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Abstract

Plants have several defence mechanisms against natural enemies that may
compromise their survival. However, given the current scenario of changing biotic and
abiotic conditions, in-depth knowledge of these mechanisms is essential to face future
challenges. The plant response and their ability to survive in these new scenarios will be
key to the conservation of the ecosystems like oak wood pastures (Spanish dehesas).

This Thesis analyzes the production of chemical defences, mainly phenolic, in the
plant-biotic stressor interaction to assess possible geographical and individual
differences. In Chapter 1, it is analyzed whether constitutive levels of total phenols (Tp)
and condensed tannins (Ct) acting as chemical defences in the holm oak (Quercus ilex)
vary across Iberian regions, populations and genotypes. Significant differences were
found for the concentration of Tp and Ct among regions and among genotypes, but not
among populations within regions. The lowest levels of constitutive defences were found
in the northern Iberian Peninsula. Also, the defensive phenolic content was significantly
higher in regions with acidic soils. Heritability values (Tp 0.37+0.08 and Ct 0.48+0.36)

were lower than those obtained for total tannins in a previous study.

In Chapter 2, the ability of holm oaks from the six Iberian provenances to respond
to multiple biotic damages was analysed through their induced chemical defence patterns.
Biotic damage was induced at the root level (by infection with the widespread pathogen
Phytophthora cinnamomi —Pc-) and at the above-ground level (by mechanical
defoliation). The levels of constitutive and induced Tp, total tannins (Tt) and Ct were
measured. Results showed that (1) the defensive chemical patterns show significant local
and geographical variation; (2) survival to stress is more related to constitutive defences
than induced ones; (3) the induced response is stressor-specific; and (4) there is an
interactive effect among stressors and the induction or inhibition depends on the
provenance. These findings on the biotic stressor effects on the chemical defences and
survival of holm oak may facilitate the development of genetic material selection
programs in the integrated control of the widespread Quercus decline.

This oak decline is closely associated with Pc. The wide distribution of this soil-
borne pathogen and its exacerbation of damage by climate change in the Mediterranean

region raise the need for breeding programs based on resistant and tolerant material to the



disease. Chapter 3 aims to determine if holm oaks planted in four field plots with highly
Pc-infected soils show differences in mortality according to their provenances after a
four-year monitoring. It also evaluates whether the most tolerant provenances in the field
are those with the greatest constitutive chemical defences measured in the previous
greenhouse experiment. In general, there was a high mortality (56.0-80.5%) but
provenances with higher constitutive chemical defences better tolerate the pathogen both
in greenhouse conditions and in the field. These provenances show a higher probability
of survival and also a better growth. In the southern provenances, some families with
higher tolerance and, therefore, candidates for use in reforestation programs in areas

infected by Pc, were identified.

Additionally, the ability of some herbs from Iberian wood pastures to reduce the
Pc pathogen populations through allelopathic relationships was also studied in Chapter 4.
Three herbaceous plants (Diplotaxis tenuifolia (L.) DC., Eruca vesicaria L. and
Raphanus raphanistrum L.) and their aqueous root extracts (AREs) were analyzed in vitro
conditions. Their inhibitory capacity was evaluated on mycelial growth and production
of Pc reproductive structures. Finally, the effect of these herbaceous plants on seedlings
of other two typical Mediterranean oaks (Q. suber and Q. faginea) with those grown in
Pc-infested soil was evaluated in vivo. Results show a strong inhibitory capacity of AREs
on Pc activity in vitro and a protective effect of these herb species on Quercus plants
against Pc in vivo. D. tenuifolia would be especially suited for biological control in the

pathogen spread.

These laboratory, greenhouse and field tests allowed us to identify some sources
of holm oaks with high tolerance to the pathogen that could be used in future breeding
programs. Furthermore, verifying that the constitutive condensed tannins of this species
can be used as indicators of greater tolerance and that it is a heritable trait shows that
improvement is possible. On the other hand, the finding of allelopathic effects of some
Mediterranean herb species that can control the dispersion of the pathogen in vitro and
reduce stress on cork oaks and gall oaks in vivo (greenhouse) opens a new study line
focused on the specific composition of grasslands sown in Mediterranean
agrosilvopastoral systems. The enrichment of these meadows with allelopathic species
could reduce the effect of this stressor pathogen, considered key in the current worldwide

decline of Quercus.



Resumen

Las plantas tienen diversos mecanismos para hacer frente a los enemigos naturales
que puedan comprometer su supervivencia. Sin embargo, dado el escenario actual de
condiciones cambiantes bidticas y abidticas, un mayor conocimiento de estos
mecanismos es fundamental para afrontar retos futuros. La respuesta de las plantas y su
capacidad para sobrevivir en estos nuevos escenarios sera clave para la conservacion de

ecosistemas como las dehesas espafiolas y los montados portugueses.

Esta Tesis analiza la produccion de defensas quimicas, principalmente fenolicas,
en la interaccion planta-estresor bidtico para evaluar posibles diferencias geograficas e
individuales. En el Capitulo 1 se analiza si los niveles constitutivos de fenoles totales (Tp)
y taninos condensados (Ct) que actuan como defensas quimicas en la encina (Quercus
ilex) varian entre regiones, poblaciones y genotipos en la Peninsula Ibérica. Se
encontraron diferencias significativas en la concentracion de Tp y Ct entre regiones y
entre genotipos, pero no entre poblaciones dentro de regiones. Los niveles mas bajos de
defensas constitutivas se encontraron en el norte de la Peninsula Ibérica. Ademas, el
contenido fenolico defensivo fue significativamente mayor en regiones con suelos acidos.
Los valores de heredabilidad (Tp 0.37 + 0.08 y Ct 0.48 + 0.36) fueron inferiores a los

obtenidos para taninos totales (Tt) en un estudio previo.

En Capitulo 2 se analizé la capacidad de las encinas de las seis procedencias
ibéricas para responder a multiples dafos bidticos a través de sus patrones de defensas
quimicas inducidas. El estres biotico fue inducido a nivel de raiz (mediante la infeccion
con el patégeno generalizado Phytophthora cinnamomi -Pc-) y en la parte aérea de la
planta (por defoliacién o tronchado mecéanico). Mas tarde se midieron los niveles
constitutivos e inducidos de Tp, Tt y Ct. Los resultados mostraron que (1) los patrones
quimicos defensivos muestran una variacion local y geografica significativa; (2) la
supervivencia al estrés estd mas relacionada con las defensas constitutivas que con las
inducidas; (3) la respuesta inducida es especifica del estresor; y (4) hay un efecto
interactivo entre los factores estresantes y la induccion o inhibicion de defensas quimicas
depende de la procedencia. Estos hallazgos sobre los efectos estresantes bidticos en la

produccion de defensas quimicas y su relacion con la supervivencia de la encina pueden



facilitar el desarrollo de programas de seleccion de material genético en el control

integrado del declive generalizado de los Quercus.

Este decaimiento estd intimamente ligado a la presencia de Pc en el suelo. La
amplia distribucion de este patdgeno del suelo y su exacerbacion de los dafos por el
cambio climatico en la regién mediterranea plantean la necesidad de programas de mejora
basados en el empleo de material resistente y tolerante a la enfermedad. El Capitulo 3
tiene como objetivo determinar si las encinas plantadas en cuatro parcelas de campo sobre
suelos altamente infectados por Pc muestran diferencias en la mortalidad segun sus
procedencias al final de un seguimiento de cuatro afios. También evalta si las
procedencias mas tolerantes en el campo fueron aquellas mayores defensas quimicas
constitutivas medidas en el ensayo de invernadero anterior. En general, hubo una alta
mortalidad (56.0-80.5%) pero las procedencias con mayores defensas quimicas
constitutivas toleraron mejor al patégeno tanto en condiciones de invernadero como en el
campo. Estas procedencias muestran una mayor probabilidad de supervivencia y también
un mejor crecimiento. En las procedencias del sur se identificaron algunas familias con
mayor tolerancia y, por tanto, candidatas a ser utilizadas en programas de reforestacion

en areas infectadas por Pc.

Por otro lado, en el Capitulo 4 se estudio la capacidad de algunas herbéaceas de los
pastos y formaciones arboladas ibéricas para reducir las poblaciones del patégeno Pc a
través de relaciones alelopaticas. Se analizaron in Vvitro tres especies de herbaceas
(Diplotaxis tenuifolia (L.) DC., Eruca vesicaria L. y Raphanus raphanistrum L.) y sus
extractos acuosos radiculares (ARE). Se evaludé su capacidad inhibitoria sobre el
crecimiento micelial y la produccion de estructuras reproductivas de Pc. Finalmente, se
analizo in vivo el efecto de estas plantas herbaceas sobre las plantulas de otros dos robles
tipicos mediterraneos (Q. suber y Q. faginea) cuando crecen junto a ellos en suelo
infestado por Pc. Los resultados muestran una fuerte capacidad de los AREs para inactivar
a Pc in vitro y un efecto protector de estas hérbaceas en las plantulas de Quercus frente a
Pc in vivo. D. tenuifolia seria especialmente adecuada para el control bioldgico de la

propagacion del patdgeno.

Estas pruebas de laboratorio, invernadero y campo nos permitieron identificar
algunas procedencias y familias de encinas con alta tolerancia al patdgeno que podrian

ser utilizadas en futuros programas de mejora. Ademds, comprobar que los Ct



constitutivos de esta especie pueden utilizarse como indicadores de mayor tolerancia y
que su contenido es un rasgo hereditario demuestra que la mejora de la especie es posible.
Asimismo, el hallazgo de efectos alelopaticos de algunas especies herbaceas
mediterraneas que pueden controlar la dispersion del patdgeno in vitro y reducir el estrés
en alcornoques y quejigos in vivo (en condiciones de invernadero) abre una nueva linea
de estudio centrada en la composicion especifica de pastizales sembrados en sistemas
agrosilvopastorales mediterraneos. El enriquecimiento de estos pastos con especies
alelopaticas podria reducir el efecto del patdogeno, considerado clave en el actual

decaimiento de los Quercus.



Resumo

As plantas possuem iniimeros e diversos mecanismos de defesa contra os inimigos
naturais que podem comprometer a sua sobrevivéncia. No cendrio atual de mudangas das
condicdes biodticas e abidticas, o conhecimento aprofundado desses mecanismos ¢
essencial para enfrentar futuros desafios. A resposta das plantas e a sua capacidade de
sobreviver nesses novos cenarios sera a chave para a conservagao dos ecossistemas como
os montados portugueses e as dehesas espanholas.

Esta Tese analisa a producdao de defesas quimicas, principalmente fendlicas, na
interagdo planta-indutor bidtico de stress para avaliar possiveis diferengas geograficas e
individuais. O primeiro capitulo analisa se os niveis constitutivos de fenois totais (Tp) e
taninos condensados (Ct) que atuam como defesas quimicas na azinheira (Quercus ilex)
variam entre regidoes, populacdes e genotipos na Peninsula Ibérica. Diferencas
significativas foram encontradas na concentracdo de Tp e Ct entre as regides e entre os
genotipos, mas ndo entre as populacdes dentro das regides. Os niveis mais baixos de
defesas constitutivas foram encontrados no norte da Peninsula Ibérica. Além disso, o
conteudo fenolico defensivo foi significativamente maior em regides com solos acidos.
Os valores de herdabilidade (Tp 0.37 £ 0.08 e Ct 0.48 + 0.36) foram inferiores aos obtidos
com os taninos totais (Tt) num estudo anterior.

No segundo capitulo foi analisada a capacidade das azinheiras das seis
proveniéncias ibéricas para responder a multiplos danos bidticos através dos seus padroes
de defesa quimica induzidos. O dano biédtico foi induzido na raiz (através da infec¢cdo com
o patogénio Phytophthora cinnamomi Rands -Pc) e na parte aérea (por desfolha
mecanica). Posteriormente, foram medidos os niveis constitutivos e induzidos de Tp, Tt
e Ct. Os resultados mostraram-que (1) os padrdes quimicos defensivos indicam variagdes
locais e geograficas significativas; (2) a sobrevivéncia ao Stress estd mais associada as
defesas constitutivas do que as induzidas; (3) a resposta induzida ¢ especifica para o
indutor bidtico de stress; e (4) existe um efeito interativo entre os indutores, e a indugao
ou inibi¢do das defesas quimicas depende da origem das plantas. Esses resultados sobre
os efeitos bidticos dos indutores de stress na produgdo de defesas quimicas, e a sua relagdo
com a sobrevivéncia da azinheira, podem facilitar o desenvolvimento de programas de

sele¢dao de material genético no controle integrado do declinio de Quercus.



Considera-se que o declinio dos Quercus esta intimamente ligada a presenga de
Pc no solo. A sua ampla distribuicao no solo e o agravamento dos prejuizos causados
pelas alteragdes climaticas na regido do Mediterraneo conduz a necessidade de se
desenvolver programas de melhoramento baseados no uso de material resistente e
tolerante a doenca. O objetivo do terceiro capitulo é, ao final de quatro anos, determinar
se as azinheiras plantadas em quatro parcelas de campo com solo muito infestado pelo
patogénio apresentam diferencas na mortalidade, de acordo com a sua origem. O estudo
avalia ainda se as procedéncias mais tolerantes em campo foram as que apresentam as
defesas quimicas constitutivas mais elevadas, avaliadas em estufa. Em geral, observou-
se elevada mortalidade (56.0-80.5%). Contudo, as procedéncias com defesas quimicas
constitutivas mais elevadas, toleraram melhor o patogénio tanto em estufa como em
campo. Essas procedéncias apresentam uma maior probabilidade de sobrevivéncia e
também um melhor crescimento. Nas procedéncias do sul foram identificadas algumas
familias com maior tolerancia e, portanto, candidatas a serem utilizadas em programas de
reflorestamento em areas infestadas por Pc.

Por outro lado, no quarto capitulo foi estudada a capacidade de algumas plantas
herbaceas utilizadas em pastagens e presentes na vegetacao natural em florestas ibéricas
poderem reduzir a populagao do patogénio Pc através de relacdes alelopaticas. Assim,
analisou-se in vitro o efeito inibitorio de trés espécies herbaceas (Diplotaxis tenuifolia
(L.) DC., Eruca vesicaria L. e Raphanus raphanistrum L.) através dos seus extratos
aquosos de raizes (ARE). Foi avaliada a capacidade inibitéria dos AREs no crescimento
micelial e na producao de estruturas reprodutivas do patogénio. Finalmente, foi avaliado
in vivo, o efeito dessas plantas herbaceas em outros dois carvalhos tipicos do
Mediterraneo (Q. suber e Q. faginea) quando cultivadas em simultaneo com os Quercus
em solo infestado com Pc. Os resultados mostram, in vitro, uma forte capacidade das
AREs para inativar o Pc e, in vivo, um efeito protetor dessas herbaceas nas jovens plantas
de Quercus contra a infegdo por Pc. A D. tenuifolia mostrou potencial para reduzir a
actividade do patogénio e consequentemente a sua disseminagao.

Esses testes de laboratério, estufa e campo permitiram identificar algumas
procedéncias e familias de azinheiras com alta tolerancia ao patogénio que poderiam ser
usadas em futuros programas de melhoramento. Além disso, verificar que os Ct
constitutivos desta espécie podem ser usados como indicadores de maior tolerancia e que

o seu contetdo € um trago hereditario mostra que, o melhoramento da espécie € possivel.



Por outro lado, a constatagao de efeitos alelopaticos de algumas espécies herbaceas
mediterranicas que podem controlar a dispersdao do patogénio in vitro e reduzir o stress
em sobreiro e carvalho-portugués in vivo (na estufa) abre uma nova linha de estudo
centrada na composic¢ao especifica de pastagens semeadas em sistemas agrossilvipastoris
do Mediterraneo. O enriquecimento dessas pastagens com espécies alelopaticas poderia

reduzir o efeito do patogénio, considerado chave no atual declinio dos Quercus.
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INTRODUCTION

Plants have a wide variety of different mechanisms to defend themselves against
external agents which could threaten their survival. Among these mechanisms, the
chemical defence production is a field of prolific bibliography in which, however, many
aspects are still unknown. The production of secondary metabolites is one of the main
chemical defences. Secondary metabolites are organic compounds not essential for the
life but that contribute to their survival. These compounds have a high specificity due to
their coevolution with natural enemies in different environments (Freeman & Beattie
2008, Agrawal & Heil 2012). This specificity has been widely studied in their antagonistic
interaction with herbivores. To prevent their damage, plants can vary the defensive
response depending on their provenance and the impact of the damage (Thompson 2005,
Becerra et al. 2009). In species of wide geographical distribution, the variability of the
response is even greater and can affect the plant survival (Solla et al. 2014). However,
geographical variation has been scarcely studied as a source of intraspecific variability in
the chemical defence diversity (but see Solla et al. 2016, Moreira et al. 2018a, Lopez-
Goldar et al. 2019). Altitude and latitude are two of the geographical aspects that
influence defensive variability across many plant taxa (Abdala-Roberts et al. 2016,
Stevens et al. 2016, Moreira et al. 2017, Abdala-Roberts et al. 2018, Bogdziewicz et al.
2019, Moreira et al. 2019). A classic ecological paradigm argues that at low temperatures
the herbivore pressure and also the production of chemical defences increase (Rasmann
& Agrawal 2011, Pearse & Hipp 2012, Moreira et al. 2014, Anstett et al. 2016). However,
some studies in the last decade have been published showing a positive relationship
between latitude and chemical defence production (Stevens et al. 2016, Moreira et al.
2017, Moreira et al. 2018a). The greater the geographical distribution area of the species,
the more likely it is that the climatic and edaphic conditions in which it develops (pH,
moisture, temperature...) will be greater too. In fact, the effect that these factors have on
the generation and variability of chemical defences in trees has been evaluated in various
studies (Kraus et al. 2004, Salminen & Karonen 2011, Moreira et al. 2014, Abdala-
Roberts et al. 2016, Abdala-Roberts et al. 2018).

Chemical defences in plants are divided into two groups according to the time

period in which they occur: constitutive and induced defences. The constitutive ones are
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characteristic of the organism and correspond to plant defensive traits that are relatively
stable or whose variation depends on internal factors (Schultz 1988). They are genetically
controlled, show important individual and geographical differences (Dicke & Hilker
2003, Sollaetal. 2016, Gallardo et al. 2019) and seem to be printed by phylogeographical
signals (Eckert et al. 2008). Constitutive defence action prevents the stressor in the first
place, while induced defence typically shortens the attack period (Boots & Best 2018).
Both contribute to the plant survival. On the other hand, the plant response to the attack
can vary among different possibilities (intolerance, tolerance and resistance). The plant is
intolerant to stress when it dies from its action. If the plant shows symptoms but
overcomes the attack, it is tolerant. If the stressor’s action does not harm the plant, it is
resistant. Plant tolerance is understood as the "host's ability to reduce the stress factor
damage” and increasing evidence indicates that tolerance is a host defence strategy
against several pathogens as widespread and successful as resistance (Pagan & Garcia-
Arenal 2020). However, this mechanism is still quite unknown and difficult to distinguish
experimentally from quantitative resistance, with which it is often confused. The

susceptibility to the stressor shows evident interspecific and intraspecific differences.

This Thesis focuses on the geographical variation of chemical defences in three
Quercus species and especially, in the holm oak (Quercus ilex), due to its wide genetic
diversity and distribution. The holm oak is an evergreen oak well adapted to drought and
distributed throughout the Mediterranean basin (Roda et al. 2009). The main chemical
defences in Quercus are phenolic compounds, especially high molecular weight tannins,
both hydrolyzable (Ht, derived from gallic and ellagic acids) and condensed (Ct, also
known as proanthocyanidins). These compounds play an important role as a defence
mechanism against biotic stress in plants, although their role is controversial (Moctezuma
et al. 2014). They are strong inhibitors of digestive proteases, which explains why they
accumulate in the leaves, stems and roots of Quercus for their defence against herbivores
(Haslam 2007, Moctezuma et al. 2014). In addition to their effect on herbivores, they also
cause metabolic alterations in insects (Barbehenn et al. 2009), inhibit the activity of root
pathogens (Oliva et al. 1999, Kraus et al. 2003, Baptist et al. 2008) and have a high
antimicrobial activity (Scalbert 1991, Daglia 2012). Pre-infective levels of certain

phenolic compounds allow the identification of trees resistant to other pathogens such as



Introduction

Phytophthora ramorum in American oaks (Conrad et al. 2017), but this mechanism is

still poorly understood in the Mediterranean context.

Oak stands are suffering a worldwide distributed decline related to the increase in
average temperatures and the invasion of very aggressive invasive pathogens (Dukes et
al. 2009, Santini et al. 2013, Pérez-Ramos et al. 2014). The increase in biotic stress driven
by climate change and especially the invasion of oomycetes from the Phytophthora genus
has been widely reported. Several Phytophthora species are associated with oak decline
all over the world (Jung et al. 1996, Balci & Halmschlager 2003, Pérez-Sierra et al. 2013).
In the Mediterranean Basin the soil pathogen Phytophthora cinnamomi (Pc) has been
reported in several countries, including France, Portugal, Italy and Spain (Brasier et al.
1993, Robin et al. 1998, Sanchez et al. 2006, Corcobado et al. 2013, Jung et al. 2013,
Scanu et al. 2013). Its distribution is expected to be favored by global warming, moving
towards the poles (Burgess et al. 2017). The action of these pathogens, together with the
lack of tree regeneration, are the main threats to the Mediterranean Quercus conservation

(Moreno & Pulido 2009, Plieninger et al. 2010, Jorrin-Novo & Navarro-Cerrillo 2014).

In the Iberian Peninsula, and mostly within its southwestern area, some Quercus
species such as holm oak (Q. ilex) and cork oak (Q. suber) are agrosystems known as
“dehesas” in Spain and “montados” in Portugal. In areas of Atlantic influence with milder
and more humid climate, these two species are also accompanied by the gall oak (Q.
faginea). The stands of these species are a good example of "grazed wood pastures”,
common in the Mediterranean region (Den Herder et al. 2017). It is the main
agrosilvopastoral system in Europe, with more than 4.5 million hectares in the Iberian
Peninsula (Moreno & Pulido 2009). They have been exploited by humans throughout
history and they constitute the economic base of much of the Western Iberian rural world
(Escribano & Pulido 1998, Campos 2004, Pereira et al. 2004). In fact, these socio-
ecological systems are considered by the European Union as High Natural and Cultural

Value Systems (HNCV; Moreno et al. 2018).

Nevertheless, these Iberian agrosilvopastoral ecosystems are currently suffering an
increasing decline with serious impact on oak species due to several factors, among them,
those generated by biotic stressors. Besides the natural herbivory, livestock grazing also

occurs, with densities that sometimes exceed the land’s carrying capacity (Garcia et al.
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2010). Several works have also studied the incidence of defoliation exerted by numerous
insects on Quercus, many of which are prone to population outbreaks (Humphrey &
Swaine 1997, Solla et al. 2016, Tiberi et al. 2016). Generally, defoliation negatively
affects the holm oak growth (Schmid et al. 2017) and compromises its regeneration
(Carbonero et al. 2004, Olmo et al. 2017). In recent decades, another stress factor adds to
the aforementioned intense defoliation: several pathogen infections, among which Pc is
the primary causal agent of the Quercus decline in the Iberian Peninsula (Brasier 1992,
1996, Sanchez et al. 2006, Corcobado et al. 2014). This root rotting oomycete is
considered one of the 100 worst invasive alien species on Earth (Lowe et al. 2000). It is
a soil-borne pathogen que affects more than 5000 trees, shrubs and herbs species in the
world (Hardham & Blackman 2018) and causes root rot and death of several Quercus
species. Its eradication from the soil in field is very complex due to the durability of its
resistance structures and the easy spread by different pathways (but see Dunstan et al.
2010). Today, it is assumed that the control is only possible from an integrated perspective
given its wide dispersion and high range of hosts. Especially susceptible are holm oak
and cork oak, which are main tree components of the Iberian wood pastures. Its mitigation
in dehesas is a high priority task that requires isolation of affected areas to avoid pathogen
spread, elicit the vigor of healthy plants and, in the long term, selection and
implementation of resistant plants (Camilo-Alves et al. 2013). It is expected that the
combination of several biotic stress factors will further weaken these forests, already aged
(Plieninger et al. 2010). Although the importance of its effects varies between regions,
over time, the persistence of forests and dehesas could be at risk, with direct negative
implications on resilience and associated biodiversity (Pulido et al. 2001, Plieninger et
al. 2015, Duque-Lazo et al. 2018). However, and despite the fast advance of Quercus
decline, the differences among individuals, populations and provenances in susceptibility
to the involved biotic stressors have hardly been studied. Recent studies have addressed
the analysis of the constitutive chemical defences of some species of the Quercus genus
(Abdala-Roberts et al. 2018) and the geographical variation in the defences of another
common oak in Central Europe, Q. robur (Moreira et al. 2018a). But very few studies
have addressed these defensive differences in Mediterranean Quercus (but see Solla et al.
2016), despite the high value and socioeconomic importance of these species for the rural

world.
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To date, this Thesis is the first considering the combined attack at the root and aerial
level and their possible interactions in the constitutive and induced chemical defences of
Q. ilex. Studies focused on the effects of combined biotic stress on tree chemical defences
and their geographic variability are still scarce. The tolerance to biotic stress will depend,
among other factors, on the genes involved in the production of these chemical defences
(Gallardo et al. 2019). Then, it is expected the existence of different levels of tolerance
associated with genetic polymorphism and local adaptation processes (Sork et al. 1993,
Pautasso et al. 2012). The high genetic diversity of the holm oak, in addition to its wide
distribution, a priori facilitates the existence of different patterns of chemical response
whose heritability has been assessed (Solla et al. 2016). Furthermore, the natural
selection, genetic drift and local adaptation favor intraspecific diversity in tolerance to
stressors (Eguiarte et al. 2013), facilitating the occurrence of tolerant and even resistant
individuals to certain stressors, which could be very useful in genetic improvement
programs. This diversity in the response of plants to stress-causing agents allows the
selection of those individuals, populations and/or provenances with greater tolerance.
Forest managers need this plant material to regenerate areas seriously affected by pests
and diseases or with difficulties for natural regeneration, among others. To achieve this,
it is essential to study the chemical pattern of defences in the species and identify later
what compounds could grant greater tolerance. Advances in this field are needed to
develop selection programs of forest material for reproduction, because of their
involvement in the adaptation and response to the environmental stress factors and,
therefore, against future scenarios in changing environmental conditions (Isabel et al.
2019). Tests of geographical variation in susceptibility to the stressor or stressors are very
useful to find them. But stressor tolerance experiments are often carried out under very
controlled conditions and even in greenhouses, therefore, very far from the natural

environments affected by various combined stressors.

