&	W.	F.	Oßwald	(Eds.),	Progress in re-
search on Phytophthora diseases of forest trees	(pp.	149–154).	Farnham:	
Forest	Research.

How to cite this article:		González	M,	Caetano	P,	Sánchez	ME.	
Testing	systemic	fungicides	for	control	of	Phytophthora oak 
root disease. For Path. 2017;00:e12343. 
https://doi.org/10.1111/efp.12343

109

https://doi.org/10.1111/efp.12343




3.2 

Effectiveness of systemic products for control of wild olive 
root pathogens  

Mario González, María Esperanza Sánchez 

All authors: Agronomy Department, Agroforest Pathology, University of Córdoba, Ctra. Madrid-Cádiz 

Km 396, 14014 Córdoba, Spain.   

Corresponding author: M.E. Sánchez, e-mail: ag1sahem@uco.es 

Phytopathologia Mediterranea (under review) 

111

mailto:ag1sahem@uco.es




Running page title: Systemic products for control of wild olive root rot 1 
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7 

Summary. Four oomycete species (Phytophthora megasperma, P. cryptogea, P. oleae 8 

and Pythium spiculum) have recently been reported in southern Spain causing root rots 9 

on wild olives. Fosetyl-aluminium, potassium phosphite and metalaxyl were evaluated 10 

for disease control. All systemic products led to a significant decrease of root necrosis 11 

caused by Phytophthora pathogens when applied to inoculated seedlings in pot 12 

experiments, even when only potassium phosphite and metalaxyl induced a significant 13 

decrease of in vitro mycelial growth. Although potassium phosphite has been prohibited 14 

in many countries due to its commercialization as fertilizer, fosetyl-aluminium can be 15 

considered for use on wild olives to prevent root rot diseases that can spread to olive 16 

orchards. 17 

18 

Key words: Fosetyl-aluminium, Phytophthora cryptogea, Phytophthora megasperma, 19 

Phytophthora oleae, Pythium spiculum. 20 

21 

Introduction 22 

Cultivated olive (Olea europaea subsp. europaea var. europaea) is the main oleaginous 23 

crop in the Mediterranean Basin. Its wild form (var. sylvestris) is in turn, a keystone 24 

species of Mediterranean forests and an important genetic reservoir for breeding 25 

programs of new cultivars (Arias-Calderón et al., 2015).  26 
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In the last years, a root rot disease caused by different oomycetes, namely Phytophthora 27 

megasperma (Pm), P. cryptogea (Pc) (González et al., 2017b), P. oleae (Po) (González 28 

et al., 2019) and Pythium spiculum (Ps) (González et al., 2016), has been reported 29 

affecting wild olives in a protected woodland in southern Spain (Seville province).  30 

In natural forests, root diseases caused by oomycetes are commonly controlled through 31 

resistance inducers applied by trunk injection (Shearer and Fairman, 2007; Scott et al., 32 

2013) or aerial spraying (Hardy et al., 2001; Pilbeam et al., 2011). Products applied are 33 

mainly potassium phosphite (PP) (Reglinski et al., 2009; Kanaskie et al., 2011) or 34 

fosetyl-aluminium (Fos-Al) (Silva et al., 2016; Romero et al., 2019). These products 35 

exhibit a double mode of action acting directly against the pathogen and stimulating 36 

host-defence responses (Thomidis, 2003; Dalio et al., 2014). Other systemic fungicides, 37 

as metalaxyl, are commonly used to protect agricultural crops against oomycete root 38 

infections, but they are not suitable for use in woodlands as they are only translocated 39 

through the xylem and, consequently, they must be applied to the soil (Thomidis and 40 

Tsipouridis, 2001). 41 

Products effective for control of Phytophthora root diseases affecting cultivated olives 42 

in Spain (i.e. root rot caused by Pm and P. inundata, Sánchez et al., 2003) must be 43 

checked for effectiveness against oomycetes recently described as root rot agents on 44 

wild olives before their tentative approval for use in woodlands. Then, the aim of this 45 

work was to test the effectiveness of PP and Fos-Al against oomycete pathogens on 46 

wild olive and compare the ability of both compounds to control the root rot on potted 47 

seedlings. 48 

 49 

Materials and methods 50 
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Two phosphite-based products, PP (Phyto Fos-K 25% P2O5, AMC Chemicals), and Fos-51 

Al (Aliette WP 80%, Bayer), were tested. Additionally, metalaxyl (Otria-5-GR 5%, 52 

Probelte) was also included for comparison purposes. For in vitro experiments, two 53 

previously characterized isolates of each pathogen were used: PWO2 and PWO3 54 

isolates of Pm, PWO8 and PWO10 A1-isolates of Pc (González et al., 2017b), PHWO2 55 

and PHWO3 isolates of Po (González et al., 2019), and PYWO5 and PYWO6 isolates 56 

of Ps (González et al., 2016). The eight isolates were separately platted in Petri dishes 57 

containing 17% cornmeal-agar medium (CMA Difco) amended with each product at a 58 

dose of 100 µg×ml-1 of active matter for PP and Fos-Al, or 1 µg×ml-1 of active matter 59 

for metalaxyl, together with a dose 0 (without any product) as control. Three replicates 60 

(dishes) per isolate and product (including controls) were prepared and incubated at 22º 61 

C in the dark. The radial growth of colonies was daily measured until control colonies 62 

had completely covered the agar surface. For the fast-growing Ps isolates, radial growth 63 

was measured each 8 h. ANOVA were performed for maximum radial growth achieved 64 

by each pathogen species with isolate, product, and their interaction as factors. When 65 

significance was obtained (P < 0.05) for the interaction isolate×product, one-way 66 

ANOVA tests were made for each isolate. Mean values were compared by the Tukey’s 67 

HSD test at α = 0.05 (Statistix software 10.0). 68 

In planta experiments were conducted on potted 1-year-old healthy wild olive seedlings 69 

obtained from a nursery belonging to the Andalusian Regional Government (Red de 70 