Previous works under greenhouse conditions yielded high mortality rates but also
revealed the existence of more tolerant provenances and genotypes against PC (Cuenca et
al. 2018, Leon 2013). Leén (2013) and Cuenca et al. (2018) found a high variability in
the genotype response to Pc infection. Cuenca et al. (2018) also demonstrated that the
tolerance of holm oak to infection by PCc —and also to water stress- is genetically controlled

and, therefore, susceptible to improvement. However, these results are always under
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controlled greenhouse conditions and with short-term experiments, so they should be
treated with caution. A study carried out in the field with cork oak (Moreira et al. 2018b)
determine the existence of some genotypes tolerant to the disease and capable of growing
in infected areas ten years after planting. However, no published results of tolerant holm
oaks from different provenances to the pathogen in the field are known. Detected the need
for field experiments to assess the geographical and local variability in the defensive
response of holm oaks, this Thesis included a four-year field experiment on areas
naturally affected by the root pathogen Pc, in addition to tests of laboratory and

greenhouse.

But in addition to the defensive response of the holm oak against its stressors,
companion species of oaks in the Mediterranean wood pastures can favor or harm the
effect of stressors by allelopathic relationships. Plants can influence the composition of
microbial communities around their roots through the exudation of carbohydrates and
other chemical compounds. Allelopathy is a naturally occurring ecological phenomenon
of interference among organisms by which a plant produces one or more biochemical
compounds that influence the development of other organisms (bacteria, fungi or other
plants), either negatively or positively (Molisch 1937, Rice 1984, Farooq et al. 2011).
Some exudates present bactericidal and fungicidal activity and can affect the growth,
survival and/or reproduction of various microorganisms and among them, some oak
stressors. The allelochemicals may be located in different parts of the plant, such as
leaves, branches or roots (Ferguson et al. 2013). They are usually released directly into
the aqueous phase of the soil, or from volatile gaseous substances in the surrounding air
(Rizvi et al. 1992). The allelochemical release is influenced by the soil, climatic

conditions and the plant itself (Singh et al. 2001).

In addition to the susceptible holm oak and cork oak mentioned above, the gall oak
(Q. faginea) is also susceptible facing Pc, although less than the first two (Rodriguez-
Molina et al. 2002, Sanchez et al. 2005, Pérez-Sierra et al. 2013). On the other hand, there
are species that instead of being susceptible to the pathogen, show resistance to it. The
release of their allelochemicals can even inhibit the infective capacity of some pathogens
(Kong et al. 2019). In the Mediterranean flora there are various species with allelopathic
effects against Pc (Sampaio 2017, Rios et al. 2016a 2016b, Moreira et al. 2018c,
Rodriguez-Molina et al. 2018). Their allelopathic property can be observed in plants used
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for biofumigation such as Brassica carinata and B. juncea (Rios et al. 2016a 2016b,
Rodriguez-Molina et al. 2018) and in other native flora still under study (Rios et al.
2016a, Sampaio 2017, Moreira et al. 2018c). The family to which they all belong,
Brassicaceae, stands out for its high concentration of glucosinolates and its fungicidal
effect in certain concentrations and conditions (Fenwick et al. 1983, Dunne 2004, Rios et
al. 2016a). Glucosinolates are sulfur compounds with proven fungicidal and biocidal
capacity (Bialy et al. 1990, Wolfet al. 1984). Their defensive properties are generated by
an enzymatic hydrolysis that releases volatile compounds, among which are
isothiocyanates, nitriles, thiocyanates and oxazolidines, depending on the structure of the
hydrolyzed glucosinolate (Fahey et al. 2001). The studies by Sampaio (2017) and Moreira
et al. (2018c) offered interesting screening of herbaceous species from the rangeland's
native flora with potential allelopathic effect facing Pc that this Thesis also addresses, in
order to characterize in vitro its inhibitory ability on Pc. Finally, the defensive chemical
response of Q. faginea and Q. suber to Pc stressor was also analysed, evaluating the
possible protection of allelopathic herbaceous plants in vivo as a biological control tool
within the integrated fight against oak decline. Among the different management
strategies against diseases, biological control still has an underdeveloped alternative, but
with certain advances in agricultural systems that could be the basis for the development
of a forestry strategy (FAO, 2001). But to achieve this, a deeper understanding of plant-

pathogen interactions and the possible allelopathic relationships among them is essential.

Objectives

The overall aim of this Thesis is, therefore, to deepen the knowledge of the chemical
defences of some Mediterranean oaks to facilitate an improvement strategy and defence
of the agrosilvopastoral systems that they make up. And thus, contribute to their
conservation facing the growing biotic stressors that threaten them. By combining
laboratory, greenhouse and field tests with analytical chemical techniques and forest
pathology work, this Thesis addresses geographical and individual diversity in the
defensive response to some biotic stressors to support the selection of tolerant families
that can be used in restoration of affected areas. In addition, the identification of
allelopathic species in the field is carried out to strengthen this restoration strategy, adding

to the use of tolerant plant material, the chance of taking advantage of the allelopathic

16
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relationships of some herb plants in Mediterranean wood pastures to reduce the infective
capacity of the pathogen Pc, a biotic stressor associated with oak decline. Specifically,

the main objectives of this Thesis were to:

1. Study the intraspecific variation of secondary metabolites depending on the
different sources of genetic material in holm oak (Q. ilex)

2. To analyse the defensive chemical response to two types of biotic stress in holm
oak (Q. ilex): infection of the root pathogen Pc and mechanical defoliation.

3. Field verification of the results obtained under controlled greenhouse
conditions. Identification of families tolerant to root rot disease.

4. Analyse the allelopathic effect of some herb plants on the induced defences of
other Mediterranean Quercus infected by Pc (Q. suber and Q. faginea).
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Chapter 1: Geographical variation of constitutive chemical defences in holm oak (Quercus ilex)

Abstract

Aim of study: to assess whether constitutive levels of total phenols and condensed
tannins acting as chemical defences in Quercus ilex vary across regions, populations and

genotypes.

Area of study: acorns from six Spanish regions with natural presence of Q. ilex were
collected for later sowing in the greenhouse of the University of Extremadura at

Plasencia, western Spain.

Materials and methods: 1176 acorns from 12 populations (2 per region) were sown
according to a nested design (6 regions x 2 populations/region x 7 genotypes/population).
After five months, 588 emerged seedlings were harvested for phenol extraction from their
leaves. Quantification of total phenols through the Folin-Ciocalteu method and condensed

tannins by Porter's reagent method was carried out.

Main results: total phenolics and condensed tannins correlated positively.
Significant differences were found for the concentration of total phenolics and condensed
tannins among regions and among genotypes, but not among populations within regions.
The lowest levels of constitutive defences were found in the northern Iberian Peninsula.
Also, the defensive phenolic content was significantly higher in regions with acidic soils.
Heritability values (total phenols 0.37+£0.08 and condensed tannins 0.48+0.36) were

lower than those obtained of total tannins in a previous study.

Research highlights: constitutive levels of heritable chemical defences in holm oak

significantly depend on their geographical origin and genotype.
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Chapter 1: Geographical variation of constitutive chemical defences in holm oak (Quercus ilex)

Introduction

Chemical defences in plants have a high specificity due to their coevolution with
natural enemies in different environments (Freeman & Beattie, 2008; Agrawal & Heil,
2012). This chemical diversity has been extensively studied in antagonistic interactions
with herbivores. These organisms can vary the defensive response of plants according to
their origin and impact (Thompson, 2005; Becerra et al., 2009). In addition, the pattern
of constitutive chemical defences seems to be printed by phylogeographical signals

(Eckert et al., 2008).

In species with wide geographical distribution this diversity is even greater and its
variability in response to different sources of stress affects plant survival (Solla et al.,
2014; Iveti¢ et al., 2016, 2017; Martin et al., 2019). However, and despite its importance,
geographical variation has been barely studied as a source of intraspecific variability of
chemical defences (but see Solla et al., 2016; Moreira et al., 2018; Lopez-Goldar et al.,
2019). Geographical factors such as latitude or altitude have been shown to influence this
defensive diversity across many plant taxa (Abdala-Roberts et al., 2016; Stevens et al.,
2016; Moreira et al., 2017; Abdala-Roberts et al., 2018; Bogdziewicz et al., 2019;
Moreira et al., 2019). Regarding latitude, a classic paradigm in ecology argues that at
lower latitudes the herbivore pressure and also the production of plant defences increase
(Rasmann & Agrawal, 2011; Pearse & Hipp, 2012; Moreira et al., 2014; Anstett et al.,
2016). Nevertheless, recent studies have observed a positive relationship between
latitudinal increase and defensive chemical levels of plants (Stevens et al., 2016; Moreira
et al., 2017; Moreira et al., 2018). A wide geographical distribution can also encompass
greater differences in the edaphic variables (pH, moisture, temperature, porosity...) and
climatic conditions. The potential of these environmental factors to modify basal phenolic
levels has also been reported (Kraus et al., 2004; Salminen & Karonen, 2011; Moreira et
al., 2014; Abdala-Roberts et al., 2016; Abdala-Roberts et al., 2018).

This study addresses the geographical variability in chemical defences of a widely
distributed species in the Mediterranean basin, the holm oak (Quercus ilex). The main
chemical defences in this species, as in other oaks, are based on phenolic compounds,
especially high-molecular-weight tannins, both hydrolyzables (Ht, derivatives of gallic

and ellagic acids) and condensed (Ct, also known as "proanthocyanidins"). These
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compounds reduce the digestibility of plant tissues in herbivores (Haslam, 2007), cause
metabolic alterations in insects (Barbehenn et al., 2009) and inhibit the activity of root
pathogens (Oliva et al., 1999; Kraus et al., 2003). Other studies have shown a potent
antimicrobial activity (Scalbert, 1991) and suggest that pre-infection levels in plant
tissues might condition the interaction between certain pathogens such
as Phytophthora and their hosts (Conrad et al., 2017), although this resistance mechanism

is still poorly known in the Mediterranean context.

The constitutive resistance levels correspond to defensive traits of plants that are
relatively stable or whose variation depends on internal factors (Schultz, 1988). They are
genetically controlled and show extensive variation between genotypes and provenances

(Dicke & Hilker, 2003; Solla et al., 2016; Gallardo et al., 2019).

Recent studies have approached the interspecific diversity in the constitutive
defences of several species of the genus Quercus (Abdala-Roberts et al., 2018), or the
geographical component in the defensive chemical variability of species such as Quercus
robur (Moreira et al., 2018). But there are few known studies on the intraspecific variation
of these secondary metabolites in holm oak (but see Solla et al., 2016) despite the
declining status this species experiences in certain valuable habitats such as dehesas. The
diversity in the response of plants to stress-causing agents allows the selection of those
individuals, populations and/or provenances of greater tolerance. To achieve this, it is
essential to study the chemical pattern of constitutive defences in the species and identify

later what compounds could grant greater tolerance.

The presence and variations of chemical defences in holm oak according to the
region of origin are still quite unknown (Solla et al., 2016). Advances in this field are
needed to develop selection programs of forest material for reproduction, because of their
involvement in the adaptation and response to the environmental stress factors and,
therefore, against future scenarios in changing environmental conditions (Isabel et al.,

2019).

The holm oak is the most abundant forest species in the Iberian Peninsula and the
dominant one in “dehesas”, which constitute a High Natural and Cultural Value System
(HNCV) thus considered by the European Union. Dehesas have been exploited by

humans throughout history and they constitute the economic base of much of the Iberian
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rural world (Escribano & Pulido, 1998; Campos, 2004; Percira et al., 2004). Nevertheless,
they are experiencing symptoms of decay in recent decades due to various factors
(Brasier, 1992, 1996; Sanchez et al., 2006; Corcobado et al., 2013) whose consequences
are becoming increasingly intense. Although the importance of its effects varies between
regions, over time, the persistence of forests and dehesas could be at risk, with direct
negative implications on resilience and associated biodiversity (Pulido et al., 2001;

Plieninger et al., 2015; Duque-Lazo et al., 2018).

In this study, the constitutive chemical defences of holm oak in six regions of Spain

are analysed to answer the following questions:

(1) Does the secondary metabolite concentration in holm oak show

significant geographical and local variation?

(i1) Does variation in defences depend on latitude or soil pH?
(iii) To what extent this chemical variation is heritable?
(iv) Which provenances are likely candidates to selection programmes?

Materials and methods
Plant material

Plant material from six Spanish regions with natural presence of holm oaks (located
in National Parks and their surroundings) was collected. Two natural populations were
selected at random in each region (Fig. 1). The studied morphologies were always from
Q. ilex subsp. rotundifolia in Cabafieros (C), Guadarrama (G), Monfragiie (M), Ordesa
(O) and Sierra Nevada (S). In Picos de Europa (P), acorns were collected from a
population subsp. rotundifolia and another one of Q. ilex subsp. ilex. To determine
whether differences are genetically-based, acorns from these regions were grown under a

common environment through a greenhouse experiment.

Acorns were collected between November and December 2015 in the six natural
regions and sown at the University of Extremadura greenhouses in Plasencia (UTM Zone
29N X: 748862; Y: 4435709; 395 meters above sea level). Within each region, mature
acorns without signs of infestation were collected. In order to evaluate their viability,

acorns were subject to flotation before sowing.
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Fig.1. Distribution range of sclerophillous grazed dehesas with evergreen Quercus spp. (light green area),
Mediterranean sclerophyllous Quercus ilex and Quercus rotundifolia forests (dark green area) and location
of the studied regions in Spain (numbered red squares) according to Diaz & Pulido (2009) and Roda et al.
(2009): 1. Picos de Europa, 2. Ordesa, 3. Guadarrama, 4. Monfragiie, 5. Cabafieros and 6. Sierra Nevada.

Experimental design

A nested type design with a total of 588 seedlings (6 regions x 2 populations/region
x 7 genotypes/population x 7 seedlings/genotype) was implemented at the greenhouse.
Before sowing, acorns were placed in trays with sterilized sand for germination. Once the
radicles emerged, the collected acorns were planted at the end of December in 28-cell
plastic trays, 450 ml in volume, containing sand and peat (1:1, pH: 5.5). In order to
maximize seedling availability, 2 acorns were planted per alveolus, selecting later the first
emerged. The emergence took place in February and in general seedlings grew

successfully.
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Chemical analysis

Five months later, when the seedlings were at least 20 cm in height, three samples
were harvested per each mother tree studied, removing the substrate carefully to avoid
plant damage and subsequently processing the sample for freezing at -80°C. Frozen
seedlings were weighed and 5-6 leaves per plant were extracted for determination of
phenolic content as described by Gallardo et al. (2019). These leaves were lyophilized
using a Telstar LyoQuest lyophilizer (temperature -55°C and 0.001-0.002 mbar pressure)
and ground to a fine particle size. Once the milling was completed, tissue sampling was
stored at -80°C until analysis. The phenolic content of the plants was extracted from
lyophilized material with 70% (v/v) aqueous methanol for 60 minutes in an ultrasonic
bath at room temperature. The crude extracts were centrifuged at 10000 rpm for 5 minutes

at 4°C and the supernatant was collected and stored at -80°C.

The total phenolics content (Tp) of the extract was determined by the Folin-
Ciocalteu method (Makkar et al., 2003). Crude extracts were mixed with 50 volumes of
10% Folin-Ciocalteu reagent (Merck KGaA, Darmstadt, Germany) and 40 volumes of
7.5% (w/v) sodium carbonate. In the control tube, the extract volume was replaced by
methanol. The mixture was stirred gently and maintained in the dark and at room
temperature for 45 minutes. After incubation, the absorbance was measured at 725 nm.
Gallic acid (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was used as standard
and results were expressed as milligrams of gallic acid equivalents (G.A.E.) per grams of

lyophilized sample.

The butanol-HCl assay (Porter et al., 1986) was used to quantify condensed tannins
(Ct) using procyanidin B2 (Sigma) as a reference compound. Briefly, crude extracts were
mixed with 100 volumes of n-butanol/acetone 1:1 (46% each) plus HCL (1.85%) and
ferric ammonium sulphate (0.04%). In the control tube, the extract volume was replaced
by methanol. Samples were heated at 70°. After 45 minutes of incubation, the samples
were cooled and the absorbance at 550 nm was measured, with final results expressed as

milligrams of procyanidin B equivalents (PB.E.) per grams of lyophilized sample.
Statistical analyses

The effects of region, population (nested in region) and genotype (nested in

population) were analysed through a general linear model (GLM). Region, population
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and genotype were used as random factors and the Tp content (expressed in mg GAE/g
sample) and Ct content (expressed in mg PBE/g sample) were used as dependent
variables. Seedling weight was added to this model as a covariate in the Ct analysis to
account for size effects on chemical defences. Data were analysed to check normality (by
Kolmogorov-Smirnov test) and homoscedasticity (through Levene’s test). The
relationships between both dependent variables as well as the influence of the germination
time and seedling size (measured from their weight during the harvest of samples) on the

constitutive defences were analysed with Pearson’s linear correlation.

Heritability of chemical traits (h?) was calculated following the procedure
described by Solla et al. (2016) for the same species, as the additive genetic variance
(VA) divided by the phenotypic variance (VP). The h? estimate was corrected for a
generalized selfing rate of 1 to 3% in native holm oak stands (Ortego et al., 2014), using
anr coefficient of 0.27 because half-sibs have a quarter of their alleles in common (Y4VA).

The following equation was used:

(c*F(gem)) * (1/r)

n2 — —
o= VAVP= (c%f(gen)) + (o?r) + (c2e)

where o%f(gen) is the variance component among families (genotypes), o?r the among-
regions variance and c?e the error variance. Standard errors were obtained following
Jayaraman (1999). The quantitative genetic differentiation (Qst) was estimated as

described by Leinonen et al. (2013):

(1)

2 * sz(gen)) + (c%r)

Qst =
(

Statistical analyses were performed in Statistica v10 software.

Results
Total phenolics and condensed tannins depend on region and genotype

Highly significant differences were observed in the concentration of Tp and Ct
according to the region (p<0.001 for both compounds) and genotypes (p<0.05 for both

compounds, Table 1). By contrast, there were no significant effects of the population.
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Table 1. Effect of region, population (nested in region) and genotype (nested in population) on total
phenolics (Tp) and condensed tannins (Ct) content in Quercus ilex leaves.

Effect df Total phenolics Condensed tannins

F p F p
Region 5 10.873 0.000 4.293 0.000
Population 6 0.748 0.611 1.430 0.208

Genotype 54 1.489 0.036 1.470 0.042

There was a significant relationship (r=0.589, p<<0.001, r>=0.347) between the
Tp obtained by the Folin-Ciocalteu method and the accumulation of Ct measured by the
Porter method. The percentages of variance explained by region, population, and
genotype for Tp were 21.37%, 1.61% and 30.72%, respectively. For Ct figures were
17.21%, 0.004% and 32.00%, respectively (% variance calculated from results of GLM).

Variation of defences with latitude and soil

Concentrations of Tp and Ct showed high and negative correlations with latitude,
though they did not reach statistical significance due to low sample sizes (N=6 regions).
Correlation values were 1=-0.681, p=0.136 and adjusted r>=0.464 in Tp, and r=-0.236,
p=0.653 and adjusted r*=0.055 in Ct. Analysed these levels against the increase in soil
pH with the same sample size (N=6 regions), there was also a strong negative but not
significant correlation (r=-0.584, p=0.223 and adjusted r’=0.341 in Tp, and r=-0.467,
p=0.351 and adjusted 1*=0.212 in Ct).

By grouping the northern regions (P, O and G) and the southern regions (M, C and
S), higher and significant averages were obtained in the defensive levels of the southern
area versus the northern one for Tp (F (1; 186)=16.17, p<0.001, Fig.2), and also higher
for Ct (F (1; 183)=3.23, p=0.07, Fig.3). Mean and standard error values were 37.73+1.11
Tp and 62.24+2.68 Ct in the northern regions, and 44.05+1.09 Tp and 68.58+2.32 Ct in
the southern ones. With the total number of analysed genotypes grouped in north and
south regions and therefore, increasing the sample size (N=186 in Tp, N=183 in Ct), the
correlation between chemical defences and latitude was negative and very significant in
Tp (r=-0.293, p<<0.001 and adjusted r?=0.086) but not significant in Ct (r=-0.132,
p=0.074 and adjusted 1*=0.017).
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Fig.2. Constitutive levels of total phenolics (expressed as milligrams of gallic acid equivalents (G.A.E.) per
grams of lyophilized sample) in leaves of Quercus ilex according to the region of origin (ordered from
highest to lowest latitude): Picos de Europa (P), Ordesa (O), Guadarrama (G), Monfragiie (M), Cabafieros
(C) and Sierra Nevada (S). The last four boxes are the averages grouping the studied data according to north
(P, O, G) and south latitude (M, C, S), and according to the region of origin soil type in two groups, acidic
(G, M, C) and alkaline soil (P, O, S). Bar height represents the mean and whiskers are standard errors.
Statistics: Regions (F test (5, 179)=8.725, p=0.000 and Kruskal Wallis test (5, 185)=34.099, p=0.000).
Latitude (F test (1; 186)=16.173, p=0.000 and Kruskal Wallis test (1; 185)=14.593, p=0.000). PH soil (F
test (1; 186)=13.462, p=0.000 and Kruskal Wallis test (1; 185)=12.227, p=0.000).
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Fig. 3. Constitutive levels of condensed tannins (expressed as milligrams of procyanidin B equivalents
(PB.E.) per grams of lyophilized sample) in leaves of Quercus ilex according to the region of origin (ordered
from highest to lowest latitude): Picos de Europa (P), Ordesa (O), Guadarrama (G), Monfragiie (M),
Cabaiieros (C) and Sierra Nevada (S). The last four boxes are the averages grouping the studied data
according to north (P, O, G) and south latitude (M, C, S), and according to the region of origin soil type in
two groups, acidic (G, M, C) and alkaline soil (P, O, S). Bar height represents the mean and whiskers are
standard errors. Statistics: Regions (F test (5; 179)=3.435; p=0.005 and Kruskal Wallis test (5; 185)=
16.645; p=0.005. Latitude (F test (1; 183)=3.229, p=0.074 and Kruskal Wallis test (1; 185)=4.627,
p=0.031). PH soil (F test (1; 183)=3.537, p=0.061 and Kruskal Wallis test (1; 185)=4.124, p=0.042).
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Grouping the regions according to the type of soil, two major groups are
distinguished: acidic soils (G, M and C) and alkaline soils (P, O and S). Significant
differences were obtained for Tp (F (1; 186)=13.462, p<0.001) but not in Ct (F (I;
183)=3.537, p=0.06). Regions with acidic soils showed higher defensive phenolic levels
than alkaline ones (Fig. 2 and 3). Mean and standard error values were 38.4+1.09 Tp and
62.55+2.42 Ct in the alkaline soils, and 44.22+1.15 Tp and 69.19+2.56 Ct in the acidic
ones. The relationship between chemical defences of all the genotypes analysed (N=186
in Tp, N=183 in Ct) and the increasing soil pH was negative and significant in Tp (r=-
0.27, p<<0.001 and adjusted r>=0.073) but not significant in Ct (r=-0.138, p=0.061 and
adjusted r’=0.019).

Heritability of total phenols and condensed tannins

Defences showed significant narrow-sense heritability across populations (h?)
both for Tp (0.37+0.08) and Ct (0.48+0.36). The quantitative genetic differentiation (Qsr)
was 0.51 and 0.25, respectively (Table 2).

Table 2. Variance components (c2), narrow-sense heritabilities (h?) and quantitative genetic differentiation
among regions (Qsr) for phenolic defences (Tp and Ct) in Quercus ilex leaves.

Statistic Total phenolics Condensed tannins'
c?f(gen) 12.7 75.69

c’r 26.84 38.51

cle 88.9 473.96

h? 0.37+0.08 0.48+0.36

Qst 0.51 0.25

*Variance components were adjusted for seedling weight covariate.

Discussion

This study shows significant among regions and genotypes differences in baseline
heritable secondary metabolite patterns in holm oak for a significant portion of the
species” range. Generally, higher levels of constitutive defences were observed at lower
latitudes and on acidic rather than basic soils. Furthermore, total phenols and condensed

tannins showed a positive correlation. Their narrow-sense heritability was moderate.
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Defences in holm oak show significant geographical and local variation

Significant differences were found for the concentration of total phenolics and
condensed tannins among regions and among genotypes, but not among populations
within regions. The non-significant differences between the populations within each
region indicate that our estimates characterize defence levels of the region of origin.
Previous studies have analysed total phenols and condensed tannins in acorns of Q. ilex
and Quercus suber (Cadahia et al., 1993) and in leaves of several oak species (Faeth,
1986; Dawra et al., 1988). However, geographical variation is still poorly known (but see
Solla et al., 2016). This work analyses for the first time the geographical variation of total
phenols and condensed tannins in Q. ilex leaves. Nonetheless, a previous study had
already estimated the concentration of total tannins in the same species. Solla et al. (2016)
showed that total tannin content did not differ significantly among regions, but it differed
significantly among families. Moreira et al. (2018) analysed the variation of condensed
tannins in another oak species, Q. robur, in 38 populations along an 18° latitudinal
gradient, obtaining significant differences. This disparity in the estimates of the different
phenolic defence groups shows the need to continue studying chemical patterns in

Quercus.

Regarding the evaluated phenolic groups, we found a positive correlation between
total phenols and condensed tannins. Therefore, both traits could be used as regional
indicators of holm oak leaf defences. Finally, for the Picos de Europa region, our results
for Tp and Ct were consistent with those found previously in a similar study performed

using the same methodology (Gallardo et al., 2019).

Effects of latitude and soil pH on defences

Though our sample sizes were limited, we found that the lowest levels of
constitutive defences correspond to regions in the northern Iberian Peninsula and in
regions with alkaline soils. Theory predicts that chemical defences should decrease as
latitude increases (Rasmann & Agrawal, 2011; Abdala-Roberts et al., 2016). The results
of this work are consistent with such prediction. However, recent studies have found a
positive relationship between latitude and phenolic compounds in species such as Q.

robur (Moreira et al., 2018) or Pinus pinaster (Lopez-Goldar et al., 2019). Our average

40



Chapter 1: Geographical variation of constitutive chemical defences in holm oak (Quercus ilex)

values showed an increase in chemical defences with decreasing latitude. This trend could
be linked to underlying factors associated with latitudinal variation such as climate and
soil (Moreira et al., 2018). Cabaneros and Monfragiie regions stood out especially above

the rest for their high defensive levels and could be of interest for genotype selection.

On the other hand, soil type as described by pH also showed an apparent effect on
phenolic defences. Seedlings from acidic-soil regions (G, M and C) have higher phenolic
contents than those of alkaline soils (P, O and S). Soil pH influences the availability of
nutrients for plants and may therefore be the cause of deficiency or toxicity (Benton,
2003). Tannins may induce allelopathic responses at the ecosystem level, including
toxicity against pathogens (Kraus et al., 2003). One of the most widely spread and
aggressive pathogens in recent decades is Phytopthora cinnamomi, the soil-borne
oomycete that causes root rot disease and is identified as the primary causal agent of
Quercus decline in the Iberian Peninsula (Brasier, 1992, 1996; Sanchez et al., 2006;
Corcobado et al., 2014). This pathogen develops better in acidic than basic soils (Blaker
& MacDonald, 1983; Dixon, 1984; Duvenhage & Kotzé, 1995). In fact, calcium mineral
nutrition raises the soil pH and increases the tolerance of Q. ilex to Phytophthora root
disease (Serrano et al., 2013). Assuming the important function that tannins exert on soil
pathogens (Scalbert, 1991; Stong et al., 2013) plants in basic soil would not need to
produce high levels of these compounds, as we see in our study, because the pathogen
does not develop well at high pH. However, in acidic soils, this greater production of
phenolic compounds could be the defensive response to a higher pressure by the

pathogen.

Heritability of constitutive defences

The heritability of total phenols and condensed tannins in Q. ilex leaves was
moderate. In the context of tree improvement determining the narrow-sense heritability
is a useful tool to know how much of the observed variation of a certain quantitative
character is due to the additive genetic component. In our study the narrow-sense
heritability was moderate and likely to allow selection (Eriksson et al., 2013; Alcaide et
al., 2019, 2020). Nevertheless, these results must be taken with caution due to the low
number genotypes evaluated (Jensen & Barr, 1971; Visscher & Goddard, 2015).

41



Chapter 1: Geographical variation of constitutive chemical defences in holm oak (Quercus ilex)

Heritability values were lower than those obtained in a previous work in the same species
but for the total tannin content (Tt) with fewer families sampled (0.37 in Tp and 0.48 in
Ct versus 0.83 in Tt; Solla et al.,, 2016). However, this could enable short-term
evolutionary change in response to selection and makes the selection of material from
regions with higher constitutive levels meaningful in future species improvement

programmes.

Genetic differentiation by quantitative traits (Qst) was moderate for Ct (0.25) and
higher in Tp (0.51) in the six regions analysed. Solla et al. (2016) studied the Qsr in total
tannins, observing a lower genetic differentiation between the Q. ilex regions (0.12).
There is a general lack of knowledge regarding this variation in chemical defences.
However, this value allows Qst-Fst comparisons and thus, discrimination between
natural selection and genetic drift as differentiation mechanisms in traits (Leinonen et al.,
2013). Therefore, this study offers a first insight into the characterization of variations
that Q. ilex secondary metabolites undergo in the Mediterranean area. Nevertheless, these
results should be taken with caution owing to the relatively small size of sampled families.
In addition, it would be very interesting to study the fixation index (Fsr) to find out if
there is divergent selection in the species and thus, confirm whether the different
genotypes are favoured under different environmental conditions (Merild & Crnokrak,

2001).

Applicability for selection programmes

The lowest phenol concentrations were found in the northern region on alkaline
soils (Ordesa and Picos de Europa), while the highest values were found in Cabafieros
(highest Tp) and Monfragiie (highest Ct), in the southern region and on acidic soils.
Likewise, the heritability of the evaluated characters was moderate but enough to show
genetic control and opportunities for artificial selection (Eriksson et al., 2013; Alcaide et
al., 2019). The important variability observed among chemical defences patterns from
regions may be a source of useful ecotypes in areas under high levels of biotic stress and,
especially, in forests affected by the infection with pathogens of the genus Phytophthora,
which are known to suffer from tannin inhibition (Stong et al., 2013). This suppressive
ability of tannins is a key factor, since it is expected that plants with elevated tannin levels

will develop better under unfavourable environmental conditions.
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The basic unit to distinguish the forest reproductive materials (FRM) is the region
of provenance, and in Spain these have been established for Q. ilex according to their
distribution and patterns of variation (Alia et al., 2019). Southern areas on acidic soils
with higher levels of constitutive defences seem to be candidates for possible selection of
FRM against widespread pathogens such as P. cinnamomi. In particular, Cabaneros and
Monfragiie consistently showed the highest levels of defensive compounds. However, in
a widely distributed species such as the holm oak, other factors should be taken into
account because individuals that could be good candidates for their high defensive
chemical levels, may not adapt suitably to other types of soil, climatic conditions or
phenological conditions, among others. Confirmatory studies are needed in order to

establish a sound basis for future selection.
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Chapter 2: Interactive effects of biotic stressors and provenance on chemical defence induction by holm oak
(Quercus ilex)

Abstract

Quercus forests are suffering serious decline worldwide, closely linked to the
consequences of climate change. The increase of biotic stressors threatens the survival of
the holm oak (Quercus ilex), a dominant tree species in the Mediterranean Basin. So, it is
urgent to unveil its resistance mechanisms for a better control of oak decline. In this work,
the ability of holm oaks from six Iberian provenances to respond to multiple biotic

damages is studied through the analysis of their induced chemical defence patterns.

Using 2016 seedlings established in a common garden trial (6 regions x 12
families/region x 7 seedlings/family x 4 treatments), biotic damage was induced at the
root level (by infection with the widespread pathogen Phytophthora cinnamomi) and at
the aerial level (by mechanical defoliation). The levels of constitutive and induced total
phenols, total tannins and condensed tannins were measured. Results showed that (1) the
defensive chemical patterns show significant local and geographical variation, (2)
survival to stress is more related to constitutive defences than induced ones, (3) the
induced response is stressor-specific and (4) there is an interactive effect among stressors
whose sign (induction/inhibition) depends on the provenance. These findings on the biotic
stressor effects on the chemical defences and survival of holm oak may facilitate the
development of genetic material selection programs in the integrated control of the

widespread Quercus decline.

Key Message

The patterns of induced chemical defences in Quercus ilex leaves are specific to
the biotic stress factor that causes them. Interactive effects between stressors depend on

provenance.
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Introduction

Plants have different strategies to deal with external biotic attacks. One of them is
the production of constitutive and induced chemical compounds. The constitutive
resistance levels correspond to defensive traits of plants that are relatively stable or whose
variation depends on internal factors (Schultz, 1988). They are genetically controlled and
show extensive variation among genotypes and provenances (Dicke and Hilker 2003,
Solla et al. 2016, Gallardo et al. 2019). Constitutive defence prevents infection in the first
place, while induced defence typically shortens the infectious period (Boots and Best
2018).

The main chemical defences in Quercus are phenolic compounds. Among them,
tannins play an important role as a defensive mechanism against biotic stress in plants,
although their role is controversial (Moctezuma et al. 2014). These secondary metabolites
are strong inhibitors of digestive proteases, which explains why Quercus species
accumulate them in leaves, stems and roots to protect themselves from damage by
herbivores (Moctezuma et al. 2014). In addition to reducing digestibility in herbivores
(Haslam 2007), they cause metabolic alterations in insects (Barbehenn et al. 2009), inhibit
the activity of root pathogens (Oliva et al. 1999, Kraus et al. 2003, Baptist et al. 2008)
and have a high antimicrobial activity (Scalbert 1991, Daglia 2012). Pre-infection levels
of some chemical defences in plant tissues allow the identification of trees naturally
resistant to Phytophthora (Conrad et al. 2017).

Oak forests are suffering a worldwide decline related to the rise in average
temperatures and the invasion of very aggressive alien pathogens (Dukes et al. 2009,
Santini et al. 2013, Pérez-Ramos et al. 2014). The increase in biotic stress driven by
climate change and especially the invasion of oomycetes of the Phytophthora genus has
been widely reported. Several Phytophthora species are associated with oak decline all
over the world (Jung et al. 1996, Balci and Halmschlager 2003, Pérez-Sierra et al. 2013).

The Mediterranean basin is not exempt from these pathogens and the soil-borne
Phytophthora cinnamomi (Pc) has been reported in several Mediterranean countries,
including France, Portugal, Italy and Spain (Brasier et al. 1993, Robin et al. 1998,
Sanchez et al. 2006, Corcobado et al. 2013, Jung et al. 2013, Scanu et al. 2013). Its
distribution is expected to be favored by global warming, moving towards the poles

(Burgess et al. 2017). The action of these pathogens, together with the lack of tree
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regeneration, are the main threats to the Mediterranean Quercus conservation (Moreno
and Pulido 2009, Plieninger et al. 2010, Jorrin-Novo and Navarro-Cerrillo 2014).

In the Iberian Peninsula, and mostly within its southwestern area, some Quercus
species such as holm oak (Q. ilex) and cork oak (Q. suber) are agrosystems known as
“dehesas” in Spain and “montados” in Portugal. They are a good example of "grazed
wood pastures", common in the Mediterranean region (Den Herder et al. 2017). These
socio-ecological systems are considered by the European Union as High Natural and
Cultural Value Systems (HNCV; Moreno et al. 2018) but they are affected by several
biotic stressors. Besides natural herbivory, livestock grazing also occurs, with densities
that sometimes exceed the land’s carrying capacity (Garcia et al. 2010). Several works
have also studied the incidence of defoliation exerted by numerous insects on Quercus,
many of which are prone to population outbreaks (Humphrey and Swaine 1997, Solla et
al. 2016, Tiberi et al. 2016). Generally, defoliation negatively affects the holm oak growth
(Schmid et al. 2017) and compromises its regeneration (Carbonero et al. 2004, Olmo et
al. 2017). In recent decades, another stress factor adds to the aforementioned intense
defoliation: several pathogen infections, among which Pc is the primary causal agent of
the Quercus decline in the Iberian Peninsula (Brasier 1992, 1996, Sanchez et al. 2006,
Corcobado et al. 2014). This root rotting oomycete is considered one of the 100 worst
invasive alien species on Earth (Lowe et al. 2000) and its mitigation in dehesas is a high
priority task that requires isolation of affected areas to avoid pathogen spread, elicit the
vigor of healthy plants and, in the long term, selection and implementation of resistant
plants (Camilo-Alves et al. 2013). It is expected that the combination of several biotic
stress factors will further weaken the forests, already aged (Plieninger et al. 2010).

To date the study of oak decline has not considered the differences among
individuals, populations and regions in susceptibility to biotic stressors. While some
studies have been published on geographic variability in the induction of certain defensive
chemical traits in holm oak against the biotic attack (Solla et al. 2016, Pulido et al. 2019),
this is the first considering the combined attack at the root and aerial level and their
possible interactions. Studies focused on the effects of combined biotic stress on tree
chemical defences and their geographic variability are still scarce. The tolerance or
“host’s ability to reduce the stress factor damage” (Pagan and Arenal 2020) to biotic stress
will depend, among other factors, on the genes involved in the production of these

chemical defences (Gallardo et al. 2019). Then, it is expected the existence of different
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levels of tolerance associated with genetic polymorphism and local adaptation processes
(Sork et al. 1993, Pautasso et al. 2012). The high genetic diversity of the holm oak, in
addition to its wide distribution, a priori facilitates the existence of different patterns of
chemical response whose heritability has been assessed (Solla et al. 2016, Rodriguez-
Romero et al. 2020). Furthermore, the phenomena of geographic and local adaptation
facilitate the occurrence of tolerant and even resistant individuals to certain stressors,
which could be very useful in genetic improvement programs.

In this study, a common garden trial was carried out with holm oak seedlings from
six provenances to which combined biotic stress treatments (PcC infection and mechanical
defoliation) were applied to answer the following questions:

(1) Is there an induction of defences by the applied treatments?
(2) Is the induced variation in chemical response stressor-specific?
(3) Is there an interactive effect of stressors?

(4) Does induction have consequences for plant survival?

Materials and methods

Plant material, growth conditions and experimental design

Acorns from natural holm oak forests in six Spanish areas were collected between
November and December 2015. The sampled regions, located within or nearby Spanish
National Parks (Fig. 1), covered a large part of the species distribution range. Ordered
from highest to lowest latitudinal range, these regions were: Picos de Europa (P), Ordesa
(O), Guadarrama (G), Monfragiie (M), Cabaiieros (C) and Sierra Nevada (S).

After checking their viability by flotation, acorns were sown under a common
environment at the greenhouse on the Faculty of Forestry of the University of
Extremadura (Plasencia campus; UTM Zone 29N X: 748862; Y: 4435709; 395 meters
above sea level). Collected acorns were sown in 28-well plastic trays, 450 ml in volume,
filled with a soil substrate consisting of mixed peat and sand (1:2, pH: 5.5). Pots were
placed on metal trays with a 2-cm deep water line to keep the substrate at field capacity
(seedlings did not suffer water stress). In order to ensure germination success of seedlings,
two acorns were sown per alveolus, selecting later the first emerged (Fig. SI from

supplementary information).
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We used a complete randomized and nested type experimental design, with a total of
2016 seedlings (6 regions x 12 families/region x 7 seedlings/family x 4 treatments). The
emergence took place in March and seedlings grew successfully under optimal conditions
until the end of May, when the treatments were applied.

N
aNP A

S

1. Picos de Eu

/ 2. Ordesa NP

France i

Lk

Portugal

6. Sierra Nevada NP

@® Quercus decline spots

Dehesas

J—/'t i
e Aomcc\o\/\.\/&\ . - Holm oak forests

Fig.1. Distribution range of dehesas (light green area), holm oak forests (dark green area) and location of
the studied regions in Spain (numbered black squares) according to Diaz & Pulido (2009) and Roda et al.
(2009): 1. Picos de Europa, 2. Ordesa, 3. Guadarrama, 4. Monfragiie, 5. Cabafieros and 6. Sierra Nevada.
Sampling points of the European Forest Damage Monitoring Network with presence of Quercus decline
(orange points) due to water stress and/or infection by pathogens (mainly Phytophthora cinnamomi).
Modified from Fernandez-Cancio et al. (2004) with the most recent data on the Phytophthora cinnamomi
presence (CICYTEX-INIAV 2020).

Application of treatments and symptom assessment

Once a minimum development was reached (8-12 leaves per plant, 15 cm high),
seedlings were subjected to four treatments to test for the inducibility of chemical
defences against biotic stressors:

-control treatment (c), without exercising any damage.

-inoculation with the soil-borne pathogen Phytophthora cinnamomi (Pc)

-mechanical wounding or mechanical defoliation of the upper third of the seedling
(d), mimicking the effect of herbivory on chemical defences (Pardo et al. 2018, Gallardo
etal. 2019).
-double treatment (dPc), combining pathogen infection with mechanical defoliation.

Treatments were applied in equal parts (84 plants per region and treatment). The

pathogen used in the inoculation was isolated by the Forestry Research Group (FRG) of
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the University of Extremadura from a holm oak in Valverde de Mérida, SW Spain
(Corcobado et al. 2013). The high virulence of this Pc strain (UEx1; an A2 mating type)
has been demonstrated in several studies of the FRG (Corcobado et al. 2017).
Nonetheless, this Pc strain has been reactivated every year and kept cold at 10°C. For this
test, it was activated again by using it as inoculum to cause infective lesions in the root
system of 1-month-old Q. ilex and Castanea sativa seedlings. Thus, two weeks before
making the inoculum for the experiment’s infection, the pathogen was reactivated.

The inoculum was prepared inside Erlenmeyer flasks following the procedure
described by Jung et al. (1996) with some plugs of the UEx 1 strain in V8 multivitamin
juice broth, whole oat grains and fine vermiculite, and incubated for five weeks at 22°C
(Fig. S1 supplementary information). Plant infection was facilitated by inoculating the
soil with 20 cc of the mycelial culture into each cell. After inoculation, seedlings were
lightly watered and flooded the following day in chlorine-free water to stimulate
sporangia production and release of infective zoospores.

The simulation of the mechanical damage that an herbivore could cause on the
seedling was made from cut off of the upper third of the plant. Mechanical damage does
not always have the same effect on chemical defence induction as natural herbivory
(Baldwin 1990), but it allows to control both the timing and type of damage, independent
of any putative inducing or inhibitory effects of specific herbivore-derived elicitors
(Pardo et al. 2018, Moctezuma et al. 2014). In this work, aimed at analyzing intra and
inter-population differences in response to damage applying the same treatment, this
artificial herbivory represents a suitable approach.

The control treatment provides the constitutive defences of the studied seedlings
and the double treatment offers the possibility of analyzing interactions between both
biotic damages. The development of external symptoms (chlorotic, wilted or dead
foliage) and evolution of mortality and resprouting were recorded daily for each plant

during four months.

Sampling and secondary metabolites quantification

Three weeks after the application of treatments, when the symptoms were already
evident in all the treatments and mortality began to increase, sampling was performed for
the quantification of secondary metabolites. Three samples per family of still-living

seedlings (864 plants in total) were harvested, removing the substrate carefully to avoid
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plant damage and subsequently processing the sample for freezing at -80°C. To confirm
Koch’s postulates, from the fine roots of plants infected with Pc, the pathogen was
successfully re-isolated in selective medium NARPH (Nystatin-Ampicillin-Rifampicin-
Pentachloronitrobenzene-Hymexazol) corn meal agar, a modified medium of PARPH
(Jeffers and Martin, 1986). As expected, PC was not found in seedlings from control
treatment and mechanical defoliation. The timing for the experiment was decided to
assess the induced systemic response of the seedlings, thus giving enough time to the
whole plant to activate the response at distal sites.

Previous studies on chemical characterization of defensive compounds in holm
oak (Pulido et al. 2019) concluded that the leaf phenolic content is the most stable
throughout the year (stems, roots and acorns oscillate depending on the season), so the
extraction of phenols in leaves was the chosen method. Frozen seedlings were weighed
and five to six leaves per plant of similar developmental stage were extracted for
determination of phenolic content as described by Gallardo et al. (2019). Leaf samples
were then freeze-dried (Telstar LyoQuest lyophilizer, temperature -55°C and 0.001-0.002
mbar pressure) and ground to a fine particle size. Once the milling was completed, tissue
sampling was stored at -80°C until analysis. The phenolic content of the plants was
extracted from lyophilized material with 70% (v/v) aqueous methanol for 60 minutes in
an ultrasonic bath at room temperature. The crude extracts were centrifuged at 10000 rpm
for 5 minutes at 4°C and the supernatant was collected and stored at -80°C.

The total phenolics content (Tp) of the extract was determined by the Folin-
Ciocalteu method (Makkar, 2003). Crude extracts were mixed with 50 volumes of 10%
Folin-Ciocalteu reagent (Merck KGaA, Darmstadt, Germany) and 40 volumes of 7.5%
(w/v) sodium carbonate. In the control tube, the extract volume was replaced by methanol.
The mixture was stirred gently and maintained in the dark and at room temperature for
45 minutes. After incubation, the absorbance was measured at 725 nm. Gallic acid
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was used as standard and results
were expressed as milligrams of gallic acid equivalents (G.A.E.) per gram of lyophilized
sample.

The total tannins content (Tt) was determined by the agarose gel radial diffusion
method, measuring the ring-area of the precipitation with bovine serum albumin (BSA;
Hagerman 1987). Gel Petri dishes were prepared using 1% agarose (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany), containing a solution of 50 mM acetid acid, 60 uM

58



Chapter 2: Interactive effects of biotic stressors and provenance on chemical defence induction by holm oak
(Quercus ilex)

ascorbic acid and 0,1% BSA. Uniform wells were made on plates containing the same
volumen of solidified agarose and constant volumes of samples were loaded and
incubated at 30°C for 120 h. A calibration was performed with tannic acid (Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany) and results were expressed as milligrams
of tannic acid equivalents (T.A.E.) per gram of lyophilized sample.

The butanol-HCI assay (Porter et al. 1986) was used to quantify condensed
tannins (Ct) using procyanidin B2 (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
as a reference compound. Briefly, crude extracts were mixed with 100 volumes of n-
butanol/acetone 1:1 (46% each) plus HCL (1.85%) and ferric ammonium sulphate
(0.04%). In the control tube, the extract volume was replaced by methanol. Samples were
heated at 70°. After 45 minutes of incubation, the samples were cooled and the absorbance
at 550 nm was measured, with final results expressed as milligrams of procyanidin B

equivalents (PB.E.) per gram of lyophilized sample.

Statistical analysis

First, the effects of region, population (nested in region), family (nested in
population) and treatments on secondary metabolite patterns were analysed through a
general linear mixed model (GLMM). The effects of germination time and seedling size
(measured from their weight during the harvest of samples) on chemical defences were
analysed with Pearson's linear correlation. To test for inducibility upon mechanical
damage and inoculation with Pc, differences between constitutive defences (control
treatment) and those induced by each treatment were calculated. Region, population,
family and treatment were used as random factors and the Tp content, Tt content and Ct
content were used as dependent variables. Data were analysed to check normality (by
Kolmogorov-Smirnov test) and homoscedasticity (through Levene's test). Interactions
between treatment and region, treatment and population, and treatment and family were
also included in the model. The components of the variance were also calculated for each
measured variable from GLMM to analyse the amount of variation for each one. The
effect of treatments was assessed by t-test using a two-tailed alternative.

The stress tolerance was estimated by survival recorded weekly. To analyse the
survival time of plants after the application of treatments, the Kaplan-Meier estimate was
used. Gehan's Wilcoxon test was used to assess differences among treatments in survival.

Survival was analysed with the "Survival Analysis" module. The relationship between
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dependent variables and tolerance was calculated by Pearson’s linear correlation.

Statistical analyses were performed in Statistica v10 software.

Results

Chemical defence induction by treatments

Highly significant differences among treatments, regions and families were found in
the defensive chemical levels of holm oak leaves (p<0.001, Table 1, Fig. 2 and Fig. S2
for supplementary information). The Ct levels showed very significant differences
(p<0.001) in the treatment/region interaction thus indicatinggeographical variation of the
response to treatments. The local variation in the response to treatments showed very
significant differences in Tt production (p<0.001).

All the applied treatments resulted in significant induction (Tukey's test p<0.05, Fig.
2). The induced response was based on the increase of their metabolic levels except in the
Tt variable. In general, mean values of the three phenolic groups were always lowest in
the control treatment and highest in the combined treatment for Tp and Ct, and they were
highest for the defoliation treatment in Tt. The Folin-Ciocalteu analysis method yielded
Tp concentrations in Q. ilex leaves between 36.44-56.98 mg GAE/g dw. Tt concentrations
fluctuated more and were between 68.3-103.36 mg TAE/g dw, while Ct was the variable
with the greatest range of variation, with values between 50.17-119.74 mg PBE/g dw.

The constitutive defences (control treatment) did not show significant correlations
with those induced by the different treatments in all cases (Table S1 from supplementary
information). The existence of correlation varied according to the region, the induction
treatment and the phenolic group. The significant correlations were always negative.
Regions with the highest significant and negative correlation between constitutive and
induced defences were P and S.

The percentages of variance explained by treatment, region and family for Tp

were 4.3%, 14.8% and 12.4% respectively. They were 0%, 20.4% and 14.3% respectively
for Tt; and 11%, 8.6% and 8.8% for Ct, respectively (% variance calculated from results

of GLMM, Fig. 3).
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Fig. 2. Phenolic compounds induction in leaves of Quercus ilex (percentage increased compared to the
control treatment) after biotic stress according to the region of origin (ordered from highest to lowest
latitude): Picos de Europa (P), Ordesa (O), Guadarrama (G), Monfragiie (M), Cabaifieros (C) and Sierra
Nevada (S). (I) Total phenolics, (I) Total tannins, (III) Condensed tannins. Applied treatments:
inoculation with Phytophthora cinnamomi (Pc), mechanical defoliation (d) and double treatment
pathogen infection/mechanical defoliation (dPc). Absolute values of constitutive chemical defences
(control treatment) and induced ones (by Pc, d and dPc treatments) are shown in Fig. S2 of the
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“Supplementary information”. Bar height represents the mean and whiskers are standard deviations.*
Statistically significant differences between constitutive (control treatment) and induced defences.
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Fig 3: Components of the variance of total phenols, total tannins and condensed tannins among treatments,
regions and families, expressed as percentages of the total variance. The error value corresponds to the
differences among individuals within each family. The statistical significance of the major represented
components is shown within the bars *** p<0.001.