Viveros Forestales, Junta de Andalucía). 71 

For inocula preparation, one isolate of each species was selected and single cultures of 72 

the homothallic species (Pm, Po and Ps) were prepared separately in Petri dishes with 73 

20 ml of carrot broth (20%) and incubated at 22º C in the dark. For the selected Pc 74 

isolate (A1 mating type), dual cultures with an A2-tester (Culture Collection, 75 
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Mediterranean Forest Institute of Polytechnique University of Valencia, Spain; 76 

González et al., 2017b) were prepared and equally incubated. After 4 weeks of 77 

incubation, oospore water suspensions were obtained as described in González et al. 78 

(2017b), and all of them adjusted to 2.2×104 oospores×ml-l. 79 

For soil infestation, 100 ml inoculum were carefully added to 2L of soil (sand:lime:peat 80 

1:1:1), handly homogenised, and potted in plastic pots. Seedlings were taken off their 81 

original containers and individually planted in pots containing infested soils. 82 

Products were applied in water solution at doses recommended by the manufacturers (3 83 

ml×l-1 Phyto Fos, 2.5 g×l-1 Aliette, 1 g×l-1 Otria-5-GR) by soil drench application of 200 84 

ml per pot in two steps of 100 ml each. Six replicates (pots with one seedling) were 85 

prepared for each pathogen: Pm, Pc, Po, Ps, and product: PP, Fos-Al, metalaxyl, and 86 

water (control treatment). Additionally, six uninoculated and untreated pots were 87 

included in the experiment (Control-00). 88 

All the pots were incubated in an acclimatized greenhouse (10.4 ± 1.9ºC to 19.4 ± 89 

2.2ºC) and flooded 2 days per week (González et al., 2017b) for 14 weeks. 90 

Foliar symptoms were assessed weekly for each seedling based on a 0–4 scale, 91 

according to the percentage of foliar symptoms (yellowing, wilted foliage or 92 

defoliation): 0 = 0%, 1 = 1-33%, 2 = 34-66%, 3 = more than 67% and 4 = dead foliage 93 

(González et al., 2017b). After 14 weeks, the relative area under the disease progress 94 

curve for foliar symptoms caused by each pathogen (rAUDPC) was calculated as a 95 

percentage of the potential maximum value (Campbell and Madden, 1990). At the end 96 

of the experiments, root symptoms were also assessed according to a similar 0-4 scale 97 

referred to root necrosis as follows: 0 = 0%, 1 = 1–33%, 2 = 34–66%, 3 = more than 98 

67%, 4 = dead root (González et al., 2017b). Data of rAUDPCs and root symptoms 99 
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caused by every pathogen were submitted to one-way ANOVA tests and mean values 100 

compared by the Tukey’s HSD test for α = 0.05 (Statistix software 10.0). 101 

Additionally, root segments from inoculated or control plants were carefully washed 102 

and plated on NARPH medium (Hüberli et al., 2000) for re-isolation of pathogens. 103 

104 

Results and discussion 105 

Inhibition of mycelial growth 106 

Maximum radial growth was reached after 9 days of incubation for Pm and Po isolates, 107 

although it took only 6 days for Pc, and 2 days for Ps. Significant differences based on 108 

product tested were achieved for Pm (F = 754.41; P < 0.0001), Pc (F = 2747.72; P < 109 

0.0001), Po (F = 2259.40; P < 0.0001) and Ps (F = 600.27; P < 0.0001). The interaction 110 

isolate×product was also significant for Pc (F = 7.07; P = 0.0031), Po (F = 18.52; P < 111 

0.0001), and Ps (F = 3.88; P = 0.0292), but not for Pm (F = 0.03; P = 0.9929). Then, 112 

mycelial growth data were separately analysed for each isolate with product as factor, 113 

except for Pm (Table 1). PP and metalaxyl induced a significant decrease of mycelial 114 

growth for each isolate tested. However, Fos-Al did not inhibit Pm nor Ps isolates’ 115 

growth, and only a significant, although low decrease was observed for Pc and Po 116 

isolates. This diverse and generally low effect of Fos-Al on mycelial growth depending 117 

on Phytophthora spp. has been previously reported (Silva et al., 2016; González et al., 118 

2017a), although PP use to inhibit mycelial growth of many Phytophthora spp. 119 

(Wilkinson et al., 2001; González et al., 2017a).  120 

Disease control in planta 121 

The evolution of foliar symptoms, stated as rAUDPCs (Table 2), showed no significant 122 

differences among treatments for Pm (F = 2.50, P = 0.0683), Pc (F = 2.06, P = 0.1159) 123 

and Ps (F = 2.09, P = 0.1127). Only seedlings inoculated with Po and treated with Fos-124 
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Al showed rAUDPC values significantly lower than water-treated plants (F = 34.68, P = 125 

0.0059), and not differing from uninoculated seedlings (Control-00). 126 

Figure 1 shows the level of primary symptoms (root necrosis) recorded at the end of the 127 

experiments. Significant differences were observed between treatments for Pm (F = 128 

13.51, P < 0.0001), Pc (F = 8.27, P = 0.0002), Po (F = 12.32, P < 0.0001) and Ps (F = 129 

3.41, P = 0.0234). For all Phytophthora species, all treated seedlings showed a level of 130 

root symptoms lower than those recorded for inoculated but untreated seedlings (water 131 

controls), without significant differences among products, and not differing from 132 

uninoculated seedlings (control-00). Only for Py. spiculum, root symptoms decrease 133 

induced by all products did not reached significance in comparison with water-treated 134 

seedlings, although it did not differ either from uninoculated controls. 135 

Although Fos-Al did not inhibit mycelial growth, it induced a decrease of root necrosis 136 

like PP or metalaxyl on seedlings infected with all the different Phytophthora 137 

pathogens. These differences between in vitro and in vivo effectiveness of Fos-Al were 138 

already reported (Guest and Grant, 1991; Silva et al., 2016) and generally attributed to 139 

its ability to stimulate the plant defence response (Thomidis, 2003). However, each 140 

inoculated pathogen was reisolated at low frequencies from necrotic roots (8-37% of 141 

positive isolation), regardeless the treatment applied. Controls-00 were the only 142 

exception. Then, despite the significant decrease of root necrosis observed, some root 143 

infections took place on treated seedlings, so in the mid-long term, disease development 144 

could take back through secondary cycles. Consequently, treatments should be often 145 

repeated. 146 

PP and Fos-Al resulted effective products against all Phytophthora pathogens from wild 147 

olive, but the use of PP, although registered as fungicide at the EU Pesticide Database 148 