Induced responses by stressors

The induced response showed significant differences and specific to the stressor
that causes it (t-test p<0.05 in Tp, Tt and Ct, Table 1, Fig. 2). Mechanical defoliation and
double treatment induced the greatest significant increases with respect to the control in
Tp and Ct. The Tt variable showed in some regions a reduction instead of induction of
defences, with decreases whose magnitude differed among treatments and regions.
Grouping regions according to treatments, the production of Tp was minimal in the
control treatment, it increased with infection by the pathogen, even more with defoliation
and reached the highest values with the combined application of both treatments (r =
0.502, p=0.013; Fig. S2 from supplementary information). Following the same sequence
of treatments from lowest to highest induction of defences, the relationship between the
Tt and the applied treatments was low and not significant (r = 0.195, p = 0.361). The
maximum production of Tt resulted from the application of mechanical defoliation. On
the contrary, Ct was the dependent variable with highest relationship to applied treatment
in that sequence (r = 0.718, p = 0.000). As expected because Tt and Ct are part of Tp,
there was a high and significant relationship among the Tp obtained by the Folin-
Ciocalteu method, the Tt obtained by the BSA method and the accumulation of Ct

62



Chapter 2: Interactive effects of biotic stressors and provenance on chemical defence induction by holm oak
(Quercus ilex)

measured by the Porter method (r from 0.67 to 0.82, p<0.001). The specific response to
the stressor varied geographically and locally (Table 1).

Table 1. Effect of treatment, region, and family (nested in region) on total phenolics, total tannins and
condensed tannins content in Quercus ilex leaves.

Effect df Total phenolics  Total tannins Condensed tannins
Treatment 3 18.86%** 6.47%%* 30.83%**

Region 5 26.31%** 36.52%%* 5.87#%*

Family (region) 58 2.58%H* 2.04%#* 2. 48x**
Treatment x region 15 1.92* 1.27 4.14%%x*

Treatment x family (region) 160 1.12 1.45%** 0.91

F-values are shown along with statistical significance: *p < 0.05; **p < 0.01; ***p < 0.001; ns p > 0.05.

The induced response by combined biotic stress showed significant differences
with respect to the treatments applied separately (Fig. 2 and Fig. S2 from supplementary
information). There were significant differences between the defensive patterns induced
by the pathogen infection and the double treatment (t-test p<0.05) and significant
differences between mechanical defoliation and the double treatment (t-test p< 0.05). As
described before, the double treatment was the main inducer of Tp and Ct in three of the
six studied regions. However, the Tt variable showed reductions by the double treatment
in two regions (Fig. 2). Combined stressors neutralized the production of defences in
some regions, being intermediate between that induced by the pathogen and by
mechanical defoliation. In other regions, it enhanced the response, further increasing the
defences induced by the pathogen or by mechanical defoliation separately. The effect of
the double treatment, therefore, differed according to regions and the sign of the

interaction (neutralization or enhancement) varied geographically.

Induction and survival

Induction did not show a significant correlation with survival (p>0.05, Table S2 from
supplementary information). Only in the O and S regions there was a significant
correlation between Ct production and survival (r = 0.37 in O, r = -0.55 in S, p<0.05).
Neither the absolute defence values (sum of constitutive and induced) showed a
significant relationship with survival (p>0.05, Table S2 from supplementary
information). Thus, only P, O and S regions showed a significant correlation between Ct

production and survival (r=0.39 in P, r =0.43 in O, r = -0.59 in S, p<0.05). However,
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the relationship between constitutive defences and survival was positive and significant
inTp (r=0.31,p=0.011) and in Tt (r = 0.44, p = 0.0002). The constitutive Ct did not
show a significant relationship (r =-0.07, p = 0.585).

All applied treatments reduced the probability of seedling survival (Gehan's Wilcoxon
test p<0.001, Table 2, Fig. 4). Infection with the root pathogen was the most damaging
(74.78% survival versus 91.4% of the control). PC inoculation was the most aggressive
biotic stress factor in the northern regions (minimum survival probability of 57.5% in P).
In the southern area, M was more affected by defoliation (85.11% survival), C by
infection with Pc (80% survival) and S by combined treatment (83.72% survival). In
general, southern regions showed higher survival rates facing stressors than northern
regions, highlighting M and S regions (survival probabilities greater than 80%). C showed
high tolerance to defoliation but not so much to Pc infection and double treatment. It was
observed that mortality due to defoliation increases when combined with Pc infection,
that is, Pc increases the susceptibility of seedlings that also suffer herbivory. But on the
other hand, defoliation combined with root infection caused lower mortality than when
Pc acted alone (Pc, as mentioned before, was the stressor with the highest mortality).
Regarding the existence of resprout after the biotic stress condition, 12.72% of the
affected plants with visible external symptoms resprouted. Regrowths were more frequent
in plants subjected to double treatment (Table 2). It occurred in five of the six studied
regions, except in C, where defoliation generated the highest resprout rate (6.25%). The
resprout was greater in the southern regions of the Iberian Peninsula. The highest
percentage of it was induced by the double treatment in S region (7.56%). M presented
high percentages to defoliation and double treatment. The higher survival probabilities
and regrowth rates obtained in the southern regions suggest their greater tolerance to the

studied biotic stress factors.
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Table 2. Probabilities of survival and resprout (%) in seedlings subjected to the following types of biotic
stress: Phytophthora cinnamomi infection (Pc), mechanical defoliation (d), combined pathogen infection
and mechanical defoliation (dPc) and control (c). Regions of origin (ordered from highest to lowest
latitude): Picos de Europa (P), Ordesa (O), Guadarrama (G), Monfragiie (M), Cabaiieros (C) and Sierra

Nevada (S).
. Treatment
Region
% c Pc d dPc
P survival 80.00 52.50 62.79 61.90
sprout 2.35 2.35 3.53 3.53
o survival 92.86 63.04 88.64 69.77
sprout 1.14 341 341 5.69
G survival 100.0 50.00 90.00 84.62
sprout 0 4.88 2.44 7.32
M survival 95.45 91.67 85.11 87.5
sprout 1.07 2.14 7.49 7.49
C survival 95.0 80.0 92.5 82.5
sprout 0.63 3.75 6.25 2.5
S survival 92.50 88.64 86.67 83.72
sprout 1.16 1.74 3.49 7.56
survival 91.4 74.78 83.41 77.73
Average
sprout 1.27 2.64 4.31 4.5
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Fig. 4. Survival probabilities of Quercus ilex seedlings showing differences among applied treatments
(p<0.001, X% =23.95, df = 3, n = 905 plants). Infection with the root pathogen Phytophthora cinnamomi
(Pc) was the most lethal treatment. Seedlings subjected to combined stress were also more vulnerable (dPc).
Mechanical defoliation (d) produced losses but, in general, plants were able to respond with resprout.
Control seedlings (c¢) also suffered some mortality, but within the usual rates during the first months of life.

65



Chapter 2: Interactive effects of biotic stressors and provenance on chemical defence induction by holm oak
(Quercus ilex)

Discussion

This study contributes to the current body of literature expanding about how plant
populations from different regions differently invest in defensive traits. The individual
and ecotypic variability generates differences in the response of the holm oak chemical
defences against the different biotic stress factors, showing certain specificity and
interactions in the production of tannins according to the stressor. This could be an
adaptive strategy to the diversity of the pathogen and herbivore community present in the
ecosystem. And it would be an interesting trait for the selection of better adapted to

increasing biotic stressors genetic material.

Chemical defences induced by stressors

Holm oak constitutive defences varied significantly among families and regions.
The region was the main source of variation of the three phenolic groups in agreement
with Rodriguez-Romero et al. (2020) for the production of Tp and Ct. Solla et al. (2016)
explored the geographical variation in the holm oak constitutive Tt, finding important
local but not geographical differences, although their work focused on south-central
Iberian Peninsula regions. On the other hand, Moreira et al. (2018) studied the
constitutive Ct variation in 38 populations along an 18° latitudinal gradient of Q. robur,
also obtaining significant differences. Pardo et al. (2018) explore the spatial variation in
Prunus lusitanica Tp for its entire range of distribution, also finding geographic and local
differences in the constitutive defences. Lopez-Goldar et al. (2019), using a Pinus
pinaster clonal collection in different countries of the Mediterranean Basin, also found
geographic but not local differences within populations, by quantifying 98 plant
secondary metabolites. This spatial variation could be consequence of local adaptation
mechanisms promoted by host-stressors coexistence, but also of the resources availability
to produce defences or other unexplored factors. The results of this work follow the same
trend, although the disparity with Solla et al. (2016) in the Tt group shows the need to
continue improving our knowledge of the constitutive defences chemical patterns in
Quercus.

Regarding the induced defences, these showed significant differences according
to the region (geographic level), family (local level) and the applied treatment (specific
induction). Following the same pattern than constitutive defences, the variance of the

three phenolic groups was better explained by region, although in the case of induced Ct
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it was similar to the variance explained by the family. Although there are some works on
spatial variation in the effects of biotic stress or the production of chemical defences, few
studies combine geographical variation with induction of defences by defoliation and
pathogen infections. However, of those cited above, Pardo et al. (2018) also explored the
spatial variation of Tp induced by mechanical defoliation in Prunus lusitanica, also
finding significant local and geographical differences in induced defences. In addition,
the three chemical traits evaluated in this work were highly variable within families and
among regions, especially Ct. The same occurs in Pinus pinaster Tp from the Iberian
Peninsula against the attack of the pine wilt nematode (Bursaphelenchus xylophilus; Zas
etal. 2015).

As expected, the three evaluated variables showed a strong and positive
correlation due to be overlapping fractions (Tp includes Tt and Tt includes Ct), as also
shown by Gallardo et al. (2019) with holm oak seedlings from one provenance against
mechanical defoliation and Pc infection. However, the effect of stress treatment on
seedlings at the local level (among families) is better explained by Tt, while the major
geographical differences in the induction of chemical defences are showed by the Ct
production. Therefore, the best variable to characterize the differences in the induced
defences against biotic stress are Ct at the geographical level. In fact, its use to analyze
plant-herbivore interactions in the literature is common (War et al. 2012). The results of
this work reinforce the Ct choice to analyze plant-biotic stress interactions and, above all,

their spatial variation.

Specific defensive response: Trade-offs and cumulative effects.

The defensive response is triggered by biotic stress factors and shows significant
differences depending on the stressor. The correlation between the three measured
variables was high and positive, especially in the induction of defences by Pc infection.
This specificity is also demonstrated by Gallardo et al. (2019) in holm oak seedlings
subjected to the root pathogen infection and mechanical defoliation from the same
provenance, identifying the Quercus sequences encoding enzymes for early steps of the
biosynthesis of phenolic compounds, like hydrolysable tannins and Ct among others, plus
genes involved in the late steps of Ct biosynthesis. Their study showed differences in
response that were dependent on the stressor, especially in the Tt production for Picos de

Europa region, also studied in our work. The results of this study show that this specific
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induction of the stressor can be extrapolated to its spatial variability analysis.
Furthermore, the combined treatment of pathogen inoculation with mechanical
defoliation induced the highest production of Tp and Ct in most of the studied regions.
Mechanical defoliation alone caused the largest increases in Tt production. Despite
several studies about plant-herbivore interactions are focused on Ct, it was observed that
Tt, that is, those that include hydrolysable tannins, better characterize the induction of
defences against herbivory stress in the holm oak. In fact, some specific compounds that
take part of hydrolysable tannins are closely related to herbivory resistance (War et al.
2012, Marsh et al. 2020).

In this study the induced response was not always an increase in the level of
chemical defences. On the contrary, in the case of Tt and especially in M and C regions,
there is a down regulation between defence production and the combination of stressors.
When defoliation and Pc infection act combined, the response capacity in Tt production
decreases, which suggests that very high levels of stress could limit the resources needed
to produce more defences. Mechanical defoliation induces the biosynthesis of Tt but
infection by Phytophthora interferes with its regulation, increasing the seedlings
susceptibility to biotic stress (Gallardo et al. 2019). This suggests that in root pathogen-
affected stands, an intense defoliation event could increase the vulnerability of the holm

oak, reducing its ability to restore after the attack.

Constitutive and induced defences and their consequences for plant survival

Tolerance to biotic stress, both caused by mechanical defoliation and induced by
the pathogen Pc infection, differed significantly among Iberian provenances. In all cases,
the biotic stressors reduced the survival probabilities. The most harmful was the root
infection alone; even more that the combined root infection combined with defoliation.
Generally, the southern regions were more tolerant to biotic stress from root and aerial
damages. M and S were the most tolerant regions to the applied treatments, exceeding in
all cases more than 80% survival and also high resprout rates. No other works are known
about the geographical variation of chemical defences studied here and tolerance against
the applied biotic stressors in holm oak. However, Camison et al. (2019) profiles the
defensive chemical patterns in C. sativa plants to Pc, finding more Tp and Ct in
susceptible plants to the pathogen than in resistant ones. On the contrary, Cahill et al.

(1989) showed that phenolic deposition was higher in the more resistant species than in
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the susceptible ones during the root infection by Pc. The role of tannins in plant defence
has been widely studied (Peters and Constabel 2002, Roitto et al. 2009, Barbehenn and
Constabel 2011, War et al. 2012). However, in some cases no effects have been found on
them (Keinanen et al. 1999, Hikosaka et al. 2005). Furthermore, specific compounds
within these large phenolic groups are those identified for their key role in resistance to
different stressors (Feeny 1968). Focusing on the defensive response of the plant to
Phytophthora spp, several studies cite the involvement of phenolic compounds in this
interaction (Picard et al. 2000, Lherminier et al. 2003, Horta et al. 2010). Stong et al.
(2013) cite this phenolic involvement with P. ramorum and Gallardo et al. (2019) do it
with Pc. But the controversy obtained in the experiments to date show the role of tannins
as defences against biotic stress have still to be clarified, and even more so its effect on
pathogens. In our work, we related the tolerance variability with the induced chemical
defence patterns obtained for each provenance, although there was no clear
correspondence between them. A priori, the greater the induction, the more
phenotypically plastic the plants will be, thus reducing the possibility that biotic stressors
adapt to the induced chemical compounds (Howe and Jander 2008, Agrawal 2011).
However, the most biotic stress-tolerant regions in the greenhouse were not those with
the greatest induced defences. The case of M stands out, which even having the highest
constitutive levels of Ct, barely underwent induction by the applied treatments and
nevertheless, showed high tolerance to biotic stress. This tolerance showed a greater and
positive correlation with constitutive defensive chemical levels -studied in more detail in
Rodriguez-Romero et al. (2020)- than with those induced. This could be due to the
strategy cited by Jorrin-Novo and Navarro-Cerrillo (2014) that highlights the metabolic
costs (Agrawal et al. 2002) for the holm oak to induce defences. This induction could be
avoided in biotic attack events when they are punctual. If herbivory or infection were
frequent, or even permanent, as is often the case in the southern Iberian Peninsula, the
differences between constitutive and induced levels could tend to be smaller. In our work,
the regions with higher herbivore impact showed higher constitutive defences (see also
Rodriguez-Romero et al. 2020), inducing fewer defences but responding with greater
tolerance to biotic stressors. Defoliation as a permanent biotic stressor could have driven
the high constitutive defence selection in southern regions, also facilitating a greater
tolerance to other stressors such as Pc. In fact, our results show that the most susceptible

to the root pathogen-regions were those in the north of the Peninsula.
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Implications for breeding programs

Induced resistance could be exploited as an important tool for the integrated
management of diseases and pests in forests with increasing biotic stressor scenarios. In
addition, it would serve to predict catastrophic events or periods of high stress and to get
ahead of them. This would allow the agrosystems to be strengthened before they reach
severe levels of decline. However, our compression of these defensive mechanisms is still
limited, so the authors highlight the need to continue working in this area.
The fact that the response is specific to the inducing stressor and that there are interactions
between them complicates the tolerant and/or resistant genotype selection to pathogens.
However, it constitutes a first step in the development of a holm oak decline management
program that considers the current intraspecific geographical variation. This species also
has a high genetic diversity and the conservation of its natural and managed forests is
vital to maintain this diversity in its reservoirs, guaranteeing a varied induced response.
Detailed studies of the specific induced chemical compounds by each biotic stressor
would be very necessary to understand the intraspecific geographical variability in the

allocation of defensive resources.
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Supplementary information

Table S1. Pearson's correlations (r values) between constitutive and induced chemical defences in Quercus
ilex leaves (total phenols Tp, total tannins Tt and condensed tannins Ct) by regions and stressors. Regions
of origin (ordered from highest to lowest latitude): Picos de Europa (P), Ordesa (O), Guadarrama (G),
Monfragiie (M), Cabafieros (C) and Sierra Nevada (S). Applied treatments: inoculation with Phytophthora
cinnamomi (Pc), mechanical defoliation (d) and double treatment pathogen infection/mechanical

defoliation (dPc).
P Tpby Pc CtbyPc TtbyPc Tpbyd Ctbyd Ttbyd TpbydPc CtbydPc TtbydPc
Constitutive Tp ~ -0.59* -0.72%* -0.6*
Constitutive Ct -0.55 -0.54 -0.61*
Constitutive Tt -0.69* -0,7.% -0.61*
O TpbyPc CtbyPc TtbyPc Tpbyd Ctbyd Ttbyd TpbydPc CtbydPc TtbydPc
Constitutive Tp ~ -0.91%* -0.68* -0.53
Constitutive Ct -0.57 -0.68%* -0.49
Constitutive Tt -0.84* -0.41 -0.47
G TpbyPc CtbyPc TtbyPc Tpbyd Ctbyd Ttbyd TpbydPc CtbydPc TtbydPc
Constitutive Tp ~ 0.22 -0.12 0.78
Constitutive Ct -0.24 -0.37 -0.64
Constitutive Tt 0.79 0.32 0.51
M TpbyPc CtbyPc TtbyPc Tpbyd CtbydTtbyd TpbydPc CtbydPc TtbydPc
Constitutive Tp  -0.56 -0.24 -0.73
Constitutive Ct -0.39 -0.69* -0.79*
Constitutive Tt -0.58 0.14 -0.78*
C TpbyPc CtbyPc TtbyPc Tpbyd Ctbyd Ttbyd TpbydPc CtbydPc TtbydPc
Constitutive Tp ~ -0.57 -0.8* -0.87*
Constitutive Ct -0.39 -0.48 -0.51
Constitutive Tt -0.59 -0.67* -0.69*
S TpbyPc CtbyPc TtbyPc Tpbyd Ctbyd Ttbyd TpbydPc CtbydPc TtbydPc
Constitutive Tp ~ -0.8%* -0.73* -0.68*
Constitutive Ct -0.62%* -0.25 -0.64*
Constitutive Tt -0.74* -0.78* -0.75%

* r-values with statistical significance: *p < 0.05; ns p > 0.05.
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Table S2. Pearson's correlations (r values) among induced chemical defences, total defences and survival
in Quercus ilex leaves (total phenols, total tannins and condensed tannins). Regions of origin (ordered from
highest to lowest latitude): Picos de Europa (P), Ordesa (O), Guadarrama (G), Monfragiie (M), Cabafieros
(C) and Sierra Nevada (S).

Total defences
(constitutive+induced)
Total Total Condensed Total Total Condensed

Induced defences

Region phenolics  tannins tannins  phenolics tannins  tannins
P 0.24 0.09 0.28 0.29 0.12 0.39*
(0] 0.19 0.23 0.37* 0.27 0.28 0.43*
G -0.28 -0.01 -0.15 -0.24 -0.01 -0.19
M -0.12 -0.17 -0.05 017 -0.21 -0.03
C -0.09 0.32 0.1 -0.13 0.39 0.1
S -0.21 -0.002 -0.55* -0.29 -0.04 -0.59*

* r-values with statistical significance: *p < 0.05; ns p > 0.05

2 » :

Fig.S1. a) germination of seedlings with 2 acorns per alveolus, b) pots placed in metal trays with a 2-cm
deep water line to avoid water stress, ¢) Phytophthora cinnamomi inoculum growing in an incubator at
22°C, d) inoculation with 20 cc of the mycelial culture into each cell, e) seedling flood to stimulate sporangia
production and release of infective zoospores, f) mechanical wounding or mechanical defoliation of the
upper third of the seedling, g) seedlings with "mechanical defoliation" treatment (d) one week later, h)
inoculated seedlings (p) one week later, 1) sampling for phenolic extraction, j) tests to confirm the infection
in inoculated plant roots and the absence of the pathogen in the non-inoculated ones by means of seeding
in selective medium NARPH.
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Fig.S2. Chemical analysis of phenolic compounds in Quercus ilex leaves after application of biotic stress
treatment according to the region of origin (ordered from highest to lowest latitude): Picos de Europa (P),
Ordesa (O), Guadarrama (G), Monfragiie (M), Cabafieros (C) and Sierra Nevada (S). (I) Total phenolics,
(II) Total tannins, (III) Condensed tannins. Applied treatments: control treatment (c), inoculation with
Phytophthora cinnamomi (Pc), mechanical defoliation (d) and double treatment pathogen
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infection/mechanical defoliation (dPc). Bar height represents the mean and whiskers are standard
deviations. Different letters denote statistically significant differences.
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Chapter 3: Susceptibility to Phytophthora cinnamomi of six holm oak (Quercus ilex) provenances: are results under
controlled vs. natural conditions consistent?

Abstract

Quercus forests have been recently affected by severe decline and mortality. This
oak decline is associated with the soilborne pathogen Phytophthora cinnamomi (Pc). Its
wide distribution and exacerbation of damage by climate change in the Mediterranean
region raise the need for breeding programs based on resistant and tolerant material to the
disease. This work aims to determine if holm oaks planted in four field plots with highly
Pc-infected soils show differences in mortality according to their provenances after a
four-year monitoring. It also evaluates whether the most tolerant provenances are those
with the greatest constitutive chemical defences. In general, there was a high mortality
(56.0-80.5%) but provenances with higher constitutive chemical defences better tolerate
the pathogen both in greenhouse conditions and in the field. These provenances show a
higher probability of survival and also a better development. In the southern provenances,
some families with higher tolerance and, therefore, candidates for use in reforestation

programs in areas infected by Pc, were identified.
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Introduction

Plants have several mechanisms to deal with biotic and abiotic factors that cause
them stress. In the current context of global change, stress is increasing and more studies
are focused on the search for resistant or tolerant plant material against these stressors.
The identification of tolerant species and genotypes is key in breeding programs. In
addition, forest managers need this plant material to regenerate areas seriously affected
by pests and diseases or with difficulties for natural regeneration, among others. The
natural selection, genetic drift and local adaptation favor intraspecific diversity in
tolerance to stressors (Eguiarte et al. 2013). Therefore, tests of geographical variation in
susceptibility are very useful to find them. But stressor tolerance experiments are often
carried out under very controlled conditions and even in greenhouses, therefore, very far

from the natural environments affected by various combined stressors.

In this field study, the holm oak (Quercus ilex) has been chosen as a model species
due to its wide genetic diversity and distribution. The holm oak is an evergreen oak well
adapted to drought and distributed throughout the Mediterranean basin (Roda et al. 2009).
This is the dominant species in “dehesas”, an Iberian oak rangeland that constitutes the
economic base of much of the Iberian Western rural world (Campos, 2004). In fact, they
are a good example of "grazed wood pastures", common in the Mediterranean region
(Den Herder et al. 2017), and the main agrosilvopastoral system in Europe, with more
than 4.5 million hectares in the Iberian Peninsula (Moreno and Pulido 2009). But this
ecosystem of high natural and sociocultural value has experienced a generalized decline
in recent decades closely related to the pathogen Phytophthora cinnamomi (Pc; Brasier
1992, 1996, Sanchez et al. 2006, Corcobado et al. 2014). This soil-borne oomycete affects
more than 5000 species in the world (Hardham and Blackman 2018) and rots the
absorbent roots of the holm oak, causing their death. Previous works with Q. ilex and also
Q. suber under greenhouse conditions have yielded high mortality rates but also have
revealed the existence of more tolerant provenances and genotypes (Cuenca et al. 2018,
Ledn 2013, Rodriguez-Romero et al. 2020a). Ledn (2013) and Cuenca et al. (2018) found
a high variability in the genotype response to Pc infection. Cuenca et al. (2018) also
demonstrated that the tolerance of holm oak to infection by Pc —and also to water stress-
is genetically controlled and, therefore, susceptible to improvement. However, these

results are always under controlled greenhouse conditions and with short-term
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experiments, so they should be treated with caution. In another previous greenhouse study
of holm oaks from various Iberian provenances inoculated with Pc, significant differences
were obtained in the tolerance shown according to their origin and genotype (Rodriguez-
Romero et al. 2020a). The analysis of their phenolic defences yielded higher constitutive
values in southern provenances, which were also the most tolerant to infection by the root
pathogen. Under more natural conditions, Rodriguez-Molina et al. (2002) carried out
these susceptibility tests on soils naturally infected by Pc in an environmentally controlled
chamber under a 16:8 light/dark photocycle at 28—-22°C during the light-dark period. They
demonstrated the high susceptibility of holm oak to the pathogen in the aforementioned
conditions, independent of acorn provenance and soil origin. However, that test also
addressed mortality in cork oak, which was significantly different depending on the acorn
origin and soil treatment, and on their interactions. Besides this, they conclude that the
susceptibility may be also related to plant age and/or growth stage. In fact, later studies
carried out in the field with cork oak (Quercus suber; Moreira et al. 2018a) determine the
existence of some genotypes tolerant to the disease and capable of growing in infected
areas ten years after planting. However, no published results of tolerant holm oaks from

different provenances to the pathogen in the field are known.