(Reg. EU No 369/2013, European Commission), was prohibited in some countries, as 149 
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Spain, because it was marketed as fertilizer (Anexo 1 RD 506/2013, 150 

www.juntadeandalucia.es/agriculturaypesca/raif/novedades/2014/novedad_140507_02.151 

html). However, Fos-Al is marketed as phytosanitary product, and it could be 152 

considered a good alternative to control root rot diseases on wild olive, reducing the 153 

impact and spread of Phytophthora pathogens in natural woodlands that, in turn, can 154 

also put at risk cultivated olive orchards.  155 
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Table 2. Average values ± SE of the relative area under the disease progress curve 
(rAUDPC) recorded on wild olives inoculated with P. megasperma, P. cryptogea, P. 
oleae and Py. spiculum, treated whith different products, and subjected to periodical soil 
flooding for 14 weeks. Water = inoculated and water-treated seedlings; Control-00 = 
uninoculated and untreated seedlings. Columns with different letters differ significantly 
according with Tukey’s HSD test (P < 0.05).  

Treatment rAUDPC (%) 
P. megasperma P. cryptogea P. oleae Py. spiculum 

Water 23.1 ± 2.3 27.2 ± 5.4 33.3 ± 3.3 a 27.2 ± 3.7 
Foseyl-Al 19.6 ± 4.3 28.2 ± 4.6 14.4 ± 3.7   b 15.7 ± 4.5 

Potassium phosphite 12.8 ± 2.6 20.0 ± 4.4 21.3 ± 4.5 ab 17.8 ± 4.6 
Metalaxyl 14.6 ± 3.1 19.2 ± 5.3 18.9 ± 4.8 ab 20.7 ± 4.1 
Control-00 12.3 ± 2.0 12.3 ± 2.0 12.3 ± 2.0   b 12.3 ± 2.0 
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Figure 1. Average values ± SE of root symptoms recorded on wild olives inoculated 247 
with a) P. megasperma, b) P. cryptogea, c) P. oleae, and d) Py. spiculum, treated whith 248 
different products, and subjected to periodical soil flooding for 14 weeks. Water = 249 
inoculated and water-treated seedlings; Control-00 = uninoculated and untreated 250 
seedlings. Columns with different letters differ significantly according with Tukey’s 251 
HSD test (P < 0.05). 252 

a)

0

1

2

3

4

Water Fosetyl-Al Phosphite Metalaxyl Control-00

R
oo

t s
ym

pt
om

s a

b
b

b
b

0

1

2

3

4

Water Fosetyl-Al Phosphite Metalaxyl Control-00
R

oo
t s

ym
pt

om
s a

b
bb b

b)

0

1

2

3

4

Water Fosetyl-Al Phosphite Metalaxyl Control-00

R
oo

t s
ym

pt
om

s

a
abab

b
ab

d)

0

1

2

3

4

Water Fosetyl-Al Phosphite Metalaxyl Control-00

R
oo

t s
ym

pt
om

s a

bb
b b

c)

124



 3.3 

Fosetyl-aluminium injections controls root rot disease 
affecting Quercus suber in southern Spain 

Mario González, María Ángeles Romero, María Socorro Serrano, María Esperanza 
Sánchez 

All authors: Agronomy Department, Agroforest Pathology, University of Córdoba, 

Ctra. Madrid-Cádiz Km 396, 14014 Córdoba, Spain.  

Corresponding author: M.E. Sánchez, e-mail: ag1sahem@uco.es 

European Journal of Plant Pathology (in press) 

125

mailto:ag1sahem@uco.es




Fosetyl-aluminium injection controls root rot disease
affecting Quercus suber in southern Spain

Mario González & María-Ángeles Romero &

María-Socorro Serrano & María-Esperanza Sánchez

Accepted: 27 September 2019
# Koninklijke Nederlandse Planteziektenkundige Vereniging 2019

Abstract In Spain, natural and managed cork oak wood-
lands are severely affected by decline caused by the root rot
oomycetes Phytophthora cinnamomi and Pythium
spiculum. The need for environmental-friendly disease
managementmakes the use of resistance inducers a suitable
option. As the use of phosphite is prohibited in Spain, trunk
injections of fosetyl-aluminiumwere tested in a seminatural
cork oak woodland (dehesa). Sixty cork oaks in three
different defoliation classes (asymptomatic, slight, and
moderate defoliation) were selected for fosetyl- aluminium
or control (water) trunk injections, and periodically checked
for defoliation and presence of both pathogens in roots and
rhizosphere soil. Three years after treatments, fosetyl-
aluminium injection significantly decreased defoliation in
treated cork oaks in comparison with water-injected con-
trols, regardless of the initial defoliation class considered.
Changes in inoculum density in the rhizosphere or pres-
ence of the two pathogens in roots were not significantly
dependent on treatment. However, a trend to a lower
presence of pathogens in roots of treated oaks was
observed with increasing soil inoculum densities.
Fosetyl-aluminium, a phosphonate fungicide registered

in the European Union, was experimentally proved to
protect cork oaks against root rot caused by P. cinnamomi
and Py. spiculum, even exhibiting a therapeutic effect on
preexisting infections. This effective measure can
therefore be used to fight against this highly destructive
disease in seminatural woodlands and in protected natural
ecosystems.

Keywords Corkoak .Dehesa . Fungicide .Oakdecline .

Phosphite . Phosphonate . Phytophthora cinnamomi .

Pythium spiculum . Resistance inducer

Introduction

Cork oak (Quercus suber L.) woodlands across the
Mediterranean Basin are severely affected by root rot,
decline, and death caused by soilborne oomycetes, as
recently reviewed by Moricca et al. (2016) and Jung
et al. (2018), and previously confirmed in many Medi-
terranean European countries as France, Italy, Portugal
or Spain (Brasier 1996; Robin et al. 1998; Gallego et al.
1999; Sánchez et al. 2006; Camilo-Alves et al. 2013;
Scanu et al. 2013). In Spain and Portugal, the main
oomycete species associated with root rot in cork oak
woodlands is Phytophthora cinnamomi (Brasier et al.
1993; Moreira and Martins 2005; Sánchez et al. 2006;
Caetano et al. 2007), but also Pythium spiculum has
been consistently associated with the root disease, usu-
ally together with P. cinnamomi (Romero et al. 2007).
Some control techniques have been reported effective
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against P. cinnamomi as part of an integrated manage-
ment strategy to control the oak root disease in semi-
natural open woodlands (dehesas). These include soil
limestone amendments (Serrano et al. 2012a),
biofumigation with Brassicaceae (green manure or seed
meals) rich in sinigrin (Ríos et al. 2016, 2017), limiting
animal and soil movements, or not sowing herbaceous
species susceptible to P. cinnamomi (Serrano et al.
2012b). Some of these control methods, such as soil
amendments or limiting wildlife movements, can be
unsuitable or unworkable in natural cork oak forests.
However, from the treatments appropriate for managed
and natural environments, the use of resistance inducers
applied by trunk injection appear as suitable options,
even for protected areas of high ecological value. As
could be the situation at Doñana National Park (Spain),
or Natural Parks of Los Alcornocales (Spain) or
Arcipelago di la Maddalena (I ta ly) , where
P. cinnamomi has already been detected infecting oaks
(De Vita et al. 2012; Gómez-Aparicio et al. 2012;
Linaldeddu et al. 2014).

Potassium phosphite (K2HPO3) is maybe the most
widely applied product against Phytophthora diseases on
forest trees worldwide (Fernández-Escobar et al. 1999;
Hardy et al. 2001; Shearer and Fairman 2007; Gentile
et al. 2009; Schmidt and Garbelotto 2010), but its use was
prohibited in Spain because it wasmarketed as a phosphoric
fertilizer (RD506/2013, www.juntadeandalucia.
e s / a g r i c u l t u r aype s c a / r a i f / n ovedade s / 2014
/novedad_14050702.html). Recently, other systemic
products registered as fungicides were tested on potted
Quercus seedlings for use in the management of Quercus
forest health (González et al. 2017). Fosetyl-aluminium
(aluminium tris-O-ethyl phosphonate, fos-al), consti-
tutes an alternative to phosphite, and it has been
widely used in the management of diseases caused
by Peronosporales (Ouimette and Coffey 1989), in-
cluding some Phytophthora diseases of forest trees
(Silva et al. 2016). Moreover, in pot experiments,
fos-al prevents disease symptoms in cork oaks
exposed to P. cinnamomi more extensively than
potassium phosphite (González et al. 2017), but it
has not been tested in the field. Therefore, the aims
of this work were to: i) obtain statistical evidence to
endorse the effectiveness of fos-al to prevent root rot
in mature cork oak trees, and ii) test the evolution of
crucial events for disease outbreak (soil inoculum
density and root infection level) in treated or
untreated oaks.

Material and methods

Site characteristics and field samplings

A cork oak openwoodland (dehesa) (Scarascia-Mugnozza
et al. 2000) was chosen at Huelva province, Spain (37° 15′
52.9'' N; 6° 28’ 48.5^ W) to set up the experimental plot.
The chosen dehesa is an acorn-Iberian pig and sheep
ranching system with 55–65 cork oaks per ha of semi-
natural pasture. Root rot disease was first diagnosed at this
dehesa in April 2010, when a defoliation focus was de-
tected, and P. cinnamomi isolated from rootlets of two
symptomatic cork oaks (M.S. Serrano, unpublished data).
From 2010, and starting from this first detected focus,
decline associated with root rot has been spreading though
the woodland.

In early autumn 2014, a field survey was carried out
to evaluate cork oak defoliation on an area of 5 ha
(225 × 225 m) located at the external perimeter of the
decline focus, in the interface between clearly symptom-
atic and still asymptomatic trees. Each oak was visually
classified in a 0–5 scale (adapted from Lakatos and
Mirtchev 2014), with 0 = 0–10% defoliation (asymp-
tomatic oaks), 1 = 11–25% defoliation (slight), 2 = 26–
50% (moderate defoliation), 3 = 51–75% (severe defo-
liation), 4 = defoliation >75% (very severe), 5 = dead
oak. Size based on diameter at breast height (DBH) of
every tree was also measured. The experimental plot
consisted of 20 randomly selected cork oaks (DBH >
20 cm) per defoliation class (DC) detected. In autumn
2014, DCs recorded at the experimental plot were 0, 1
and 2. Severely (DC 3), very severely defoliated (DC 4)
or dead oaks (DC 5) were not present. Then, 20 oaks
each belonging to DC 0 (asymptomatic oaks), DC 1
(slight defoliation) or DC 2 (moderate defoliation) were
selected, making a total of 60 oaks. For each selected
DC, 10 oaks were treated with fos-al and the other 10
with only water to act as controls, so 30 oaks in total
were treated and 30 oaks remained as controls.

Defoliation assessment was repeated twice a year on
every selected cork oak for 3 years: 2015, 2016 and
2017, in spring (May) and autumn (November), after
rainfall events.