The main goal of this work is to confirm whether results on holm oak tolerance
obtained in greenhouse tests according to provenances are also maintained in more natural
conditions in the field. If results in both scenarios were consistent, this approach would
facilitate the identification and selection of disease-tolerant plant material. To achieve it,
an experiment was established in four field plots located on active decline areas with
plants previously born in the greenhouse from six Iberian provenances. Subsequently, the
plantation was monitored during four years, recording symptoms, mortality and growth

in order to answer the following questions:
-Which provenances were the most tolerant to the disease?

-Does this tolerance correspond to that obtained in common garden conditions in

a greenhouse?

-Do constitutive defences predict tolerance under field conditions?
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Materials and methods
Plant material and sowing in the greenhouse

In winter 2015, holm oak acorns of seven genotypes were collected in each of the
six sampled Spanish National Parks (ordered from highest to lowest latitude): Picos de
Europa (P), Ordesa (O), Aigiiestortes (A), Monfragiie (M), Cabaiieros (C) and Sierra
Nevada (S). Sowing took place under a common environment at the greenhouse on the
School of Forestry of the University of Extremadura (Plasencia, UTM Zone 29N X:
748862; Y: 4435709; 395 meters above sea level). Seedlings grew in 28-well plastic trays,
450 ml in volume, filled with a soil substrate consisting of mixed peat and sand (1: 2, pH:
5.5). Pots were placed on metal trays with a 2-cm deep water line to keep the substrate at

field capacity, thus avoiding water stress.

Acorn germination and seedling mortality during the first year in the greenhouse
was uneven according provenance. So, the number of holm oak seedlings was different
with a relative importance of: P (94 plants), O (41 plants), A (29 plants), M (116 plants),
C (122 plants), S (124 plants).

Experimental field design and symptom monitoring

In March 2017, four plots were delimited on two decline areas with a negative
evolution in the tree density during the last 60 years (Fig. 1). The affected areas were
located on two farms in the central western Iberian Peninsula (Malpartida de Plasencia,
Extremadura) and close to the greenhouses of the University of Extremadura. The chosen
farms were San Esteban (SE) and Haza de la Concepcion (HC) and are typical “dehesas”
with a Mediterranean climate and gentle slopes (less than 7%). Within each farm, one
plot was located on a slope (S) and the other on a valley (V). The plots were fenced to
avoid cattle and wild fauna interference. Each plot occupied a surface of 200 m?, leaving
a symptomatic adult holm oak inside to favor the infection of new seedlings and another

100 m? free of vegetation for the planting of holm oaks from different provenances.
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Fig. 1. Evolution of the areas affected by the oak decline in the last 60 years. a and ) Orthophotos AMS
1956-1957 over SE and HC respectively; b and f) Orthophotos Interministerial flight 1973-1986 over SE
and HC respectively; ¢ and g) PNOA 2006 Orthophotos over SE and HC respectively; d and h) PNOA 2019
orthophotos over SE and HC respectively. White dots in the orthophotos are plots within each farm. Taken
from the Download Center of the National Geographic Information Center (CNIG) cartography.
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The land was plowed before planting in March. Topsoil was removed to place an
anti-weed mesh and thus reduce the early competition of the seedlings with grasses in the
plot. Subsequently, planting holes of 30 cm in diameter and 40 cm in depth were made.
The holes were spaced 60 cm and 1 meter between planting lines. Provenances and
families were randomly distributed and 2-6 seedlings were used for each family. The total
number of georeferenced seedlings per plot was 153 plants in SEV, 156 plants in SES,
157 plants in HCV and 155 plants in HCS. Finally, 40 cm high protective tubes with 25%

shading were placed to protect the stem from rodents.

In addition to the holm oak seedlings, 10 one-year-old Fraxinus angustifolia
seedlings and 10 one-year-old Quercus faginea seedlings were planted in each plot. Q.
faginea is another Iberian oak susceptible to Pc, although more tolerant than holm oak
(Moralejo et al. 2009, Pérez Sierra et al. 2013, Moreira et al. 2018a). F. angustifolia has
been described as a Pc resistant species (Moralejo et al. 2009). Both species are more
demanding in soil moisture than holm oak, so a good development of these species will
indicate that water stress is not the limiting factor for the growth of holm oaks in the plots.
The viability of these species will help to confirm that the main cause of holm oak

mortality is the infection by Pc.

The plant development in plots was measured weekly the first year and monthly
during the following three years, recording symptoms, mortality, regrowth and the
possible incidence of other damages such as occasional defoliation, presence of ants and

voles in some seedlings. At the end of each year, plant growth was also measured.

Pc isolation

Pc presence was confirmed in the plots before planting by isolating in roots and
soils following the procedure described by Jung et al. (1996) and sowing the samples in
selective PARPH medium (Jeffers and Martin, 1986). A molecular analysis of soil
samples from the four plots also allowed the identification of other species of the same
genus (P. gonapodyides and P. megasperma -A. Solla, personal communication). During
the following years, twice a year, five soil and root samples were randomly selected per
plot to confirm the activity of the pathogen each spring. The samples were taken in the

first 20 cm of depth. The pathogen isolation was carried out following the same initial
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protocol and Q. suber leaves were used as baits. The identification of the Pc colonies in
the selective medium was carried out with a microscope after 2-3 days of incubation in
the dark at 25°C. In addition, the evolution of tree condition was verified weekly the first

year and monthly during the following three years.

Plot soil characterization

Soil plays a fundamental role in the disease impact. Characterizing the spatial
variability in detail is key to later analyzing the results obtained in a field experiment.
Before planting, soil samples were taken from the four plots for their physical-chemical
description. The characteristic data of the soil for each plot were provided by the Agrarian
Laboratory of the Junta de Extremadura. The main edafic components and their
differences among plots are shown in Table S1 (Supplementary information). Despite
certain differences among soils in the four plots, all of them presented similar and frequent
basic characteristics in this type of agrosilvopastoral systems. However, the effects
associated with the differences between valley and slope, and between farms were

included in the statistical model for a better representation of the found variability.

Statistic analysis

To analyze the plant survival time in the field, the Kaplan-Meier estimate was
used. Gehan's Wilcoxon test was used to assess differences among provenances in
survival. Survival was analyzed with the "Survival Analysis" module from Statistica
software. The effect of plot and provenance on mortality, symptoms, healthy development
and relative height increment (difference of the final-initial plant height divided by initial
height) were analyzed on a factorial design using a generalized linear mixed model
(GLMM). Dependent variables were mortality (plant dead/alive), presence of symptoms
(plant with symptoms/without symptoms), healthy development (plant alive without
symptoms/with symptoms or dead) and height increment (cm). Data were statistically

analysed using Tukey-Kramer’s test (p<<0.05) for significant differences of means.

To analyze whether results obtained in the field are consistent with those obtained
in the greenhouse test, the Pearson’s linear correlation was calculated between the

variables mortality at 5 months in the field and mortality at 5 months in the greenhouse
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(as this period of the test greenhouse the limiting factor). Besides, the relationship
between mortality at 4 years in the field and mortality in the greenhouse at the five-month
duration of this test was also estimated for the same provenances. Finally, the relationship
between mortality in the field at 4 years and levels of constitutive chemical defences
measured in the greenhouse (data from Rodriguez-Romero et al. 2020) was also evaluated
by Pearson's linear correlation. Statistical analyzes were performed in Statistica v10

software.

Results

Differences in susceptibility to the pathogen according to provenance

Holm oaks from all provenances and in all plots drastically reduced their survival
probabilities in the Pc-naturally infected fields after four years of follow-up (p <0.001).
Plant provenance had a significant effect on the mortality of the seedlings (Gehan's
Wilcoxon test p <0.001, Table 1, Fig. 2 and 3). Mortality during the four years of follow-
up according to provenance ranged between 56.0% and 80.5% and symptoms of Pc
infection ranged between 13.8% and 34.0% in the remaining seedlings, according to
provenance (Fig. 4). The relative height increase of the holm oak plants during the four
years of monitoring also varied among provenances and was minimum in provenance A
(0.19) and maximum in provenance C (0.58, Fig. 4). The development of these variables
by plot and provenance is graphically shown in the supplementary information (Fig. S1-
S4).

Table 1. Effects by GLMM of plot, provenance and their interaction on the number of dead plants, plants
with symptoms and plants with healthy development (alive without symptoms), and effects on the relative
increase in the plant height after four years of follow-up (difference between final and initial height divided
by initial plant height. Provenances: Quercus ilex plants of P (Picos de Europa), O (Ordesa), A
(Aigiiestortes), M (Monfragiie), C (Cabafieros), and S (Sierra Nevada); F: Fraxinus angustifolia, Q:
Quercus faginea.

Effect df Mortality Symptoms  Healthy development Relative height increase
Provenance 5 2.95%* 2.56* 0.91 1.58*

Plot 3 25.54%%* 14.45%** 4.51%** 18.93%**

Provenance x plot 15 1.24 0.91 1.02 1.17

F-values are shown along with statistical significance: *p < 0.05; **p < 0.01; ***p <0.001; ns p > 0.05
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Fig. 2. Survival curve of Quercus ilex seedlings grown in soil naturally infected by Phytophthora cinnamomi according to provenance after four years of follow-up. Plots:
I) SEV, IT) SES, IIT) HCV, IV) HCS. Provenance: P (Picos de Europa), O (Ordesa), A (Aigiiestortes), M (Monfragiie), C (Cabafieros), and S (Sierra Nevada). Different small
letters denote statistically significant differences from Gehan's Wilcoxon test (p < 0.05).
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Fig. 3. Geostatistical interpolation by krigring of the survival rates during the four years of Quercus ilex monitoring in the field. The colored dots indicate the provenance
location of the seedlings. Experimental plots: (HCV) Haza de la Concepcion valley, (HCS) Haza de la Concepcion slope, (SEV) San Esteban valley, (SES) San Esteban
slope. Provenances/species: Quercus ilex plants of P (Picos de Europa), O (Ordesa), A (Aigiiestortes), M (Monfragiie), C (Cabafieros), and S (Sierra Nevada); F: Fraxinus
angustifolia, Q: Quercus faginea.
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Control species showed very low mortality (30% in Q. faginea, 14% in F.
angustifolia) and Pc symptoms (52.5% in Q. faginea, 0% in F. angustifolia). In addition,
these control species showed high relative growth during the experimental period (0.8 in
Q. faginea, 1.69 in F. angustifolia). These results confirm that the main cause of mortality

in holm oak was Pc infection.

Tolerance, evaluated from the percentage of living plants without Pc symptoms,
was higher in southern provenances (S, C and M; Tukey-Kramer's test p <0.05; Table 1
and Fig. 4, “healthy development plants”). Among the northern regions, P provenance
showed a similar mortality than the southern regions, but a higher percentage of plants
with symptoms. The regions with the lowest mortality also experienced the highest
growth rates (C, M and S provenances in the south, and P provenance in the north). The
provenance with the highest percentage of healthy plants was S (13.71% of living plants

without infection symptoms).
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Fig. 4. Average evolution of the plantation in the four experimental plots at the end of the four years of
follow-up according to provenance. Bar height represents the mean and whiskers are standard deviations.
a) mortality (percentage of dead seedlings, b) percentage of symptomatic live plants, c¢) percentage of live
and symptom-free plants with healthy development and d) relative height increase (final height minus initial
divided by initial height after four years after planting). Provenances/species: Quercus ilex plants of P
(Picos de Europa), O (Ordesa), A (Aigiiestortes), M (Monfragiie), C (Cabafieros), and S (Sierra Nevada);
F: Fraxinus angustifolia, Q: Quercus faginea.
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The plot and its position on the slope or valley also had a significant effect on
tolerance to the pathogen (Fig. S1-S4 from Supplementary Information). Mortality was
higher in HC farm than in SE farm (survival 32.55% and 55.62% respectively, Tukey's
test p <0.05). The position also showed a significant effect on mortality in the SE farm
and mortality was higher in the valley than on the slope (survival in the valley 40.54%
and 74.19% on the slope (Tukey's test p <0.05). In HC there were no significant
differences according to position (Tukey's test p> 0.05). In the slope position, the highest
tolerance was reached by plants from the S provenance (25.8% of the seedlings had a
healthy development) and the lowest by the P provenance plants (6% of the seedlings
with healthy development, alive and free of symptoms). In the valley position, the most
tolerant provenance was C (9.58% of the plants showed healthy development) and the
least tolerant were the O and A provenances (all their plants died in this position). The
provenances most affected by the pathogen in both positions were again the northerners

(P, O and A).

Growth also differed among plots (Fig. S1-S4 from Supplementary Information).
The mean relative height increase of holm oaks during the four years was also higher in
SE (0.55 £ 0.06) than in HC (0.30 + 0.06) and differences between them were significant
(Tukey's test p< 0.05). Relative high increase in SE was 0.15 % 0.08 in the valley and
0.96 £ 0.08 on the slope. In HC it was 0.23 £+ 0.08 in the valley and 0.39 + 0.08 on the
slope. However, only SES differed significantly from the rest (Tukey's test p< 0.05).

Consistency of tolerance to Pc under greenhouse and field conditions

From the six provenances evaluated in the field, five provenances had been
previously Pc-inoculated in a greenhouse in a five-month study (Rodriguez-Romero et al.
2020). In the aforementioned study, mortality by Pc infection increased with latitude (N
= 5 provenances, r = 0.94, p = 0.02). Provenances with the lowest mortality in the
greenhouse experiment were M, C and S (located in the southern Iberian Peninsula). The
increasing trend in mortality with latitude in the greenhouse experiment was maintained
in the field experiment and the lowest mortality was also achieved in the southern
provenances. The relationship between latitude and mortality of holm oaks from these

five provenances in the naturally Pc-infected field at five months was also significant (r
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= 091, p = 0.03). However, this mortality/latitude relationship in the field was not
significant (r = 0.58, p = 0.3) four years later, probably because the northern P provenance
showed mortality similar to that of southern provenances, as already highlighted above.
However, living plants from this provenance showed severe infection symptoms (Fig. 4,
Table S2 of supplementary information) at the end of the experiment, which would have
predictably been recorded as dead plant in a longer-term test. The relationship between
mortality at 5 months in the greenhouse and mortality at 5 months in the field was not
significant (N = 5, r = 0.76, p = 0.14). Nor was the relationship between mortality at 5
months in the greenhouse and mortality at four years in the field (N =5,r=041,p =
0.49). However, since the P provenance had very few plants with healthy development,
the mortality relationship in the greenhouse test was also analyzed with the number of
dead plants and plants with severe symptoms of the disease in the field at four years of
the experiment (mortality (%)+symptoms (%)), obtaining a high and significant
correlation (N =5, r = 0.88, p = 0.04; Fig. 5).

100

4-year mortality and plants
with Pc symptoms (%)

15 30 45

5-month greenhouse mortality (%)

Fig. 5. High and significant Pearson’s correlation (r = 0.88, p = 0.04) between mortality of holm oaks (Q.
ilex) from N = 5 provenances after 5 months of inoculation with Phytophthora cinnamomi (Pc) in the
greenhouse (obtained de Rodriguez-Romero et al. 2020) and mortality plus plants with severe symptoms
of Pc infection (% mortality + % symptoms) in naturally Pc infected soils in the field four years after
planting.

Regarding chemical defence levels, from the three phenolic groups measured in the
previous test (Tp total phenols, Ct condensed tannins and Tt total tannins; Rodriguez-
Romero et al. 2020), provenances with the highest survival in the field four years later
were also those with the highest constitutive phenolic defences (measured in the
greenhouse test). The higher the constitutive phenolic defences, the greater the survival

to the pathogen's presence both in the greenhouse and in the field (Table S2 from
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supplementary information). But only the constitutive Ct showed a statistically significant
and strong correlation with the mortality of holm oaks registered in the naturally Pc-

infected area (Pearson's correlation r = -0.99, p = 0.001; Fig. 6).

Constitutive Ct (PBE/g dw)

60 70 80

4-year field mortality (%)

Fig. 6. High and significant Pearson’s correlation (r =-0.99, p = 0.001) between the mortality of holm oaks
(Q. ilex) of N =5 provenances in the field after four years of follow-up on areas affected by Phytophthora
cinnamomi and the constitutive condensed tannins of these provenances (PBE/g.dw; obtained from
Rodriguez-Romero et al. 2020).

Discussion

To our knowledge, this work constitutes the first field test on the susceptibility of
holm oaks of different provenances in areas infected by the Pc pathogen. In addition, the
four years of follow-up of its effects greatly exceeds the usual test times for susceptibility
to the pathogen. Our results confirmed the high mortality of the species in the presence
of Pc, but also the existence of holm oak genotypes tolerant to the disease. Survival
differed significantly according to their provenances, being those from the south more
tolerant. In addition, these provenances with better health status were the most tolerant in
a previous greenhouse experiment (Rodriguez-Romero et al. 2020) and their tolerance

was related to higher constitutive chemical defences.

Pc-tolerance in the field depends on the provenance

The mortality of holm oak plants was very high, according to other susceptibility
tests of the same species against Pc (Robin et al. 1998, Serrano et al. 2012, Rodriguez-
Molina et al. 2002, 2005). The high mortality of holm oak in the field during the first
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years after reforestation in decline areas could make regeneration very difficult in the
most affected foci. However, this work shows that after four years of follow-up, some
holm oaks survived, despite the Pc presence in the soil. The survival of some plants
evidences Pc tolerance. These findings are in agreement with Leon (2013) and Cuenca et
al. (2018), who also found tolerance in this species in some families. Furthermore, Cuenca
et al. (2018) showed that the tolerance of Pc-infected holm oaks is genetically controlled,
being susceptible to improvement. Our study in the field and longer follow-up time also
showed that the plant provenance has an effect on tolerance, which facilitates the
identification of the holm oak families with greatest interest for possible plant breeding
programs. In general, tolerance in the southern provenances was higher than in the north,

which also resulted in higher plant growth.

Although no other studies are known about the effect of geographical variability
on the response of holm oak to the pathogen in the field, there is a previous study in cork
oak (Q. suber; Moreira et al. 2018a). The aforementioned work also obtained variability
in the response and identified some tolerant families to the disease after ten years of
follow-up. This work also used Q. faginea in the plantation, obtaining high tolerance to
the pathogen, as also occurs in our work, and proposed it as a possible rootstock of Q.
ilex in the most affected areas. In addition, the other species used as a control of water
stress, F. angustifolia, showed low mortality and resistance to the pathogen mentioned in
other articles (Moralejo et al. 2009). The plant survival of these species and their different
degrees of tolerance reinforce what has been described by other authors such as Jactel et
al. (2017) about the greater resistance of mixed forests to natural disturbances that are
relatively small-scale and selective in their effect. And they highlight the importance of
specific functional diversity in the stand, that is, “trees with different levels of
susceptibility to different hazards should be intermixed in order to reduce the amount of

exposed resources and to generate barriers against contagion” (Jactel et al. 2017).

The provenances with high constitutive chemical defences are also more tolerant to the
disease in the field

This analysis was performed in comparison with the previous analysis of
susceptibility to the pathogen under greenhouse conditions for the same holm oak

provenances. Provenances from the south of the Iberian Peninsula were more tolerant in
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the field. This result agrees with that obtained in the greenhouse (Rodriguez-Romero et
al. 2020). Furthermore, in the greenhouse study a strong relationship was detected
between these more tolerant provenances and the Ct constitutive levels. Our present study
shows that this relationship is maintained in the field. The provenances with higher Ct
constitutive levels were more tolerant to the disease both in the greenhouse and in the
field. The highest levels of defences were found at low latitudes, following a classic
paradigm in ecology that argues that defense production and biotic stress increase at low
latitudes (Rasmann and Agrawal 2011, Pearse and Hipp 2012, Moreira et al. 2014, Anstett
et al. 2016). This trend could be also linked to underlying factors associated with
latitudinal variation such as climate and soil (Moreira et al. 2018b). However, it is
noteworthy among the northern provenances that P showed similar mortality to the
southern provenances, but a high percentage of severe symptoms, despite its high Ct
content. On the other hand, in previous studies it was shown that these defensive traits
are genetically controlled (Solla et al. 2016, Cuenca et al. 2018, Rodriguez-Romero et al.
2020). Therefore, the Ct would be a parameter of interest in future genetic improvement

programs, but also the latitude of the genetic material sources.

The disease-tolerant families identified in this study should be followed in the
long-term to test if such tolerance is maintained over time. If after a longer experiment
period, tolerance continues to be kept, these families should be part of the source of
genetic material in breeding programs. In addition, the existence of Q. faginea as a species
more tolerant to the disease suggests the revision of the specific composition of oaks in
these affected areas, being able to use Q. faginea as a substitute species in the most
affected by the pathogen areas and even as rootstocks, as some studies already point out

(Moreira et al. 2018a).

However, in a field test like this one, results should be viewed with caution, as
several environmental factors also condition the plant survival. In fact, it would be very
interesting in future larger field experiments to deepen the knowledge of the effects of
several factors on tolerance according to provenances, such as exposure, water stress,
shade and distance to the infected adult tree or the competition between oak plants and
herbaceous plants during the first years in oligotrophic soils like these. Notwithstanding

all these factors, the existence of tolerant holm oak families to the pathogen in some
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provenances suggests that the restoration of the affected by this disease-areas could be

possible if tolerant or resistant plant material is used.
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Supplementary information

Table S1. Elements and soil characteristics in the four experimental plots. SEV: San Esteban Valley, SES:
San Esteban Slope, HCV: Haza de la Concepcion Valley, HCS: Haza de la Concepcion Slope. Analysed
by the Agro-food Laboratory of the Junta de Extremadura.

Determination SEV SES HCV HCS Unit
Calcium (Cat+) 2.78 0.87 2.47 1.09 meq/100 g
Assimilable calcium 2.34 0.51 2.05 0.65 meq/100 g
Cation exchange capacity 6.75 8.90 7.59 8.46 meq/100 g
Electrical conductivity 1:5 20°C  0.040 0.021 0.035 0.019 mmbhos/cm
Assimilable phosphorus (Olsen

method P) <2.00 <2.00 343 <2.00 ppm
Magnesium (Mg++) 0.73 0.81 0.84 0.73 meq/100 g
Assimilable magnesium 0.57 0.65 0.68 0.57 meq/100 g
Oxidizable organic matter 1.26 1.50 2.61 1.60 %

pH value in water 1:2.5 5.40 4.80 5.20 4.80 -
Potassium (K+) 0.13 0.12 0.24 0.15 meq/100 g
Sodium (Na+) 0.20 0.13 0.10 <0.10 meq/100 g
Texture Silty-loam Silty-loam Loamy Loamy -

Clay 10.66 9.01 8.97 8.07 %

Sand 28.42 38.54 41.85 45.43 %

Silt 60.92 52.45 49.18 46.50 %

Coarse elements 5.01 23.2 37.0 56.9 %

Total nitrogen (N Kjeldahl) 0.09 0.10 0.14 0.12 %

C/N ratio 8.11 8.70 10.9 7.75 -

Ca/Mg ratio 3.80 1.07 2.94 1.49 _

Mg/K ratio 5.62 6.75 3.50 4.87 _
Sulphates (SO4=) undetected undetected undetected undetected ppm

Table S2. Mortality (%) of Quercus ilex seedlings in the greenhouse after five months of controlled
infection with Phytophthora cinnamomi (Pc) according to provenances (*Rodriguez-Romero et al. 2020),
mortality (%) in the field experiment on soil naturally infected by Pc at the five months after planting and
mortality at four years (end of field experiment). Means of constitutive chemical defences measured in Q.
ilex leaves (total phenols Tp, total tannins Tt and condensed tannins Ct) from the aforementioned test carried
out in the greenhouse. Average values according to provenance: plants of P (Picos de Europa), O (Ordesa),
M (Monfragiie), C (Cabaifieros), and S (Sierra Nevada).
5-month 5-month  4-year  4-year

reenhouse field field mortality and
Provenance ﬁlortality mortality  mortality plants v with e Tt Ce*
(%0)* (%) (%) symptoms (%)
P 47.5 15.96 60.64 94.68 36.44 71.35 70.64
(0] 36.96 17.07 80.49 95.12 36.80 68.30 50.17
M 8.33 14.52 56.03 89.65 3997 90.72 72.11
C 20 13.11 61.47 88.52 51.67 94.83 69.50
S 11.36 12.90 64.52 86.29 41.58 75.58 64.81
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Fig. S1. Plant development in the San Esteban Valley plot (SEV) at the end of the four years of follow-up
according to provenance. a) mortality (percentage of dead seedlings, b) percentage of symptomatic live
plants, c) percentage of live and symptom-free plants with healthy development and d) relative height
increase (final height minus initial divided by initial height after four years after planting).
Provenances/species: Quercus ilex plants of P (Picos de Europa), O (Ordesa), A (Aigiiestortes), M
(Monfragiie), C (Cabafieros), and S (Sierra Nevada); F: Fraxinus angustifolia, Q: Quercus faginea.
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Fig. S2. Plant development in the San Esteban Slope plot (SES) at the end of the four years of follow-up
according to provenance. a) mortality (percentage of dead seedlings, b) percentage of symptomatic live
plants, c) percentage of live and symptom-free plants with healthy development and d) relative height
increase (final height minus initial divided by initial height after four years after planting).
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Provenances/species: Quercus ilex plants of P (Picos de Europa), O (Ordesa), A (Aigiiestortes), M
(Monfragiie), C (Cabafieros), and S (Sierra Nevada); F: Fraxinus angustifolia, Q: Quercus faginea.
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Fig. S3. Plant development in the Haza de la Concepcion Valley plot (HCV) at the end of the four years of
follow-up according to provenance. a) mortality (percentage of dead seedlings, b) percentage of
symptomatic live plants, c) percentage of live and symptom-free plants with healthy development and d)
relative height increase (final height minus initial divided by initial height after four years after planting).
Provenances/species: Quercus ilex plants of P (Picos de Europa), O (Ordesa), A (Aigiiestortes), M
(Monfragiie), C (Cabafieros), and S (Sierra Nevada); F: Fraxinus angustifolia, Q: Quercus faginea.
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Fig. S4. Plant development in the Haza de la Concepcion Slope plot (HCS) at the end of the four years of
follow-up according to provenance. a) mortality (percentage of dead seedlings, b) percentage of
symptomatic live plants, c) percentage of live and symptom-free plants with healthy development and d)
relative height increase (final height minus initial divided by initial height after four years after planting).
Provenances/species: Quercus ilex plants of P (Picos de Europa), O (Ordesa), A (Aigiiestortes), M
(Monfragiie), C (Cabafieros), and S (Sierra Nevada); F: Fraxinus angustifolia, Q: Quercus faginea.
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Chapter 4: Allelopathic effects of three herb species on Phytophthora cinnamomi, a pathogen causing severe oak
decline in Mediterranean wood pastures.

Abstract

The ability of three herbaceous plants (Diplotaxis tenuifolia (L.) DC., Eruca
vesicaria L. and Raphanus raphanistrum L.) from Iberian wood pastures to reduce the
Phytophthora cinnamomi Rands (Pc) pathogen populations through allelopathic
relationships is studied. The inhibitory capacity of their aqueous root extracts (AREs) on
mycelial growth and production of Pc reproductive structures is analysed in vitro. In
addition, the effect of the herbaceous plants on Quercus seedlings with those grown in
Pc-infested soil is evaluated in vivo. Results show a strong inhibitory capacity of AREs
on Pc activity in vitro and a protective effect of these herb species on Quercus plants
against Pc in vivo. D. tenuifolia would be especially suited for biological control in the

pathogen spread.

Key Message

The management of root allelopathic relationships in the Iberian wood pastures
presents the ability of reducing the Phytophthora cinnamomi activity and consequently

its infective capacity under field conditions.
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Introduction

Plants can influence the composition of microbial communities around their roots
through exudation of carbohydrates and other allelopathic compounds. Allelopathy is a
naturally occurring ecological phenomenon of interference among organisms by which a
plant produces one or more biochemical compounds that influence the development of
other organisms (bacteria, fungi, other plants...), either negatively or positively (Molisch
1937, Rice 1984, Farooq et al. 2011). Some exudates present bactericidal and fungicidal
activity and can affect the growth, survival and/or reproduction of various
microorganisms. The allelochemicals most frequently involved in these fungicidal
relationships are secondary metabolites that are not directly involved in the plant life cycle
but play an important role in its defence against natural enemies. Allelochemicals are
located in different parts of the plant, such as leaves, branches or roots (Ferguson et al.
2013). They are usually released directly into the aqueous phase of the soil, or from
volatile gaseous substances in the surrounding air (Rizvi et al. 1992). The allelochemical
release is influenced by the soil, climatic conditions and the plant itself (Singh et al.

2001).

Iberian agrosilvopastoral ecosystems are currently suffering an increasing decline
with serious impact on oak species. The widespread Quercus decline is influenced by the
action of biotic and abiotic stress factors. This disease is associated with different species
of oomycetes and Phytophthora cinnamomi Rands (Pc) is the most frequently isolated
from the Iberian Peninsula soils (Brasier 1992). This soil-borne pathogen affects more
than 5000 trees, shrubs and herbs species in the world (Hardham and Blackman 2018)
and causes root rot and death of several Quercus species. Its eradication from the soil in
field is very complex due to the durability of its resistance structures and the easy spread
by different pathways (but see Dunstan et al. 2010). Todays, it is assumed that the control
is only possible from an integrated perspective given its wide dispersion and high range
of hosts. Especially susceptible are holm oak (Q. ilex L.) and cork oak (Q. suber L.),

which are main tree components of Iberian wood pastures.

Among the different management tools against oak decline, biological control is
presented as a still underdeveloped alternative but with certain advances in agricultural

systems that could be the basis for the development of a forestry strategy (FAO, 2001).
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But for this, a better knowledge of the plant-pathogen interactions and the possible
allelopathies between them is essential. The plant tolerance is understood as reducing the
damage caused by the pathogen infection and increasing evidence indicates that tolerance
is a host defence strategy against pathogens as widespread and successful as resistance
(Pagan and Garcia-Arenal 2020). In addition to the susceptible holm oak and cork oak
mentioned above, the Portuguese oak (Q. faginea) is also susceptible facing P.
cinnamomi, although less than the first two (Rodriguez-Molina et al. 2002, Sanchez et al.
2005, Pérez-Sierra et al. 2013). Other susceptible and common species in dehesas and
montados are those of Cistus and Lupinus genera (Cardillo et al. 2018, Moreira and
Martins 2005, Serrano et al. 2011, Sampaio 2017). Pasture crops such as L. luteus are
capable of increasing the density of P. cinnamomi viable inoculum in field while Avena
sativa or Triticum aestivum crops are resistant to P. cinnamomi (Serrano et al. 2012),
resulting in a potential reduction of its inoculum. However, several plant species of these
agrosystems are still unknown asymptomatic hosts for pathogenic fungi (Cabeza and

Bejarano 2010), and they can contribute to increase the pathogen’s population.

In addition, there are species that, instead of being susceptible to the pathogen, show
resistance to it and even inhibit its infective activity due to the release of allelochemicals
(Kong et al. 2019). In the Mediterranean flora there are various species with allelopathic
effects against P. cinnamomi (Sampaio 2017, Rios et al. 2016a 2016b, Moreira et al.
2018, Rodriguez-Molina et al. 2018). Their allelopathic property can be observed in
plants used for biofumigation such as Brassica carinata and B. juncea (Rios et al. 2016a
2016b, Rodriguez-Molina et al. 2018) and in other native flora still under study (Rios et
al. 2016a, Sampaio 2017, Moreira et al. 2018). The family to which they all belong,
Brassicaceae, stands out for its high concentration of glucosinolates and its fungicidal
effect in certain concentrations and conditions (Fenwick et al. 1983, Dunne 2004, Rios et
al. 2016a). These are sulfur compounds with proven fungicidal and biocidal capacity
(Bialy et al. 1990, Wolf et al. 1984). Their defensive properties are generated by an
enzymatic hydrolysis that releases volatile compounds, among which are isothiocyanates,
nitriles, thiocyanates and oxazolidines, depending on the structure of the hydrolyzed

glucosinolate (Fahey et al. 2001).

Based on the findings described by Sampaio (2017) and Moreira et al. (2018), three

herbaceous species from the rangeland’s native flora with potential allelopathic effect
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facing P. cinnamomi were used in this study for in vitro and in vivo experiments. The

work aims to answer the following questions:

1. What plant species have the greatest allelopathic ability on Pc by application of

their AREs under in vitro conditions?

2. Do these herb species reduce the chemical defence levels of Quercus seedlings

under in vivo conditions when they grow up together in Pc-infested soil?

Materials and methods
Biological material

The Phytophthora cinnamomi strain 5833 mating type A2 was isolated from
chestnut (Castanea sativa Mill.) roots in central Portugal. Isolation and culture
maintenance took place on V8 Juice agar medium as described by Moreira-Marcelino

(2001).

Root extracts were prepared using 40-day-old plants of Diplotaxis tenuifolia (L.)
DC., Eruca vesicaria (L.) Cav. and Raphanus raphanistrum L. A natural soil collected in
Sintra was sown with seeds of these species collected in natural conditions (E. vesicaria
and R. raphanistrum) and adquired in the market (D. tenuifolia). Plants grew under
greenhouse conditions in Oeiras (INIAV) (Portugal, UTM Zone 29S X: 472148, Y:
4283072, 38 meters above sea level). After harvesting, plants were washed and the roots

were frozen at -10°C until be processed.

Acorns of Quercus suber (cork oak) and Q. faginea (Portuguese oak) were collected
in in forest areas across the Concelhos of Ourique and Mafra (Portugal). These acorns
were used to produce Quercus seedlings to assess the allelopathic effect of the herbaceous

species in Vivo.

Root extracts preparation using different methods and chemical characterization

Aqueous root extracts (AREs) were prepared by three different methods. The
methods were (M1) maceration of fresh material without inactivation of enzymes

(modified from Alkhail 2005), (M2) maceration of fresh material with heat inactivation
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of enzymes (Sampaio 2017, Moreira et al. 2018) and (M3) microwave dried material

(modified from Hongju 1999).

AREs were prepared from 10 g of previously washed roots, with later maceration
in 100 ml distilled water at room temperature in M1. All glucosinolates occur in the plant
in conjunction with the hydrolytic isoenzyme myrosinase, and are located in separate cells
(Hongju 1999). However, after trituration of plant tissues, they come together, so the
enzyme must be inactivated to assess the glucosinolate effect. Thus, 10 g fresh weight
was macerated in 100 mL distilled water at 80°C in M2 for 10 minutes for its inactivation
by heat. In the M3 method, after weighing 10 g of roots, they were microwaved at 900W
for different times depending on their thickness and humidity (R. raphanistrum 9 minutes,
E. vesicaria 2 minutes, D. tenuifolia 1 minute). Once dry, roots were crushed and
macerated at room temperature with 100 mL distilled water. In all three methods, the
solution was filtered and centrifuged for 10 minutes at 8000 g and 4°C. The supernatant
was removed and filtered with Millex —GP 0.22 pm (33 mm@) filters. AREs were frozen

for conservation.

In order to know the chemical composition of AREs with the highest inhibitory
ability, a general characterization was addressed. The followed procedure was the same
described below with Quercus leaves in the in vivo experiment. In addition, the
characterization of their volatile compounds by GC-MS was carried out at the Research
Support Service of the University of Extremadura in Badajoz (Spain). Results (shown in
supplementary information) were expressed as mean + standard deviation and the
differences among species (D. tenuifolia, E. vesicaria and R. raphanistrum) and
treatments (field/greenhouse) were tested using a factorial ANOVA. Pairwise differences
were considered as statistically significant at a value of p<0.05 by Tukey s test. Statistical

analyses were performed in Statistica v10 software.

In vitro assessment of the allelopathic effect on the activity of Pc

The AREs inhibitory effect on P. cinnamomi activity was evaluated in vitro. The
mycelial growth was measured in Petri dishes with V8 broth and ARE at 75% (v/v) as
described Moreira et al. (2018), 12 days after their incubation at 25°C in the dark. The
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dry weight mycelium (48 h at 60°C) was recorded. Plates with V8 broth and 75% (v/v) of

sterile water was used as control.

The sporangia production and the zoospores release and germination were also
evaluated six days later, as well as the chlamydospores production, only for the AREs
obtained by M2. The production of P. cinnamomi reproductive structures was obtained
and analysed using non-sterile soil extract (Moreira-Marcelino 2001) with root extracts
at 75% (v/v). V8-agar plugs (5) 5 mm in diameter were transferred from the edge of P.
cinnamomi colony to the non-sterile soil extract supplemented with ARE and incubated

at room temperature with indirect light. Plates were scored at six and 12 days later.

Sporangia and chlamydospores quantification was recorded as the mean number
per mm? in the mycelium. Zoospores germination was evaluated using a zoospore
suspension (100 pL) with 8.0 x10* cel /mL, plated on V8-agar 5% supplemented with
ARE at 75% (v/v) and incubated at 25°C in the dark. A treatment without ARE and
supplemmented with sterile distilled water at 75% (v/v) served as a control. The colony-
forming units were counted after 24 h and 48 h and the inhibition determined 48 h after
plating. All trials had six repetitions per method and species. For the evaluation and taking
of photographs of the different P. cinnamomi structures, samples were stained with

lactophenol blue solution.

The percentage inhibition of P. cinnamomi was calculated as described by Moreira
et al. (2018), according to the equation: Inhib (%) = 100(Control-Treatment)/Control.
Data were transformed according to the equation: Inhibt = (100-Inhib (%))/100 to satisfy
tests of normality. Transformed data were statistically analysed by ANOVA using the
Tukey's test (p <0.05) for differentiation of means. Statistical analyses were performed in

Statistica v10 software.

In vivo evaluation of the effect of allelopathic herbaceous species on Quercus seedlings

in Pc-infested soil

The inhibitory effect of E. vesicaria and D. tenuifolia against P. cinnamomi was
analysed in vivo at INIAV greenhouses in Oeiras. Acorns of Q. suber and Q. faginea were
sown in pots (10 L) with soil naturally infested with P. cinnamomi. The soil was collected

in a decline foci located in Coruche (Portugal, soil pH: 4.9) in December. Presence of P.
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cinnamomi in soil was confirmed by its isolation in PARPH selective medium (Jeffers
and Martin 1986). Furthermore, P. cinnamomi inoculum was reinforced with 10 g per pot
prepared according to the protocol described by Marcelino-Moreira (2001). This assay
was carried out with three treatments: 1) Quercus species and herbaceous plants; 2)
Quercus species and Lupinus luteus; 3) Quercus species without companion herbaceous
(control). In the first treatment, 12 plants/pot of E. vesicaria and D. tenuifolia (high
allelopathic effect on P. cinnamomi) were sown in containers with acorns of the each
Quercus species. Ten seeds/pot of L. luteus (highly susceptible to P. cinnamomi and used
as a positive control), were sown in each pot with acorns of the each Quercus species.
There were five replicates for each species and treatment. The herbaceous plants grew
together with the Quercus seedlings and two years later, 7-9 leaves from Q. suber and Q.
faginea were collected from each pot to quantify their chemical phenolic defences in the
presence of these companion herbaceous plants. It is assumed that this effect will be the
combined action of herbaceous root exudates, together with possible interspecific
competition relationships and even the facilitation of bacterial complexes in the soil.
Thus, this in vivo essay attempt to be an approach to better understand the role that
allelopathic relationships of herbaceous plants play on trees on Pc-infected Iberian wood

pastures.

Extraction and quantification of phenolic content in Quercus leaves

For the determination of defensive phenolic content as described by Gallardo et
al. (2019), Quercus leaves were lyophilized using a Telstar LyoQuest lyophilizer
(temperature -55°C and 0.001-0.002 mbar pressure) and ground to a fine particle size.
The phenolic content was extracted from lyophilized material with 70% (v/v) aqueous
methanol for 60 minutes in an ultrasonic bath at room temperature. The crude extracts
were centrifuged at 8000 g for 5 minutes at 4°C and the supernatant was collected and

stored at -80°C.

The total phenolics content (Tp) was determined by the Folin-Ciocalteu method
(Singleton and Rossi 1965). Crude extracts (2 volumes) were mixed with 2 volumes
of Folin-Ciocalteu reagent (Merck KGaA, Darmstadt, Germany) and 40 volumes of 75

grams per liters of sodium carbonate. In the control tube, the extract volume was replaced
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by deionized water. The mixture was stirred gently and maintained in the dark and at
room temperature for 60 minutes. After incubation, the absorbance was measured at
670 nm, using a UV/Vis Varian Cary-50 spectrophotometer (Palo Alto, California, USA).
Gallic acid (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was used as standard
and results were expressed as micrograms of gallic acid equivalents (G.A.E.)

per milligrams of lyophilized sample.

The total tannin content (Tt) was determined by the Folin-Denis method
(Schanderl 1970). Crude extracts (2 volumes) were mixed with 2 volumes of Folin-Denis
reagent (Panreac, Barcelona, Spain) and 5 volumes of 200 grams per liters of sodium
carbonate. In the control tube, the extract volume was replaced by deionized water. The
mixture was stirred gently and maintained in the dark and at room temperature for 30
minutes. After incubation, the absorbance was measured at 760 nm. Tannic acid (Panreac,
Barcelona, Spain) was used as standard and results were expressed as micrograms of

tannic acid equivalents (T.A.E.) per milligrams of lyophilized sample.

The butanol-HCl assay (Porter et al. 1986) was used to quantify condensed tannins
(Ct) using procyanidin B2 (Sigma-Aldrich, Madrid, Spain) as a reference compound.
Briefly, crude extracts were mixed with 100 volumes of n-butanol/acetone 1:1 (46% each)
plus HCI (1.85%) and ferric ammonium sulphate (0.04%). In the control tube, the extract
volume was replaced by methanol. Samples were heated at 70°C. After 45 minutes of
incubation, the samples were cooled and the absorbance at 550 nm was measured, with
final results expressed as micrograms of procyanidin B equivalents (PB.E.) per

milligrams of lyophilized sample.

Antioxidant activity (AA) and the half maximal inhibitory concentration (ICso) in
phenolic extracts of Quercus leaves were calculated to determine the root exudates ability
of herbaceous species to influence the microbiota in the plant-pathogen infection. The
AA was determined by the 2,2-diphenyl-1-picrylhydrazyl radical (DDPH) (Sigma-
Aldrich, Madrid, Spain; Thaipong et al. 2006). Crude extracts (5 volumes) were mixed
with 95 volumes of DPPH 3.35 mM in methanol. In the control tube, the extract volume
was replaced by methanol. The mixture was stirred gently and maintained in the dark and
at room temperature for 24 hours. After incubation, the absorbance was measured at 550

nm. Trolox (Sigma-Aldrich, Madrid, Spain) was used as standard and results were
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expressed as micromole of Trolox equivalents (T.E.) per milligrams of lyophilized
sample. AA was expressed as a percentage inhibition of DPPH radical, and calculated
from the equation: Scavenging activity (%) = ((Abs control — Abs sample)/Abs control)
x 100. ICso values were determined from the plotted graphs as scavenging activity against
the concentration of the extracts. These values are defined as inhibitory concentration of
the extract necessary to decrease the initial DPPH radical concentration by 50% and they

are expressed in micrograms per millilitres.

Low molecular-weight phenolic compounds of the phenolics extracts from
Quercus leaves were identified to determine which ones are involved in the Quercus
defensive response facing Pc infection and the effect of the presence of herbaceous plants
on their production. They were analysed on an Agilent 1200 liquid chromatograph
instrument (Agilent Technologies, Santa Clara, CA, USA). The standard compounds used
for their identification were gallic, protocatechuic, p-hydroxyphenyl, p-hydroxybenzoic,
vanillic, caffeic, syringic, p-coumaric, ferulic, ellagic and salicylic acids; vescalagine,
castalagine, catechin, aesculetin, epicatechin, vanillin, rutin-hydrate, myricetin,
eriodictyol, quercetin, naringenin, kaempferol, syringaldehyde, and coniferyl and sinapyl
aldehyde. The column used was Poroshell 120 SB-C18 (100 nm x 4.6 mm x 2.7 um;
Agilent Technologies, Santa Clara, CA, USA) and the mobile phases were water (0.1%
formic acid, solvent A) and methanol (0.1% formic acid, solvent B). The gradient
employed was the following: 0 min, 0% B; 1 min, 5% B; 16 min, 20% B; 30 min 50% B,;
36 min, 100% B and was maintained for 5 minutes before returning to initial conditions.
A flow rate of 1 mL per minute was used together with an injection volume of 0.5 pL and
column temperature was fixed to 30°C. Detection was performed with a diode-array
detector (255, 280, 305, 345 and 370 nm) and fluorescence detector (Ex= 275 nm, Em=

315 nm) and peak areas were used as analytical response.

Data were statistically analysed by GLM using Tukey s test (p<0.05) for significant

differences of means. Statistical analyses were performed in Statistica v10 software.
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Results
In vitro assessment of the allelopathic effect in the activity of Phytophthora cinnamomi

The most effective method of ARE extraction was M2 (ARE extracted by heat
inactivation of enzymes) due to its greater inhibition of mycelial growth and the non-
viability of the reproductive structures of P. cinnamomi in the ARE presence (p< 0.001
Fig. 1, 2 and 3, Table 1). The species with the highest allelopathic capacity were D.
tenuifolia and E. vesicaria for the same reasons (p< 0.001). There were significant
differences in mycelial growth between these two species and R. raphanistrum (Tukey's
test p <0.001) but not between D. tenuifolia and E. vesicaria (Tukey’s test p> 0.05). The
first two species caused a mycelial growth inhibition of up to 67.5% compared to the
control. R. raphanistrum showed the lowest allelopathic activity (up to 55.73% growth

inhibition).

Raphanus M1 Raphanus M2 Raphanus ™3

7

Diplotaxis M1 Diplotaxis M2 Dfp.};}tams. M3

Control Eruca M1 Eruca M2 Eruca M3

Figure 1. Inhibitory effect of different AREs extracted by three methods (M1, M2 and M3) on Phytophthora
cinnamomi mycelial growth in V8 broth after 12 days at 25°C in the dark. Method 2 (M2) was the most
effective in all ARE, and in particular with D. tenuifolia ARE.
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Figure 2. Zoospores encystment of Phytophthora cinnamomi in a non-sterile soil extract in presence of E.
vesicaria and R. raphanistrum AREs. Bar 10 pm.

Table 1. Allelopathic effects of AREs on Phytophthora cinnamomi structures.

1 0, 1 0, 1 0, 1 V) 1 0,
Allelopathic  ARE’s Inhib. (%) Inhib. (%) Inhib. (%) Inhib. (%) Inhib. (%)

specics pH Method  myecelial zoospore sporangia sporangia  chlamydospores
growth  germination after 6 days after 12 days  after 12 days
) _ Mi 58.0
%ﬁl?fgﬁ: 5.38 M2 67.5 83.7 100.0 100.0 100.0
M3 65.3
Ml 624
Erucasativa  5.59 M2 64.4 62.5 76.9 83.3 89.6
M3 63.5
M1 1.1
raf,ﬁg',}?s’l‘r’jm 4.94 M2 55.7 375 30.7 333 44.3
M3 19.9

Sporangia and chlamydospore production showed reduction compared to the
control with AREs application, especially with D. tenuifolia (100% inhibition in both, p
<0.001). Significant inhibition of zoospore viability was observed on D. tenuifolia ARE
(83.75% versus control, p <0.001). Generally, the P. cinnamomi mycelium in the presence
of studied AREs showed lysis of the cytoplasm after six days and total destruction with
D. tenuifolia ARE after 12 days (Figure 3). The non-viability of chlamydospores was
100% with D. tenuifolia ARE.

In presence of E. vesicaria and R. raphanistrum AREs, released zoospores showed
a high and quick immobilization (Fig. 2) with encystment, compared to the control, in

which zoospores were highly mobile for a long time. This result seems to be a good
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indicator of a reduction in P. cinnamomi activity with AREs of E. vesicaria and R.

raphanistrum.
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Figure 3. Mycelial growth and sporangia production. Although AREs (M2) of all species showed direct
lysis of the sporangia and hyphae, the D. tenuifolia ARE showed the highest inhibition of P. cinnamomi
activity (100% sporangia and chlamydospore inhibition, p<0.001).

In vivo evaluation of the herbaceous species effect on Quercus seedlings in Pc-infested

soil

The presence of these herbaceous plants had a significant effect on the production
of chemical defences on Quercus inoculated with P. cinnamomi (p<0.05, Table 2). The
AA 1in Quercus phenolic extracts was also modified in the presence of these herb species
(Table 2). The levels of chemical defences in Pc-susceptible Quercus species decreased

especially with D. tenuifolia and E. vesicaria, without causing their death.

The Tp in Q. faginea leaves were higher in the control (1017.21 mg GAE/mg
sample, Table S3 supplementary information) than in the herbaceous plant presence (from

797.42 to 954.79 mg GAE/mg sample, Tukey's test p<0.05). There were no significant
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differences in defence production among herbaceous plants (Tukey's test p> 0.05). In Q.
suber, there were significant differences with the control and among herbaceous species.
The highest value was reached with L. luteus (1566.88 mg GAE/mg sample) and the
lowest with E. vesicaria (502.67 mg GAE/mg sample) and D. tenuifolia (439.59 mg
GAE/mg sample).

Table 2. Effect of Quercus species (Q. faginea and Q. suber), herbaceous species (D. tenuifolia, E. vesicaria
and L. luteus) and their interactions on Quercus chemical defences (total phenols Tp, total tannins Tt and
condensed tannins Ct), antioxidant activity (AA and ICso) and the major low molecular weight compounds
in phenolic extracts (gallic acid GA, vescalagine Vesc., castalagine Cast., Catechin and ellagic acid EA).

Effect df  Tp Tt Ct AA ICso GA Vesc.  Cast.  Catechin EA

Quercus species 1 053 309.81* 1467.94* 238.95 963.16* 10.31* 59.90* 37.76* 6730.80* 1698.40%*

Herbaceous species 3 62.03* 1970.47* 433.12* 77.66% 46.09* 120 29.30* 77.96* 100.48* 8.09*

Quercus
species*Herbaceous 3 72.48* 12.82*  220.14* 64.03* 92.43* 10.19* 109.00% 25.43* 93.07* 29.60*
species

F-values are shown along with statistical significance. *p < 0.05, ns p > 0.05.

The Tt concentration showed the same trends in both Quercus species, although
values were significantly higher in Q. suber than in Q. faginea (Tukey's test p <0.05). The
significantly higher values were reached in the control (503.09 mg TAE/mg sample in Q.
faginea, 612.95 mg TAE/mg sample in Q. suber) and the lowest values with L. luteus
(158.69 mg TAE/mg sample in Q. faginea, 226.31 mg TAE/mg sample in Q. suber).

There were no significant differences between the herbaceous ones.

The Ct showed significant differences among Quercus and herbaceous species
and were significantly higher in Q. suber than in Q. faginea (Tukey's test p <0.05). In Q.
suber, the maximum Ct production was reached in the control (171.09 pg PBE/mg
sample) and the minimum in D. tenuifolia (92.95 ug PBE/mg sample) and E. vesicaria
(93.83 ug PBE/mg sample). In Q. faginea, the maximum Ct production was reached with
L. luteus (104.26 pg PBE/mg sample) and the minimum one with D. tenuifolia (39.80 pg
PBE/mg sample).