Soil and root samples were taken from each selected
cork oak. Two root excavations were carried out 1 m
from the base of the trunk at a depth of 10–50 cm,
randomly located but one 180° from the other. A total
of approximately 200 cm3 of symptomatic feeder roots
and 1 kg of rhizosphere soil were collected and mixed to
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give one single sample per cork oak. The samples (roots
and soil) were placed into plastic bags, kept in a cool
box and carried to the laboratory for further isolation.
The initial root and soil sampling was carried out in
autumn 2014 and repeated in autumn 2015, 2016 and
2017.

Trunk injections

In autumn 2014, after the first evaluation and sampling,
10 oaks per DC were randomly selected for treatment
with fos-al. Treatments were performed by trunk injec-
tion, applying pressurized capsules (Inyect©, Fertinyect
SL, Córdoba) each containing 200 ml of 4% of com-
mercial product (ALIETTE©, Bayer) in water solution,
as recommended by the company. One capsule was
applied to each 20–25 cm of trunk perimeter, 50 cm
above the ground line. Depending on its DBH, each oak
received three or four capsules. Ten additional trees per
initial DC were similarly treated, but the pressurized
capsules only contained water. The trunk injections
were conducted in the middle of a sunny day, with a
temperature of 23 °C. Trunk absorption of the capsules’
contents took approximately 30 min.

Oomycete isolations

Soil samples were dried at room temperature until con-
stant weight and then sieved (2 mm). Ten grams of
homogenized dry soil was suspended in 100 ml of
sterilized water agar (0.2%) and shaken. One-milliliter
aliquots were taken from the soil-water agar mix and
plated on Petri dishes containing 20 ml of NARPH
medium (Hüberli et al. 2000), using a sterile glass
spreader to distribute the material over the agar surface.
This dilution was previously shown to produce a count-
able number of colonies from soil samples of declining
oaks (Romero et al. 2007). For each soil sample, 20 Petri
dishes were prepared. Dishes were incubated at 22 ±
2 °C in darkness for 24 h, then the agar surface of each
dish was washed with sterile water, removing the soil-
water agar mix. Dishes were then re-incubated in the
same conditions for 72 h. Colonies obtained were iden-
tified as P. cinnamomi based on hyphal morphology:
presence of rounded hyphal swellings in clusters, to-
gether with chlamydospores (Erwin and Ribeiro 1996;
Romero et al. 2007), or as Py. spiculum based on
oogonia and hyphal morphology (Paul et al. 2006;
Romero et al. 2007), observed under an inverted

microscope (Olympus IMT-2, ×40), and counted. Inoc-
ulum densities were expressed as colony-forming units
(P. cinnamomi or Py. spiculum colonies) per g of dry soil
(CFUg−1).

Rotten feeder roots samples obtained in each field
sampling were washed under running tap water, surface
dried with sterile filter paper, cut in 4 mm-long segments
and directly plated on NARPH medium. Six Petri
dishes, each containing six root segments were plated
per sample, and dishes were incubated at 22 °C in the
dark for 5 days. Colonies growing from necrotic root
segments were identified as P. cinnamomi or Py.
spiculum based on hyphal morphology and presence
of resting spores (chlamydospores) for P. cinnamomi
or hyphal morphology and spiny oospores for Py.
spiculum, as observed under the inverted microscope
(Romero et al. 2007). Data were expressed as percent-
age of oomycete positive isolations for each oak tree:
(number of root segments yielding one P. cinnamomi or
Py. spiculum colony / total number of root segments
plated in NARPH) × 100.

Data analyses

After 3 years of evaluations (autumn 2014 to autumn
2017), the evolution of defoliation, soil inoculum den-
sity, and isolation from roots, were expressed as a rela-
tive area under the progress curve (rAUPC) calculated
as follows (Campbell and Madden 1990):

rAUPC ¼ 100

smax � teð Þ � ∑
n

i¼1

si þ siþ1ð Þ
2

� tiþ1−tið Þ

where, si = defoliation value, soil inoculum density or
isolation from roots, for observation number i, smax =
maximum value, ti = number of months between treat-
ment and evaluation i, te = total evaluation period, and
n = number of evaluations.

Data of inoculum soil density were transformed to
(CFUg−1)0.5 to fit continuity. Data of rAUPCs for
defoliation values, inoculum soil densities and isola-
tion from roots were checked for homoscedasticity by
the Levene’s test, and two-way ANOVA tests were
performed considering oak treatment (fos-al or water),
initial DC, and the interaction oak treatment×initial
DC, as factors. For each ANOVA analysis, when sig-
nificance was obtained at P < 0.05, mean values were
compared using Fisher’s LSD test for α = 0.05
(Statistix software 9.0).

Eur J Plant Pathol

Author's personal copy

129



The entire data set was submitted to a logistic regres-
sion to fit the probability of fine roots being infected
depending on soil inoculum level or treatment (fos-al or
water). Additionally, regression curves were performed
to relate the presence of P. cinnamomi and Py. spiculum
in roots (%) and soil (CFUg−1) as the best fit of
R-squared.

Results

Defoliation recorded during the evaluation period, and
average values of rAUPCs obtained for disease progres-
sion (defoliation) are shown in Fig. 1a and b respective-
ly. ANOVA showed significant differences for rAUPCs
depending on oak treatment (F = 5.26, P = 0.0260) and
among initial DCs (F = 88.54, P < 0.0001), but not for
the interaction treatment × initial DC (F = 0.76, P =
0.4723). Comparison of means showed significantly
lower values for rAUPCs in cork oaks treated with
fos-al in comparison with control oaks (Fig. 1b).

Average data of P. cinnamomi and Py. spiculum
positive isolations from necrotic roots and soil inoculum
levels are in Table 1. ANOVA of rAUPCs for positive
isolations from roots did not show significant differ-
ences depending on treatment (F = 0.09, P = 0.7718),
nor on the interaction between treatment and initial
DC (F = 0.33, P = 0.7183), and only significant differ-
ences based on initial DC were found (F = 5.43, P =
0.0075). ANOVA of rAUPCs for soil inoculum levels
neither showed significant differences depending on
treatment (F = 0.14, P = 0.7067), initial DC (F = 1.90,
P = 0.1610), nor on the interaction treatment × initial
DC (F = 0.56, P = 0.5755).