Regarding AA measured in Quercus leaves, both the herbaceous and Quercus and
their interaction showed significant differences (p <0.001). AA was very high in Quercus
grown without accompanying herbaceous plants (30.13 pmol TE/mg sample in Q. suber,

29.41 umol TE/mg sample in Q. faginea). The highest antioxidant value was reached in
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the Q. suber with L. luteus (30.28 umol TE/mg sample). The lowest antioxidant value
was recorded in the Q. faginea with L. luteus (20.1 pmol TE/mg sample). Herbaceous
plants with allelopathic capacity showed intermediate values in Q. faginea (22.74 pmol
TE/mg sample in E. vesicaria, 23.32 pmol TE/mg sample in D. tenuifolia). In Q. suber,
the minimum AA was registered with these two allelopathic species and they did not
show statistically significant differences between them (26.39 pmol TE/mg sample in E.
vesicaria, 25.72 umol TE/mg sample in D. tenuifolia, Tukey test p> 0.05). The half
maximal inhibitory concentration (ICso) showed, as might be expected from its ability to
measure the effectiveness of a compound's antioxidant capacity, the inverse pattern to
AA. The effect of both Quercus and herbaceous plants showed significant differences (p
<0.001) in the ICso. The highest values were always those of Q. faginea, with a maximum
growing together with L. luteus (368.68 pg/mL) and a minimum in the control (308.36
pg/mL). In Q. suber, the maximum was reached with D. tenuifolia (286.76 ng/mL) and
the minimum in the control (241.21 pg/mL). Intermediate values in Q. faginea were
registered growing with the allelopathic E. vesicaria (335.93 pg/mL) and D. tenuifolia
(312.30 pg/mL) and in Q. suber with E. vesicaria (267.33 pg/mL) and L. luteus (250.19
pug/mkL).

From the HPLC analysis for the low molecular weight compounds in Quercus
leaves, five of them were determinant: gallic acid, vescalagine, castalagine, catechin and
ellagic acid. They showed significant differences between treatments (Tukey test p <0.05,
Table 2 and Table S3 from supplementary information). The major compound was
vescalagine in all the samples. The minimum values were found in Q. faginea with L.
luteus (4806.4 mg/L) and the maximum values in Q. suber with E. vesicaria (8341.9
mg/L). Castalagin was the second major compound, with minimum values in Q. faginea
with L. luteus (413.8 mg/L) and maximum in Q. suber with E. vesicaria (663.0 mg/L).
The third most abundant compound generated was catechin, with minimum values in Q.
faginea with D. tenuifolia (21.9 mgL) and maximum in Q. suber with E. vesicaria (487
mg/L). Gallic acid was also lower in Q. faginea, but in this case with E. vesicaria (10.1
mg/L) and maximum once again in Q. suber with E. vesicaria (34.3 mg/L). On the
contrary, ellagic acid was maximum in the control of Q. faginea (without herbaceous,

74.5 mg/L) and minimum in Q. suber with E. vesicaria (29.6 mgL).
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Discussion

This study confirms the existence of allelopathic relationships capable of
inhibiting the infective pathogen activity in vitro and in vivo conditions. From the three
species studied, the ARE of D. tenuifolia was especially suited for its complete inhibition
of the Pc sporangia production. In addition, when these herb plants grew together with
Quercus seedlings in Pc-infested soils, the Quercus chemical defences lowered but did
not die, which could be the result of a protective effect of the allelopathic species against
infection. However, it would be necessary to explore the complex of soil microorganisms
present in this allelopathic relationship for its better management before possible testing

and application in the field.

Anti-Phytophthora effects with AREs

The ARE by heat inactivation of enzymes was the extraction method with the best
allelopathic results. This result was expected because the method followed had been

tested in Sampaio (2017) and Moreira et al. (2018) with conclusive results.

Regarding the species tested, the ARE of D. tenuifolia showed a very high
effectiveness, with 67.55% inhibition of mycelial growth and 100% inhibition of
sporangia production, in accordance with Moreira et al. (2018), although the percentage
of inhibition in the aforementioned study was higher (83% for a 75% ARE concentration).
Previous studies of P. cinnamomi inhibition with E. vesicaria (Rios et al. 2016a, Sampaio
2017, Moreira et al. 2018) and R. raphanistrum (Sampaio 2017, Moreira et al. 2018) also
confirm its allelopathic effect. E. vesicaria, whose main glucosinolates are aliphatic
(glucoraphanin, glucosativin and glucoerucin) showed a high inhibition, but not the
complete non-viability of its reproduction structures, according with what was discovered
by Rios et al. (2016a). R. raphanistrum showed lower inhibition values than the two
previous species and very similar to that obtained by Moreira et al. (2018) for the mycelial

growth of P. cinnamomi.

The total inhibition of P. cinnamomi sporangia production by applying the D.
tenuifolia ARE is a very important advance demonstrated in this study. However, the in
vitro conditions of the test must be taken into account and new experiments could be

investigated under field conditions. Although E. vesicaria does not completely inhibit the
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production of sporangia, a very important reduction in the mobility of zoospores was
observed when they are released in the presence of the extract. Zoospores lead to primary

infections, so this reduction is key in the spread of the disease.

Anti-Phytophthora herb species reduced the levels of chemical defences of Quercus plants

in vivo in Pc-infested soil

The Quercus phenolic defences showed significant differences depending on the
companion allelopathic herbaceous species with those that grew together in P.
cinnamomi-infested soil. The Tp and Ct were minimal with E. vesicaria and D. tenuifolia
in both Quercus. The Ct were used in other studies as a good indicator of the Pc response
(Gallardo et al. 2019). In this work, Ct were always higher in the susceptible Q. suber
than in Q. faginea, which is more tolerant to Pc (Pérez-Sierra et al. 2013). With L. luteus,
also highly susceptible to the pathogen (Serrano et al. 2011), both Quercus species
increased their defensive levels against Pc, although the increase was greater in Q. suber

(susceptible to Pc) than in Q. faginea (tolerant to Pc).

The lowest levels of Tp and Ct were reached when Q. suber grew alongside D.
tenuifolia. There are previous studies on the increase of Tp and Ct in Q. ilex infected by
Pc (Gallardo et al. 2019, Rodriguez-Romero et al. 2020). If we consider the chemical
defence production in Quercus as a response to the attack they are suffering, it is expected
that the Quercus species studied here also increase their defensive levels. However, in the
presence of E. vesicaria and D, tenuifolia, aforementioned levels decreased with respect
to the control (without the presence of herbaceous plants). This suggests that the
allelopathic relationships established during their growth with Quercus in Pc-infested soil

exerts a certain protective effect on Quercus seedlings.

It is known that interactions among plants are frequently controlled by root
exudates, some of which have activity against microorganisms (Bais et al. 2006). In
general, the high inhibitory activity of D. tenuifolia and E. vesicaria also acted in vivo
conditions but we do not know if it was through their root exudates or if it is due to other
factors involved in the joint growth of herbaceous plants with Quercus, such as
competition between them during the first years. However, these results could be due to

a decrease in the impact of Pc activity. The low infective efficacy of Pc could be explained
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by the release of secondary metabolites in allelopathic root exudates, or also by the
facilitation of inhibitory soil bacteria against the pathogen. Notwithstanding the above,
this study shows that the presence of these allelopathic herbaceous plants growing in Pc-
infested soil reduced the defence level of Q. suber, which is susceptible to P. cinnamomi.
Therefore, these herb species reduce the chemical defence costs against the pathogen’s
attack. No previous studies are known with these species to establish comparisons, but
the complex analysis of the herb-tree-pathogen interactions (Cazorla and Mercado-
Blanco 2016, Shuping and Eloff 2017) should be continued to better understand the role

of each component in that relationship.

As for the low molecular weight phenolic compounds, these were always
minimum in Q. faginea and maximum in Q. suber (higher and lower tolerance to P.
cinnamomi, respectively). Ockels et al. (2007) studied the differences in the phenolic
chemical compounds of phloem tissue of Q. agrifolia infected with P. ramorum, finding
a higher concentration of gallic acid. Furthermore, this compound was associated with
greater tolerance to the pathogen. Del Rio et al. (2003) also associated higher levels of
catechin with greater tolerance to the genus Phytophthora in olive trees. Higher
production of these defences would indicate the response to a higher attack caused by the
infection. In the susceptible species (the cork oak) the accompanying allelopathic plant
that less increases the levels of defences will be the most effective because it reduces Pc
infection. This happened with D. tenuifolia, which confirms its inhibitory capacity against
the pathogen observed in vitro conditions. However, ellagic acid showed the opposite
pattern, and was higher in Q. faginea without allelopatic plants and lower in Q. suber
with E. vesicaria. This compound seems to be directly related to tolerance to
Phytophthora infection in other Quercus species (Ockels et al. 2007, Nagle et al. 2011,
McPherson et al. 2014, Conrad et al. 2014), although its levels in the presence of
allelopathic herbaceous plants do not show a clear pattern, which suggests that there are
other soil organisms (probably bacteria) also highly conditioned by plant-pathogen
interaction. The authors consider the need to have a better knowledge of the surrounding

microbiota relationships in order to explain its role.

Regarding AA in Quercus leaves, the highest one was found in Q. suber seedlings
that grew together with L. luteus (both species susceptible to P. cinnamomi). The lowest

AA was that of Q. faginea with L. luteus (Quercus species more tolerant to P. cinnamomi
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than Q. suber). Antioxidants protect biological systems against reactions or processes that
can produce harmful effects in the individual. In a weakened system, as is the case of the
Q. suber with L. luteus growing in a P. cinnamomi infested soil, it is to be expected that
there would be more free radicals and therefore, a greater AA would be induced.
However, in scenarios with more tolerant to Pc-species, such as Q. faginea, the expected
AA would be lower. To strengthen the defensive response to biotic stress, seedlings
induce a hypersensitive response that consists of programmed cell death to ensure the
plant survival. When stress decreases, AA also drops (Irfan et al. 2011). In our study,
when the Quercus species most susceptible to P. cinnamomi grew with D. tenuifolia and
E. vesicaria, AA decreased, showing lower stress levels. In Q. faginea, this level also
decreased in the presence of allelopathic species. Therefore, the presence of these
allelopathic species generated a protective effect on Quercus seedlings, reducing their
stress levels facing the pathogen infection. By its own definition, the higher the AA, the
lower the ICso and therefore, the more effective the exudate evaluated. However, both the
AA and the ICso in this test were calculated from the phenolic extract of Quercus leaves,
so their values are an indirect measure of the effectiveness of the allelopathic herbs. But
it would be very interesting to do a chemical characterization of their root exudates to

discriminate other effects that could be involved in these plant-pathogen interactions.

The chemical composition of different plant extracts of the Diplotaxis, Eruca and
Raphanus genera has been extensively studied in nutrition for its antioxidant and
bactericidal properties (Nicoletti et al. 2007, D" Antuono et al. 2008, Mateu et al. 2018).
Rarer is the chemical characterization of these species for biological control against plant
pathogens. However, Brassicaceae family has been specially studied for its glucosinolate
content for biofumigation. This is a widely used biological control tool against several
pathogens. Rios et al. (2016a) screened various brassicaceous plants (D. tenuifolia was
not evaluated) to identify the most suitable and the compounds responsible for the
inhibitory allelochemical activity of P. cinnamomi. They demonstrated the biocidal action
on P. cinnamomi of rich in sinigrin-species, such as B. juncea and B. carinata (see also
Fernandez-Rebollo et al. 2015, Morales-Rodriguez et al. 2016, Rios et al. 2017), while
in others glucosinolates different from sinigrin (such as E. vesicaria) only a fungistatic
effect was obtained. However, later in vivo tests to control the disease in cork oak with B.

carinata pellets proved their significant effectiveness only when combined with calcium
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carbonate application (Rodriguez-Molina et al. 2018). In fact, all the authors agree on an
integrated fight against the oak decline. Furthermore, the application of Brassicas uses
high amounts of biomass and is not feasible in some lands due to orographic limitations.
The novel approach of this work proposes the enrichment of pastures with allelopathic
species against P. cinnamomi. The inoculum would not be eradicated from the soil, but
the disease spread could be dimmed, increasing the tolerance of several species in Iberian
wood pastures. The incorporation in the field of native plants capable of reducing the P.
cinnamomi infective activity through their natural root exudates shows high potential in
the possible control of the pathogen’s activity with a sustainable management in these
agrosilvopastoral systems. Furthermore, the use of allelopathic plants has the advantage
that they usually contain more than one antipathogenic compound, which hinders the
development of resistance of pathogens (Shuping and Eloff 2017). However, it should
still be deepened in several issues such as the knowledge of these relationships, their
action and release in the field, the most recommended doses to avoid toxicity in other
plants and whether other surrounding microorganisms are involved in them (see bacteria,

for example).
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Supplementary information
Chemical characterization of AREs

AREs of D. tenuifolia, E. vesicaria and R. raphanistrum were made from plants
grown in the field (natural conditions) and others grown in the greenhouse (under
controlled conditions) to identify possible differences due to the herbaceous material’s
source. The AREs pH of was always acidic and ranged from the most acidic values of R.
raphanistrum in the field (4.94) to the closest to neutral of R. raphanistrum in the
greenhouse (6.21). The D. tenuifolia pH ranged between 5.11 in the greenhouse and 5.38
in the field. The E. vesicaria pH did not show statistically significant differences between
provenances (5.59 in the field, 5.78 in the greenhouse). There was no significant
correlation between the phenolic groups evaluated and the pH of the extract (Tukey’s test

p>0.05).

The AREs” defensive chemical profile and their AA differed significantly among
herbaceous species and plant sources (p <0.001, Table S1). The Tp were lower in D.
tenuifolia (18.44 ng GAE/mg sample in the field, 36.56 pg GAE/mg sample in the
greenhouse, Table S2) and higher in R. raphanistrum (46.26 pg GAE/mg sample in the
field, 59.18 pg GAE/mg sample in greenhouse). The E. vesicaria values were
intermediate (39.98 ng GAE/mg sample in the field, 38.66 ug GAE/mg sample in the
greenhouse) and did not show statistically significant differences (Tukey's test p >0.05).

Table S1. Effect of AREs species (D. tenuifolia- D, E. vesicaria- E and R. raphanistrum- R), sources
(field/greenhouse) and their interactions on chemical defences (total phenols Tp, total tannins Tt and
condensed tannins Ct) and antioxidant activity (AA and ICs).

Effect df Tp Tt Ct AA ICso

Source (field/greenhouse) 1 384.10* 4.49 210.76* 19.91* 749.16*
Herbaceous species (D, E, R) 2 830.08* 33.91*  886.78%  236.85* 2513.20*
Source*Species 1 132.12*%  75.30* 2744.69*  12.83* 559.54*

F-values are shown along with statistical significance. *p < 0.05, ns p > 0.05.
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The Tt were also lower in D. tenuifolia (0.76 pg TAE/mg sample in the field, 4.24
ug TAE/mg sample in greenhouse, Table S2) and higher in R. raphanistrum from the
field (8.31 ug TAE/mg sample). However, the Tt of R. raphanistrum grown in a
greenhouse showed low values (1.69 pg TAE/mg sample). E. vesicaria showed
intermediate values (5.42 pug TAE/mg sample in the field, 6.84 pg TAE/mg sample in
greenhouse) and there were no statistically significant differences between provenances

for this species (Tukey's test p >0.05).

The Ct were significantly high in D. tenuifolia from the field (95.66 ug PBE/mg
sample) and very low in D. tenuifolia from the greenhouse (39.92 ug PBE/mg sample),
E. vesicaria (37.69 pg PBE/mg sample in the field, 30.8 ug PBE/mg sample in
greenhouse) and R. raphanistrum in the field (30.98 pg PBE/mg sample). In contrast, R.
raphanistrum from greenhouse also showed high Ct (74.98 pg PBE/mg sample).

AA was significantly lower in D. tenuifolia ARE than in the other two species
(0.11 pmol TE/mg sample in the field, 0.25 umol TE/mg sample in the greenhouse,
compared to 0.53 pmol TE/mg sample of E. vesicaria in the field and 0.5 umol TE/mg
sample in greenhouse, and compared to 0.42 pumol TE/mg sample of R. raphanistrum in
the field and 0.48 pmol TE/mg sample in greenhouse). Among the latter, there were no
significant differences (Tukey test p >0.05). Therefore, the ICso showed the inverse
pattern, with maximum and significant values in D. tenuifolia in the field (24872.60
pg/mL and 12560.00 pg/mL in the greenhouse). The ICso was lower in the other two
species, although without significant differences between sources within them (in E.
vesicaria, 8182.70 ug/mL in the field and 7420.00 pg/mL in the greenhouse, p> 0.05; in
R. raphanistrum, 5466.04 pg/mL in the field and 5001.26 ug/mL in the greenhouse, p>
0.05).

Regarding the general characterization of the volatiles released by AREs, the
GC/MS screening carried out by the Research Support Service of the University of
Extremadura identified the presence of several compounds from the isothiocyanate
family, among others: 3 -butenyl isothiocyanate, butyl isothiocyanate, n-pentyl
isothiocyanate, 4-methylpentyl isothiocyanate and hexyl isothiocyanate. Only the

butylisothiocyanate compound was common in the six AREs and in a higher proportion
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in D. tenuifolia than in E. vesicaria, and less in R. raphanistrum, although new tests would

be necessary for its correct quantification.
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Table S2. Chemical composition of aqueous root extracts according to species and source. Total phenols (Tp), total tannins (Tt), condensed tannins (Ct), antioxidant activity
(AA) and the half maximal inhibitory concentration (ICso). Means and standard deviation.

' Original' Concentrati’on Tp (ng Tt (ug Ct(pg (fn?ol
Species Source pH concentration for analysis GAE/mg TAE/mg  PBE/mg TE/mg ICso (ug/mL)
(mg/mL) (mg/mL) sample) sample) sample) sample)
D. tenuifolia field 38 43 34 18.44£0.17 0.76£0.19 95.66+0.97 0.11£0.01 24872.60+894.00
D. tenuifolia  greenhouse >-11  18.45 3.4 36.56£0.27 4.24+137 32.9240.73 0.25£0.01 12560.00£795.00
E. vesicaria field -9 9.95 34 39.98+0.57 5.42+0.00 37.69+£0.81 0.53£0.01 8182.70+14.30
E.vesicaria  greenhouse /% 7.95 34 38.66£1.48 6.84+0.39 30.80£0.67 0.50£0.03 7420,00+112.10
R. raphanistrum  field 494 10.9 3.4 46.26+0.38 8.31£0.70 30.98+0.72 0.42+0.00 5466.04=101.19

R. raphanistrum greenhouse 021 4.55 34 59.1842.03 1.69+0.15 74.98+2.50 0.48£0.00 5001.26:+118.57
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Effects of root exudates of allelopathic herbaceous species on Quercus chemical defences

Table S3. Chemical composition of phenolic extracts from Quercus leaves grown with allelopathic root exudates and Phytophthora cinnamomi infection. Total phenols (Tp),
total tannins (Tt), condensed tannins (Ct), antioxidant activity (AA), the half maximal inhibitory concentration (ICso) and the major low molecular weight compounds in
phenolic extracts (gallic acid GA, vescalagine Vesc., castalagine Cast., Catechin and ellagic acid EA). Means are shown =+ standard deviation.

Tp (mg Tt (mg Ct(ng  AA (umol ICso Low-molecular weight compounds (mg/L)

GAE/mg TAE/mg PBE/mg TE/mg (ng/mL) .
sample) sample) sample) sample) ug GA Vesc. Cast. Catechin EA

Q. suber E. sativa 502.7£22.7  233.7+£10.5  93.840.9 26.3+£0.7 267344 342463 8341.9+197.8 663.1£24.2 487+9.2  29.6+2.4
Q.suber  D.tenuifolia  439.5£30.8  223.0£13.6  92.9+5.9 257412 286.742.8 18.243.5 6654.2£219.1 596.9£21.9 302.3£9.2 32.9+1.3
Q. suber L. luteus 1566.8+238.3 226.3+19.5 115.04£2.0 30.2+0.5 250.1£20.3 16.5+0.8 7912.7£104.2 494.749.1 356.9+5.6 38.1+0.9
Q. faginea E. sativa 928.2+65.8 178.4+10.8  63.1£7.8 22,7409  3359+£7.7 10.1£2.1 5542.3£132.4 503.1£11.7 29.1£0.5 70.4£1.3
Q. faginea D. tenuifolia  954.7+135.6  180.5+9.6 39.8+8.3 232404  312.349.3 19.2+7.2 7453.7£592.8 599.2+16.5 21.9+0.5 73.1+2.7
Q. faginea L. luteus 797.4+56.7 158.6£9.0 104.2+10.6 20.1£0.4 368.6+9.2 18.4+9.1 4806.4+168.9 413.8+18.4  64.7+0.8 59.7+1.3
Q. suber control 1266.7+81.8 612.9+19.0 171.0+4.4  30.1x1.8 241.2+6.3 22.6+1.7 4925.8+373.1 607.1+44.2 433.6+£30.5 33.8+3.1
Q. faginea control 1017.1£89.4  503.0£14.0  73.2+6.1 29.4+0.3 308.3+7.1 19.3£6.9 6468.6+461.7 636.6£27.9  57.7+6.4 74.5+4.5

Quercus Herbaceous
species species
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GENERAL DISCUSSION

This Thesis has dealt with various aspects related to the geographical and local
variation of the constitutive and induced chemical defences in the holm oak affected by
biotic stressors of the root and the aerial part. The consistency of the results obtained in
the greenhouse was subsequently evaluated in the field to reinforce the conclusions. This
work has also covered defensive chemical aspects in two other species of Mediterranean
oaks, the cork oak and the gall oak. In this case, the protective character that certain
species of the Mediterranean flora with allelopathic capacity can exert on oaks stressed

by the pathogen Pc was evaluated.

The three species of Mediterranean oaks are of high environmental and socio-
economic importance in rural southern Europe and their conservation is highly threatened
by the fast progress of oak decline. This decline is generalized, spreads worldwide and is
closely related to the current increase in the pressure of biotic and abiotic stressors. All
this makes it essential to increase knowledge of plant-pathogen interactions to face the

new challenges in the conservation of oak stands.

In particular, this Thesis has contributed to improve the knowledge of the chemical
defences involved in plant-stressor interactions, their variability as a function of
provenances, populations and genotypes, and the heritability of these chemical traits.
These concepts are basic in the design of a breeding and improvement program to select
plant material that can be used in the restoration of the most affected areas. Likewise, the
identification of protective allelopathic species of oaks against Pc infection opens a new
line of biological control on a widely distributed biotic stressor whose eradication seems
complex. The main results obtained from this work are discussed below in a wider

context.

Geographical and local variation of the constitutive defences in Q. ilex

In the first chapter, we evaluate whether the constitutive levels of the main
chemical defences in Quercus (total phenols and condensed tannins) vary among regions,
populations and families in Quercus ilex. The results showed that the constitutive levels

of heritable chemical defences in holm oak depend significantly on its geographical origin
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and family, but not on populations within regions. Previous studies in holm oak and cork
oak studied their phenolic content (Faeth 1986, Dawra et al. 1988, Cadahia et al. 1993)
but there are hardly any works on their geographical variation. However, a previous holm
oak study estimated the concentration of total tannins in leaves and its geographic
variation (Solla et al. 2016), although in a lower latitudinal range than that of our study.
This work did not find differences among origins, but did find differences among families.
Other studies such as Moreira et al. (2018) in a greater latitudinal gradient did find
differences among the content of condensed tannins of Q. robur from different
provenances. This disparity in the estimates of different phenolic groups evidences the
need to continue studying the chemical patterns in Quercus and the importance of the

latitudinal gradient evaluated.

Regarding the evaluated groups, total phenols and condensed tannins were
positively correlated. Moreover, our results are consistent with the theory predicting that
chemical defences should decrease as latitude increases (Rasmann & Agrawal 2011,
Abdala-Roberts et al. 2016). The lowest levels of constitutive defences were found in the
north of the Iberian Peninsula. However, recent studies have found a positive relationship
between latitude and phenolic compounds in species such as Q. robur (Moreira et al.
2018) or Pinus pinaster (Lopez-Goldar et al. 2019). This trend could be linked to
underlying factors associated with latitudinal variation such as climate and soil (Moreira
etal., 2018). In our work, the type of soil described by pH also showed an apparent effect
on phenolic defences. Seedlings from acidic soil regions had a higher phenolic content
than those from alkaline soils. Soil pH influences the availability of nutrients for plants
and, therefore, can be the cause of deficiency or toxicity (Benton 2003). Tannins can
induce allelopathic responses at the ecosystem level, including toxicity against pathogens
(Kraus et al. 2003). One of the most widespread and aggressive pathogens in recent
decades is Pc, the soil oomycete that causes root rot and is identified as the main causal
agent for the Quercus decline in the Iberian Peninsula (Brasier 1992, 1996, Sanchez et al.
2006, Corcobado et al. 2014). This pathogen grows better in acidic than basic soils
(Blaker & MacDonald 1983, Dixon 1984, Duvenhage & Kotz¢, 1995). In fact, calcium
mineral nutrition raises soil pH and increases tolerance of Q. ilex to Phytophthora root
disease (Serrano et al. 2013). Assuming the important role that tannins exert on soil
pathogens (Scalbert 1991, Stong et al. 2013), plants in basic soil would not need to

produce high levels of these compounds, as we see in our study, because the pathogen

140



General discussion

does not perform well at high pH. However, in acid soils, this increased production of
phenolic compounds could be the defensive response to a higher pressure by the

pathogen.