The logistic regression showed a marginally signifi-
cant effect of soil inoculum level on infection of fine
roots (P = 0.0827), whereas treatment did not signifi-
cantly affect root infections (P = 0.5870). The best fit for
the relationship between inoculum soil density
(CFUg−1) (x) and positive isolation from roots (%) (y)
was an exponential model: y = 1.364 e0.0126x (R2 = 0.69)
for fos-al treated oaks, and y = 0.6452 e0.0316x (R2 =
0.73) for controls (Fig. 2). After a nearly stationary
phase for low levels of soil inoculum density, from the
intersection point between both curves (39.4 CFUg−1 in
soil), the adjusted curve for control oaks enters to the
exponential phase with a maximum slope of 11.2%,
while for treated oaks this maximum value is 4.7%,
more than 2-times lower.

Discussion

This field study showed that fos-al applied to cork oaks
by trunk injection is an effective control measure against
the root disease caused by the pathogenic oomycetes
P. cinnamomi and Py. spiculum. This result agrees with
those obtained with potassium phosphite against the
root disease caused by P. cinnamomi in holm oaks
(Fernández-Escobar et al. 1999; Sánchez et al. 2006),
Eucalyptus and other Australian native species (Hardy
et al. 2001; Shearer et al. 2006), chestnuts (Gentile et al.
2009), or other Phytophthora root or stem diseases
affecting forest trees (Garbelotto and Smith 2009;
Dalio et al. 2014).

Fos-al treatment significantly reduced defoliation
of mature cork oaks natural ly infected by
P. cinnamomi and Py. spiculum in comparison with
untreated oaks. Root colonization itself did not de-
pend on treatment (fos-al or water), but mainly on
soil inoculum. However, when correlations between
soil inoculum density and root isolation were
established, trend curves showed lower values in
treated cork oaks in comparison with control roots.
Although for both treatments the best fit corresponds
to exponential curves, from near 40 CFUg−1 in soil,
the trend to a higher root infection rate in control
oaks compared to fos-al treated becomes clear, as
reflected by the difference between the maximum
slope of both curves, more than double for control
oaks than for treated ones, which remains nearly
constant with increasing soil inoculum densities.
This inoculum threshold from which the root infec-
tion in control oaks goes to the exponential phase is
in good agreement with the experimental minimum
threshold for P. cinnamomi disease expression ob-
tained by Serrano et al. (2015) in pot experiments.

As previously pointed by Gentile et al. (2009) on
chestnuts, it is generally assumed that the effectiveness
of phosphonates is inversely proportional to initial dis-
ease severity. However, the present work shows that
protection provided by fos-al was independent of the
initial defoliation exhibited by treated cork oaks. Nev-
ertheless, only asymptomatic to moderately-defoliated
oaks were treated; consequently, it remains unknown as
to whether severely defoliated trees could also be
protected by fos-al injection.

It was stated how the monoethyl phosphonate
fos-al, or its breakdown product (phosphite), has
two modes of action in plant tissues: a direct action
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by the inhibition of pathogen growth (Ouimette and
Coffey 1989; González et al. 2017), and an indirect action
by stimulating the natural defense mechanisms of the host
plant to stop pathogen development (Jackson et al. 2000;
Berkowitz et al. 2013), acting as a resistance inducer. In the
present work, injected cork oaks, including asymptomatic
ones, were already root-infected, mainly by P. cinnamomi,
when fos-al injections were applied. In fact, positive isola-
tions from root samples were obtained in autumn 2014,
before treatments. Therefore, although fos-al likely gave
protection against new infections (preventive action), some
therapeutic effect is also feasible.

In this study, trunk injection of fos-al has been
shown to give protection against the root disease
caused by P. cinnamomi and Py. spiculum in cork
oaks growing in semi-natural, managed woodlands
(dehesas). Nevertheless, more research is needed to

know the potential effectiveness of fos-al treatment
in heavily diseased cork oaks (more than 50% defo-
liation), the maximum concentration that can be
applied to the trees without causing phytotoxicity,
and subsequent persistence/effectiveness of these
concentrations compared to lower concentrations.

About the length of the protection afforded by fos-al
treatment, we found at least 3 years of protection for
cork oaks, but this period could be longer, possibly
analogous to the frequency of potassium phosphite in-
jections (4 years) to protect Australian forest species
from P. cinnamomi root disease (Shearer and Fairman
2007).

Additionally, the direct application of fos-al to
trees by trunk injection, does not involve a risk of
translocation to other plants, soil, or water courses.
For this reason, this control method is suitable for
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use in dehesa systems, and in natural forests. More-
over, fos-al is included as a fungicide on the EU
Pesticide Database and marketed in Spain as a fun-
gicide for use in agriculture and some forestry crops
(i.e. Cupressus spp.). Phosphite is generally used in
preference to fos-al because of its supposed much
lower cost. However, in Spain real costs are not so
different. The cost for a single fos-Al injection is
around 2.50 Euro, that made 7.50–10.00 euro per
tree, considering each tree needs an average of 3–4
injectors; while the same treatment injecting potas-
sium phosphite has a cost of 2.30 euro per injector
(6.90–9.20 euro per tree) (data from Fertinyect SL,
Córdoba, Spain). This makes an average difference
of 20–28 euros per ha for a typical density of 30–40
oaks per ha in dehesa systems.

Consequently, fos-al treatment should be consid-
ered as an effective tool for the control of oomycete
caused diseases of cork oak woodlands, including
semi-natural dehesa systems and specially protected
natural areas. Nevertheless, the lack of impact of
fos-al treatment on soil inoculum is a remarkable
point that implies the disease propagation by soil
inoculum dispersed by water runout, cattle, etc. will
remain unhampered. Diseased oaks, when treated,
could survive and even recover, but, on the other
hand, they can also become sources of inoculum for

pathogen dispersal (Wilkinson et al. 2001), despite
their improved health. Consequently, fos-al injec-
tions cannot be considered as the only and definitive
control tool to stop cork oak root disease. Other
control measures effective to reduce pathogen
spreading, i.e. calcium soil amendments (Serrano
et al. 2012a) or to decrease soil inoculum levels,
i.e. biofumigant crops (Ríos et al. 2016, 2017) must
be also applied in semi-natural dehesa woodlands
for a real effective integrated disease management.
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Figura 6: Efectividad de activadores de resistencia contra la podredumbre radical del 
acebuche causada por Phytophthora cryptogea, P. megasperma, P. oleae y Py. spiculum en 
plantones de 1 año de edad. Acebuches encharcados durante 2 días a la semana (a) y sin 
encharcamiento durante los 5 días restantes (b). Síntomas foliares (c) y radicales (d) en 
acebuches inoculados con P. cryptogea y sometidos a distintos tratamientos, tras 14 
semanas de incubación: I = acebuche inoculado y no tratado, F-Al = inoculado y 
tratado con fosetil-aluminio, Fos = inoculado y tratado con fosfito potásico, Met = 
inoculado y tratado con metalaxil y T = testigo no inoculado y no tratado. Nótese que 
no se observan claras diferencias a nivel foliar entre los distintos tratamientos, aunque 
las diferencias se hacen evidentes a nivel radical.  

I F-Al Fos Met T 

b) 

a) c) 

I F-Al Fos Met 

d)

T 
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Figura 7: Efectividad del fosetil-aluminio contra la podredumbre radical del alcornoque en 
dehesa. Toma de muestras de suelo y raíz a 15-20 cm de profundidad y 1 m del tronco del árbol 
(a). Muestras de raíz y suelo para su análisis en laboratorio (b). Siembra de segmentos de 5 mm 
de longitud de raíces sintomáticas en medio selectivo NARPH (c). Colonias de P. cinnamomi 
en medio selectivo NARPH procedentes de muestras de suelo infestado (d). Inyección al tronco 
de un alcornoque mediante una cápsula presurizada conteniendo fosetil-aluminio (e). Aspecto 
de la copa de un alcornoque testigo (tratado con agua) en el año 2014 (f) y 2017 (g). Obsérvese 
la pérdida de follaje. Aspecto de la copa de un alcornoque tratado con fosetil-aluminio en el 
año 2014 (h) y 2017 (i). Véase cómo el árbol permanece con un alto porcentaje de cobertura 
foliar. 

e) a) b) 

c) d) 

f) g) 

h) i) 
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CONCLUSIONS 

1. Phytophthora cryptogea, P. oleae and P. megasperma together with Pythium

spiculum, are highly virulent pathogens on roots of wild olives (González et al. 2016.

Plant Disease 100: 1023; González et al. 2016. Plant Pathology 66: 941-948;

González et al. 2019. Plant Pathology 68: 901-907).

2. Phytophthora oleae is a newly invasive species which is replacing native

Phytophthora species (P. cryptogea and P. megasperma). This fact, together with

increasing rain episodes concentrated in short periods could allow outbreaks of

infection in wild olive forests, also putting at risk cultivated olive orchards (González

et al. 2019. Plant Pathology 68: 901-907).

3. Phytophthora cinnamomi causes a high level of root necrosis on cork oak seedlings

independently of previous water stress. Consequently, drought cannot be considered

as a predisposing factor needed for root infections, but rather as a harmful factor

inducing root death by itself. Therefore, the worst episodes of cork oak mortality

could be likely due to the synergistic effect of both deleterious factors, drought and

root rot outbreaks (González et al. 2019. European Journal of Plant Pathology -under

review-).

4. Phytophthora cinnamomi causes high levels of root necrosis on cork oaks at soil water

contents ≥ 25%, but acting as a non-pathogenic species in droughted soils (θs ≤ 12%);

while Py. spiculum, unable to infect cork oak roots in saturated soils, is able to induce

root rot on Quercus suber in droughted soils (González et al. 2019. Annals of Forest

Science -under review-).

5. No synergistic effect between both pathogens, P. cinnamomi and Py. spiculum, has

been observed in mixed soil infestations, being root symptoms like those caused by

P. cinnamomi alone in a wide range of soil moisture content (9-100%), even when
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roots were also infected by Py. spiculum (González et al. 2019. Annals of Forest 

Science -under review-). 

6. Phytophthora cinnamomi exhibits a high ability to infect oak roots under a wide range

of soil water contents, making it the main root pathogen for Mediterranean oaks,

displacing Py. spiculum to the role of secondary root invader, being the main agent of

root disease only in absence of P. cinnamomi or under severe droughts. (González et

al. 2019. Annals of Forest Science -under review-).

7. Independently of present or future soil water fluctuations in the Mediterranean region,

cork oaks growing in soils infested by P. cinnamomi and/or Py. spiculum are at high

risk of root disease outbreaks, since forecasted increasing soil flooding episodes may

favour P. cinnamomi infections, but increasing aridity between flooding episodes may

favour Py. spiculum (González et al. 2019. Annals of Forest Science -under review).

8. Phosphonates (potassium phosphite and fosetyl-aluminium) have a direct effect

against the mycelial growth of P. cinnamomi and Phytophthora pathogens of wild

olive, preventing root infections on cork oak and wild olive seedlings growing in

infested soils (González et al. 2017. Forest Pathology 47: e12343; González et al.

2019. Phytopathologia Mediterranea -under review-).

9. Fosetyl-aluminium significantly decreases root disease development in oak seedlings

exposed to P. cinnamomi inoculum, and therefore it should be considered an

alternative to potassium phosphite for disease management in Quercus woodlands

(González et al. 2017. Forest Pathology 47: e12343).