Heritability of defensive chemical traits

The heritability of the defensive chemical traits of Q. ilex was calculated in the first
chapter from constitutive defences of the six studied provenances. The heritability
obtained for total phenols and condensed tannins was moderate. In the context of tree
improvement, determining the narrow-sense heritability is a useful tool to know how
much of the observed variation of a certain quantitative character is due to the additive
genetic component. The heritability values in our study were lower than those obtained
in a previous work in the same species but for the total tannin content (Tt) with fewer
families sampled (0.37 in Tp, 0.48 in Ct versus 0.83 in Tt; Solla et al. 2016). When the
narrow-sense heritability is moderate, it is likely to allow selection (Eriksson et al. 2013,
Alcaide et al. 2019, 2020) but these results must be taken with caution due to the low
number of families evaluated (Jensen & Barr 1971, Visscher & Goddard 2015). However,
this could enable short-term evolutionary change in response to selection and makes the
selection of material from regions with higher constitutive levels meaningful in future

species improvement programs.

On the other hand, genetic differentiation by quantitative traits (Qst) was moderate
for Ct (0.25) and higher in Tp (0.51) in the six regions analyzed. Solla et al. (2016) studied
the Qs in total tannins, observing a lower genetic differentiation between the Q. ilex
regions (0.12). There is a general lack of knowledge regarding this variation in chemical
defences. However, this value allows Qsr-Fst comparisons and thus, discrimination
between natural selection and genetic drift as differentiation mechanisms in traits
(Leinonen et al. 2013). Therefore, this study offers a first insight into the characterization
of variations that Q. ilex secondary metabolites undergo in the Mediterrancan area. It
would also be very interesting to calculate the fixation index (Fsr) to find out if there is
divergent selection in the species and thus, confirm whether the different genotypes are

favored under different environmental conditions (Merild & Crnokrak 2001).

141



General discussion

Chemical defences induced by stressors

After analyzing the constitutive defences in holm oak, the second chapter of the
Thesis has focused on the induction of defences by two types of biotic stressors. The
damage at the root level by the soil-borne pathogen Pc and the aerial mechanical
defoliation simulating the damage by herbivores under controlled greenhouse conditions
contributed to a better understanding of the geographical variation in the induction of
defences. The two stressors are common in oak stands that are currently suffering a
serious worldwide decline. So, it is urgent to unveil their resistance mechanisms for a

better control and management of oak decline.

The results of the second chapter showed that, as happened with the constitutive
defences, the induced ones also showed a great geographical and local intraspecific
variation. The plant provenance was the main source of variation of the three phenolic
groups evaluated (total phenols, total tannins and condensed tannins). In addition to those
cited above, other works on the geographical variation of chemical defences in forest
species have found mixed results. Although there are some works on spatial variation in
the effect of biotic stress or the production of chemical defences, few studies combine
geographical variation with induction of defences by defoliation and pathogen infection.
However, Pardo et al. (2018) explore the spatial variation induced in Prunus lusitanica
Tp by mechanical defoliation for its entire range of distribution, also finding geographical
and local differences. Another study on the variation of Tp induced by the attack of the
pine wilt nematode (Bursaphelenchus xylophilus) in Pinus pinaster in the Iberian
Peninsula also showed differences at the same spatial levels (Zas et al. 2015). Although
to date, there are no known studies of the geographical variation of induced defences in
holm oak, the results with other species suggest that this spatial variation in the defensive
chemical response could be a consequence of the local adaptation mechanisms promoted
by host-stressor coexistence (Valladares et al. 2015, VanWallendael et al. 2019).
Additionally, they could also be due to resource availability limitations or other

unexplored factors.

The three variables evaluated (Tp, Tt and Ct) showed a positive and strong
correlation, as expected because they are overlapping fractions (Tp includes Tt and Tt
includes Ct). This also happened in Gallardo et al. (2019) with holm oaks from the same

origin (Picos de Europa provenance) against the two types of stress studied here
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(mechanical defoliation and Pc infection). The Ct content differentiated well the stress
effect in the different provenances, while the effects at the local level, among individuals
within the same provenance, were better explained by the Tt content. This shows that the
Ct content is an adequate variable to explain the geographical variability of chemical
defences induced by biotic stressors. In fact, its use to analyze plant-herbivore interactions

in the literature is common (War et al. 2012).

In addition to local and geographical differences, the induction of chemical
defences was also stressor-specific. It means the defensive response was triggered by
biotic stress factors and depended on the stressor. This specificity is also demonstrated
by Gallardo et al. (2019) in holm oak seedlings subjected to the root pathogen infection
and mechanical defoliation from the same provenance. They also identified the Quercus
sequences encoding enzymes for early steps of the biosynthesis of phenolic compounds,
like hydrolysable tannins and Ct among others, plus genes involved in the late steps of Ct
biosynthesis. Their study showed differences in response that were dependent on the
stressor, especially in the Tt production for Picos de Europa region, also studied in our
work. The consistent results of our work show that this specific induction of the stressor
can be extrapolated to its spatial variability analysis. Furthermore, the combined
treatment of pathogen inoculation with mechanical defoliation induced the highest
production of Tp and Ct in most of the studied regions. Mechanical defoliation alone
caused the largest increases in Tt production. Despite several studies about plant-
herbivore interactions are focused on Ct, it was observed that Tt, that is, those that include
hydrolysable tannins, better characterize the induction of defences against herbivory
stress in the holm oak. In fact, some specific compounds that take part of hydrolysable

tannins are closely related to herbivory resistance (War et al. 2012, Marsh et al. 2020).

From this second chapter it is noteworthy that the response induced by biotic
stressors was not always an increase in the level of chemical defences. That is, there is an
interactive effect among stressors and the existence of induction or inhibition of chemical
defences depends on the provenance. In the case of Tt and especially in M and C regions,
there is an inhibitory effect on the defence production due to the combination of stressors.
When defoliation and Pc infection act combined, the response capacity in Tt production
decreases, which suggests that very high levels of stress could limit the resources needed

to produce more defences. Mechanical defoliation induces the biosynthesis of Tt but
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infection by Phytophthora interferes with its regulation, increasing the plant susceptibility
to biotic stress (Gallardo et al. 2019). This suggests that in root pathogen-affected stands,
an intense defoliation event could increase the vulnerability of the holm oak, reducing its

ability to recover after the attack.

Constitutive and induced defences and their consequences for plant survival

The greenhouse tests from the first and second chapters and the field experiment
from the third chapter made possible to analyze the involvement of the geographical
variation of constitutive and induced chemical defences of holm oak in its survival.
Tolerance to biotic stress, both caused by mechanical defoliation and induced by the
pathogen Pc infection, differed significantly among Iberian provenances. In all cases, the
biotic stressors reduced the survival probabilities. The most harmful was the root

infection alone; even more that root infection combined with defoliation.

Generally, the southern regions were more tolerant to biotic stress from root and
aerial damages in greenhouse conditions and also in the field against infection by Pc. M
and S were the most tolerant regions to the applied treatments, exceeding in all cases more
than 80% survival. No other works are known about the geographical variation of
chemical defences studied here and tolerance against the applied biotic stressors in holm
oak. However, Camison et al. (2019) profiles the defensive chemical patterns in Castanea
sativa plants to Pc, finding more Tp and Ct in susceptible plants to the pathogen than in
resistant ones. On the contrary, Cahill et al. (1989) showed that phenolic deposition was
higher in the more resistant species than in the susceptible ones during the root infection
by Pc. The role of tannins in plant defence has been widely studied (Peters & Constabel
2002, Roitto et al. 2009, Barbehenn & Constabel 2011, War et al. 2012). However, in
some cases no effects have been found on them (Keinanen et al. 1999, Hikosaka et al.
2005). Furthermore, specific compounds within these large phenolic groups are those
identified for their key role in resistance to different stressors (Feeny 1968). Focusing on
the defensive response of the plant to Phytophthora spp, several studies cite the
involvement of phenolic compounds in this interaction (Picard et al. 2000, Lherminier et
al. 2003, Horta et al. 2010). Stong et al. (2013) cite this phenolic involvement with P.
ramorum and Gallardo et al. (2019) do it with Pc. But the controversy arising from

experiments to date show that the role of tannins as defences against biotic stress have
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still to be clarified, and even more so their effect on pathogens. In our work, we related
the tolerance variability with the induced chemical defence patterns obtained for each
provenance, although there was no clear correspondence between them. A priori, the
greater the induction, the more phenotypically plastic plants will be, thus reducing the
possibility that biotic stressors adapt to the induced chemical compounds (Howe & Jander
2008, Agrawal 2011). However, the most biotic stress-tolerant regions in the greenhouse
were not those with the greatest induced defences. The case of M stands out, which even
having the highest Ct constitutive levels, barely underwent induction by the applied
treatments and nevertheless, showed high tolerance to biotic stress. This tolerance showed
a greater and positive correlation with constitutive defensive chemical levels -studied in
more detail in the first chapter- than with those induced, that is, survival to stress is more
related to constitutive defences than to induced ones. This could be due to the strategy
cited by Jorrin-Novo & Navarro-Cerrillo (2014) that highlights the metabolic costs
(Agrawal et al. 2002) for the holm oak to induce defence. This induction could be avoided
in biotic attack events when they are punctual. If herbivory or infection were frequent, or
even permanent, as is often the case in the southern Iberian Peninsula, the differences
between constitutive and induced levels could tend to be smaller. The results of the first
chapters showed that the southern regions, with the highest impact of herbivores, showed
higher constitutive defences, inducing fewer defences but being more tolerant to biotic
stressors. This result was repeated in the third chapter, after the field assessment on areas
naturally infected by Pc. The most tolerant and best developed provenances in these areas
after four years of follow-up were the southern ones. Defoliation as a permanent biotic
stressor could have driven the high constitutive defence selection in southern regions, also
facilitating a greater tolerance to other stressors such as Pc. In fact, our results show that
the most susceptible to the root pathogen-regions were those in the north of the Iberian

Peninsula.

Applicability for selection programs

The constitutive chemical patterns of defence in holm oak showed high
geographical and local variability. The lowest defensive phenolic concentrations were
found in the northern regions and on alkaline soils, while the highest constitutive values

were found in the south and on acid soils (higher Tp in Cabafieros, higher Ct in Monfragiie
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provenance). Likewise, the heritability of the evaluated characters was moderate but
enough to show genetic control and opportunities for selection. The high variability of
defensive patterns may be a source of useful ecotypes in areas under high levels of biotic
stress and, especially, in forests affected by the infection with pathogens of the genus
Phytophthora, which are known to suffer from tannin inhibition (Stong et al. 2013). This
suppressive ability of tannins is a key factor, since it is expected that plants with elevated
tannin levels will develop better under unfavourable environmental conditions. Southern
provenances on acidic soils appear to be candidates for the selection to restore oak decline
areas, although in a widely distributed species such as this one, other factors must be
taken into account. That is, good candidates due to their high defensive levels may not be
adapted suitably to other types of soil, climatic conditions or phenological conditions,
among others. Confirmatory studies are needed in order to establish a sound basis for

future selection.

Additionally, the induced resistance could be exploited as an important tool for the
integrated management of diseases and pests in forests with increasing biotic stressor
scenarios. It would also serve to predict catastrophic events or high stress periods. This
would allow the agrosystems to be strengthened before they reach severe levels of
decline. However, our compression of these defensive mechanisms is still limited and the
results of this Thesis show that the tolerance of the holm oak to these two types of applied
biotic stressors is more related to the constitutive defences than to the induced ones. This
facilitates the selection of plant material. But on the other hand, the fact that the response
is stressor-specific and that there are interactions between them complicates the tolerant
and/or resistant genotype selection. However, it constitutes a first step in the development
of a holm oak decline management program considering the current intraspecific
geographical variation. This species also has a high genetic diversity and the conservation
of its natural and managed forests is vital to maintain this diversity in its reservoirs,

guaranteeing a varied induced response.

These findings on the biotic stressor effects on the chemical defences and survival
of holm oak may facilitate the development of genetic material selection programs in the
integrated control of the widespread Quercus decline. However, for the identification of
material, tests under more natural conditions are essential. The third chapter of the

Thesis has focused on evaluating whether the tolerance results obtained in the greenhouse

146



General discussion

were also maintained in the field. To our knowledge, this work constitutes the first field
test on the susceptibility of holm oaks of different provenances in Pc-infected areas. In
addition, the four years of follow-up of its effects greatly exceeds the usual test times for
susceptibility to the pathogen. Our results confirmed the high mortality of the species in
the presence of Pc, but also the existence of holm oak genotypes tolerant to the disease.
These findings are in agreement with Leon (2013) and Cuenca et al. (2018), who also
found tolerance in this species in some families under greenhouse conditions.
Furthermore, Cuenca et al. (2018) showed that the tolerance of Pc-infected holm oaks is
genetically controlled, being susceptible to improvement. Our study in the field and
longer follow-up time also showed that the plant provenance has an effect on tolerance,
which facilitates the identification of the holm oak families with greatest interest for
possible plant breeding programs. The southern provenances were the most tolerant to Pc
in the field, as occurred in the greenhouse, and their tolerance was related to higher
constitutive chemical defences. The positive and strong correlation between tolerance to

disease and content of constitutive condensed tannins is very remarkable.

Although no other studies are known about the effect of geographical variation on
the response of holm oak to the pathogen in the field, there is a previous study in cork oak
(Moreira et al. 2018a). The aforementioned work also obtained variability in the response
and identified some tolerant families to the disease after ten years of follow-up. This work
also used Q. faginea in the plantation, obtaining high tolerance to the pathogen, as also
occurs in our work, and proposed it as a possible rootstock of Q. ilex in the most affected
areas. In addition, the other species used as a control of water stress, F. angustifolia,
showed low mortality and resistance to the pathogen mentioned in other articles
(Moralejo et al. 2009). The plant survival of these species and their different degrees of
tolerance reinforce what has been described by other authors such as Jactel et al. (2017)
about the greater resistance of mixed forests to natural disturbances that are relatively

small-scale and selective in their effect.

The disease-tolerant families identified in our study should be followed in the long-
term to test if such tolerance is maintained over time. If after a longer experiment period,
tolerance continues to be kept, these families should be part of the source of genetic
material in breeding programs. However, in a field test, results should be viewed with

caution, as several environmental factors also condition the plant survival. But it would
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be very interesting in future larger field experiments to deepen the knowledge of the
effects of several factors on tolerance according to provenances (exposure, water stress,
shade and distance to the infected adult tree or the competition between oak plants and

herbaceous plants during the first years in oligotrophic soils).

Anti-Phytophthora effects with AREs

In addition to defensive response of the holm oak to biotic stress, the role that other
species of the Mediterranean flora could have on the stress generated by the pathogen Pc
in two other species of Mediterranean oaks, the cork oak and the gall oak, was analyzed.
The fourth chapter of the Thesis focused first on a screening of the allelopathic effect of
various species. Selected some herbaceous plants from the Brasicaceae family as
interesting for their allelopathic capacity, this was tested under laboratory conditions. The
most efficient method for obtaining the AREs was the followed by Sampaio (2017) and
Moreira et al. (2018) with conclusive results. Regarding the species tested, the ARE of
D. tenuifolia was especially suited for its complete inhibition of the Pc sporangia
production. It also reduced mycelial growth, although to a lesser extent than in a previous
trial (83% for to 75% ARE concentration; Moreira et al. 2018). Previous studies of Pc
inhibition with E. vesicaria (Rios et al. 2016a, Sampaio 2017, Moreira et al. 2018) and
R. raphanistrum (Sampaio 2017, Moreira et al. 2018) also confirm its allelopathic effect.
E. vesicaria, whose main glucosinolates are aliphatic (glucoraphanin, glucosativin and
glucoerucin) showed a high inhibition, but not the complete non-viability of its
reproduction structures, according with what was discovered by Rios et al. (2016a).
Although E. vesicaria does not completely inhibit the production of sporangia, a very
important reduction in the mobility of zoospores was observed when they are released in
the presence of the extract. Zoospores lead to primary infections, so this reduction is key
in the spread of the disease. R. raphanistrum showed lower inhibition values than the two
previous species and very similar to that obtained by Moreira et al. (2018) for the mycelial

growth of Pc.
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Anti-Phytophthora herb species and chemical defences of Quercus plants in vivo in

Pc-infested soil

The possible protective effect that these herb plants could contribute to Pc-stressed
oaks was estimated in vivo, by means of a greenhouse test with naturally Pc-infected soil.
The oak phenolic defences showed significant differences depending on the companion
allelopathic herb species with those that grew together in Pc-infested soil. When these
herb plants grew together with oak seedlings in Pc-infested soils, the Quercus chemical
defences lowered but plants did not die, which could be the result of a protective effect
of the allelopathic species against infection. The Tp and Ct were minimal with E.
vesicaria and D. tenuifolia in both Quercus. If we take the condensed tannin content as a
reference, Ct were always higher in the susceptible Q. suber than in Q. faginea, which is
more tolerant to Pc (Pérez-Sierra et al. 2013). With L. luteus, also highly susceptible to
the pathogen (Serrano et al. 2011), both oak species increased their defensive levels
against Pc, although the increase was greater in Q. suber (susceptible to Pc) than in Q.
faginea (tolerant to Pc). If, as we saw in previous chapters, Quercus Ct increases in
response to the attack they are suffering, it is expected that the oak species studied here
also increase their defensive levels. However, in the presence of E. vesicaria and D.
tenuifolia, aforementioned levels decreased with respect to the control (without the
presence of herbaceous plants). This suggests that the allelopathic relationships
established during their growth with Quercus in Pc-infested soil exerts a certain protective

effect on Quercus seedlings.

Plant interactions are controlled by root exudates, which sometimes have an
allelopathic effect against various microorganisms (Bais et al. 2006). The allelopathic
capacity of D. tenuifolia and E. vesicaria was observed in vivo conditions, but we do not
know if it was through their root exudates or if it is due to other factors involved in the
joint growth of herbaceous plants with Quercus, such as competition between them
during the first years. However, these results could be due to a decrease in the impact of
Pc activity. The low infective efficacy of Pc could be explained by the release of
secondary metabolites in allelopathic root exudates, or also by the facilitation of
inhibitory soil bacteria against the pathogen. Even with everything, it was found that the
defence levels in the cork oak, more susceptible to Pc than the gall oak, decreased in the

presence of the exudates of the two herbaceous plants evaluated. Therefore, these herb
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species reduce the chemical defence costs against the pathogen's attack. No previous
studies are known with these species to establish comparisons, but the complex analysis
of the herb-tree-pathogen interactions (Cazorla & Mercado-Blanco 2016, Shuping &
Eloft 2017) should be continued to better understand the role of each component in that

relationship.

As for the low molecular weight phenolic compounds, these were always minimum
in Q. faginea and maximum in Q. suber (higher and lower tolerance to Pc, respectively).
Several studies relate some of the compounds studied with a greater tolerance to the genus
Phytophthora (Ockels et al. 2007, Del Rio et al. 2003, Nagle et al. 2011, McPherson et
al. 2014, Conrad et al. 2014). However, the levels of some compounds did not show a
clear pattern, which suggests that there are other soil organisms (probably bacteria) also

highly conditioned by plant-pathogen interaction.

Regarding the antioxidant activity in oak leaves, the highest one was found in Q.
suber seedlings that grew together with L. luteus (both species susceptible to Pc). The
lowest AA was that of Q. faginea with L. luteus (Quercus species more tolerant to Pc than
Q. suber). Antioxidants protect biological systems against reactions or processes that can
produce harmful effects in the individual. In a weakened system, as is the case of the Q.
suber with L. luteus growing in a Pc-infested soil, it is to be expected that there would be
more free radicals and therefore, a greater AA would be induced. However, in scenarios
with more tolerant to Pc-species, such as Q. faginea, the expected AA would be lower.
To strengthen the defensive response to biotic stress, seedlings induce a hypersensitive
response that consists of programmed cell death to ensure the plant survival. When stress
decreases, AA also drops (Irfan et al. 2011). In our study, when the Quercus species most
susceptible to Pc grew with D. tenuifolia and E. vesicaria, AA decreased, showing lower
stress levels. In Q. faginea, this level also decreased in the presence of allelopathic
species. Therefore, the presence of these allelopathic species generated a protective effect

on Quercus seedlings, reducing their stress levels facing the pathogen infection.

Brassicaceae family has been specially studied for its glucosinolate content for
biofumigation. This is a widely used biological control tool against several pathogens.
Rios et al. (2016a) screened various brassicaceous plants (D. tenuifolia was not evaluated)
to identify the most suitable and the compounds responsible for the inhibitory

allelochemical activity of Pc. They demonstrated the biocidal action on Pc of rich in
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sinigrin-species, such as B. juncea and B. carinata (see also Fernandez-Rebollo et al.
2015, Morales-Rodriguez et al. 2016, Rios et al. 2017), while with others glucosinolates
different from sinigrin (such as E. vesicaria) only a fungistatic effect was obtained.
However, its effectiveness in the field has only been proven with infected cork oaks when
combined with calcium carbonate applications (Rodriguez-Molina et al. 2018). In fact,
integrated control is becoming more and more meaningful as the only way to manage the
oak decline. The novel approach of this work proposes the enrichment of pastures with
allelopathic species against Pc. The inoculum would not be eradicated from the soil, but
the disease spread could be dimmed, increasing the tolerance of several species in Iberian
wood pastures. The incorporation in the field of native plants capable of reducing the Pc
infective activity through their natural root exudates shows high potential in the possible
control of the pathogen's activity with a sustainable management in these
agrosilvopastoral systems. However, it should still be deepened in several issues such as
the knowledge of these relationships, their action and release in the field, the most
recommended doses to avoid toxicity in other plants and whether other surrounding

microorganisms are involved in them (see bacteria, for example).

Synthesis and future prospects

To sum up, this Thesis offered new insights on the defensive chemical response of
three Mediterranean Quercus species to biotic stress. In the first place, it was shown that
there is a diversity in the constitutive chemical defences of the oak that depends on the
origin and the genotype. Generally, higher levels of constitutive defences were observed
at lower latitudes and on acidic rather than basic soils. Furthermore, total phenols and
condensed tannins showed a positive correlation. The narrow-sense heritability of these

chemical traits was moderate.

This study contributes to the current body of literature expanding about how plant
populations from different regions differently invest in defensive traits. The individual
and ecotypic variability generates differences in the response of the holm oak chemical
defences against the different biotic stress factors, showing certain specificity and
interactions in the production of tannins according to the stressor. This could be an
adaptive strategy to the diversity of the pathogen and herbivore community present in the

ecosystem. And it would be an interesting trait for the selection of better adapted to
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increasing biotic stressors genetic material. Detailed studies of the specific induced
chemical compounds by each biotic stressor would be very necessary to understand the

intraspecific geographical variability in the allocation of defensive resources.

To our knowledge, this work includes the first field test on the susceptibility of
holm oaks of different provenances in naturally Pc-infected areas. In addition, the four
years of follow-up of its effects greatly exceeds the usual test time for susceptibility to
the pathogen. Results confirmed the high mortality of the species in the Pc presence, but
also the existence of holm oak genotypes tolerant to the disease. Survival differed
significantly according to their provenances, being those from the south more tolerant. In
addition, these provenances with better health status were the most tolerant in the
greenhouse experiment and their tolerance was related to higher constitutive chemical
defences. Lastly, the existence of tolerant holm oak families to the pathogen in some
provenances suggests that the restoration of the affected areas could be possible if tolerant

or resistant plant material is used.

Finally, this Thesis confirms the existence of allelopathic relationships capable of
inhibiting the infective pathogen activity in vitro and in vivo conditions. From the three
species studied, the ARE of D. tenuifolia was especially suited for its complete inhibition
of the Pc sporangia production. In addition, when these herb plants grew together with
Quercus seedlings in Pc-infested soils, the Quercus chemical defences lowered but they
did not die, which could be the result of a protective effect of the allelopathic species
against infection. However, it would be necessary to explore the complex of soil
microorganisms present in this allelopathic relationship for its better management before

possible testing and application in the field.
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GENERAL CONCLUSIONS

1. Geographical variability is a significant source of intraspecific variation of
constitutive and induced defences in holm oak. Its constitutive phenolic defences
vary geographically and locally. They increase with decreasing latitude and tend

to be higher in acidic soils than in alkaline ones.

2. Defensive chemical traits have moderate heritability and could allow genetic
selection, although these results should be taken with caution given the low

number of genotypes evaluated.

3. Survival to biotic stress is more related to constitutive defences than to those
induced by the plant. This principle was demonstrated both in greenhouse
conditions and in the field. Plants from provenances with higher levels of

constitutive condensed tannins were more tolerant.

4. The major induction was expected to obtain a priori greater plant survival.
However, the most tolerant provenances were those with higher constitutive levels
of defences and not those with the highest induction. Costs of induction may be
so high that it does not ensure plant survival, and yet those provenances with lower

induced but high constitutive levels tolerate the biotic stressor.

5. The induced chemical response is specific to the biotic stressor that causes it. The
induced response does not always increase the defences. Total tannins decrease
when Pc infection is combined with mechanical defoliation in some provenances.
These reveal that oak stands affected by Pc will be more vulnerable to other

stressful events, as demonstrated in this case with herbivory.

6. Provenance and families within provenances were identified with tolerance to the
pathogen Pc in the field after four years of follow-up. This test should be kept in

time to confirm this capacity for future breeding programs.

7. The allelopathic capacity of D. tenuifolia and E. vesicaria on the mycelial growth

and production of sporangia in Pc was demonstrated under laboratory conditions
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and was very effective. These two allelopathic herbaceous plants against Pc also
demonstrated their effectiveness in vivo under greenhouse conditions. When they
were grown together with gall oak and cork oak plants in Pc-infected soils, their
presence reduced the oak's chemical defences, but oak plants did not die after two
years of testing. This result suggests a protective effect of allelopathic herbaceous

plants against infection in oak trees.

8. The geographical and local variation on the chemical defence production in holm
oak is an interesting source for the identification of resistant and tolerant plant
material to increasing biotic stress. The survival of some holm oaks in areas
severely affected by Pc demonstrates this. Furthermore, the identification of
allelopathic Mediterranean plants capable of reducing Pc virulence and protecting
cork oaks and gall oaks from stress offers alternative tools for the oak stands

conservation.
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