10. Fosetyl-aluminium applied by trunk injection led to a significant reduction of

defoliation on mature cork oaks naturally infected by P. cinnamomi and Py. spiculum,

independently of their previous defoliation status, exhibiting not only a preventive

effect of new infections, but also a therapeutic effect on preexistent infections
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(González et al. 2019 European Journal of Plant Pathology -in press-). 

11. Protection provided by fosetyl-aluminium remain at least for 3 years, although this

period of effectiveness could be longer (González et al. 2019. European Journal of

Plant Pathology -in press-).

12. Even when a trend to lower root infection rates were detected in cork oaks treated

with fosetyl-aluminium, treatment did not influence soil inoculum levels, and

therefore the use of phosphonates cannot be considered as the only and definitive

control tool to stop the oak root disease, but other effective control measures must be

also applied in an integrated disease management (González et al. 2019. European

Journal of Plant Pathology -in press-).
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CONCLUSIONES 

1. Phytophthora cryptogea, P. oleae y P. megasperma, junto con Pythium spiculum, son

patógenos radicales del acebuche altamente virulentos (González et al. 2016. Plant

Disease 100: 1023; González et al. 2016. Plant Pathology 66: 941-948; González et

al. 2019. Plant Pathology 68: 901-907).

2. Phytophthora oleae es una nueva especie invasora que está desplazando a las especies

de Phytophthora nativas (P. cryptogea y P. megasperma). Este hecho junto con el

incremento de episodios de lluvia concentrados en cortos periodos de tiempo, podrían

provocar epidemias en los acebuchales, suponiendo, además, un riesgo para el olivar

(González et al. 2019. Plant Pathology 68: 901-907).

3. Phytopthora cinnamomi causa altos niveles de necrosis radical en plantones de

alcornoque, independientemente de las condiciones previas de estrés hídrico. Por ello,

la sequía no puede ser considerada como un factor predisponente necesario para la

infección, sino más bien como un factor adverso que induce muerte radical por sí

mismo. Consecuentemente, los peores episodios de mortalidad de alcornoques

probablemente se deban al efecto sinérgico de ambos factores deletéreos, la sequía y

las epidemias de podredumbre radical  (González et al. 2019. European Journal of

Plant Pathology -en revisión-).

4. Phytophthora cinnamomi causa altos niveles de necrosis radical del alcornoque en

suelos con un contenido de humedad ≥ 25%, pero actúa como una especie no

patogénica en suelos muy secos (θs ≤ 12%);  mientras que Py. spiculum, incapaz de

infectar raíces de alcornoque en suelos saturados, es capaz de causar podredumbre

radical en condiciones de sequía (González et al. 2019. Annals of Forest Science -en

revisión-).-

5. No se ha observado ningún efecto sinérgico entre P. cinnamomi y Py. spiculum en los
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alcornoques infestados simultáneamente con ambos patógenos, siendo los síntomas 

radicales siempre similares a los producidos en solitario por P. cinnamomi en un 

amplio rango de contenido de humedad del suelo (9-100%), incluso cuando las raíces 

también estaban infectadas por Py. spiculum (González et al. 2019. Annals of Forest 

Science -en revisión-). 

6. Phytophthora cinnamomi muestra una alta capacidad para infectar raíces de

alcornoque en un amplio rango de humedad del suelo, lo que lo convierte en el

principal patógeno radical de los Quercus mediterráneos, desplazando a Py. spiculum

al papel de invasor secundario, siendo el principal agente de la podredumbre radical

solo en ausencia de P. cinnamomi o en condiciones de sequía extrema (González et

al. 2019. Annals of Forest Science -en revisión-).

7. Independientemente de las actuales o futuras fluctuaciones en contenido hídrico del

suelo en la región mediterránea, los alcornoques que se encuentren en suelos

infestados por P. cinnamomi y/o Py. spiculum estarán en grave riesgo de sufrir

epidemias de podredumbre radical, ya que el incremento previsto en la frecuencia de

episodios de encharcamiento favorecería las infecciones por P. cinnamomi y el

aumento de la aridez entre los periodos de encharcamiento favorecería a Py. spiculum

(González et al. 2019. Annals of Forest Science -en revisión-).

8. Los fosfonatos (fosfito potásico y fosetil-aluminio) tienen un efecto directo sobre el

crecimiento micelial de P. cinnamomi y las especies de Phytophthora patógenas del

acebuche, y un efecto preventivo contra las infecciones radicales en plantones de

alcornoque y acebuche que crecen en suelos infestados  (González et al. 2017. Forest

Pathology 47: e12343; González et al. 2019. Phytopathologia Mediterranea -en

revisión-).

9. El fosetil-aluminio reduce significativamente el desarrollo de la enfermedad radical
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en plantones de alcornoque inoculados con P. cinnamomi y, por lo tanto, debería ser 

considerado una alternativa al fosfito potásico para el control de la enfermedad en 

dehesas y en monte (González et al. 2017. Forest Pathology 47: e12343). 

10. La aplicación al tronco de fosetil-aluminio redujo significativamente la defoliación

de los alcornoques adultos naturalmente infectados por P. cinnamomi y Py. spiculum,

independientemente de su estado de defoliación inicial, exhibiendo no solamente un

efecto preventivo ante nuevas infecciones, sino también un efecto terapéutico sobre

las infecciones preexistentes (González et al. 2019 European Journal of Plant

Pathology -en prensa-).

11. El fosetil-aluminio protege de la enfermedad durante al menos 3 años, aunque el

periodo de efectividad del producto podría ser mayor (González et al. 2019. European

Journal of Plant Pathology -en prensa-).

12. Aunque se observó una tendencia a una menor infección radical en los árboles tratados

con fosetil-aluminio, el tratamiento no tuvo ninguna influencia en los niveles de

inóculo en el suelo, por lo que el uso de fosfonatos no debe considerarse como la

única y definitiva medida de control para frenar la podredumbre radical,  sino que se

deben aplicar también otras medidas efectivas para conseguir un control integrado de

la enfermedad (González et al. 2019. European Journal of Plant Pathology -en

prensa-).
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