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Abstract

The sustainability of ecosystems is threatened especially in unique spaces that traditionally have a great wealth of biodiversity. Since the beginning of the 80s, the
multifactorial syndrome called “la seca” has been the main disease that affects the holm oaks and cork oaks characteristic of the Mediterranean forest, and that gradually
dries the trees until they die. This pathology is multicausal and one of the agents with the greatest lethal power is Phythoptora cinamomi, of the Protista genus, considered
one of the 100 worst invasive species in the world.

Current solutions are based on preventive cultural practices and the use of palliatives, mainly chemicals. Research is advancing rapidly in the field and biocontrol
solutions are being incorporated, such as the use of biological phytosanitary products, such as microorganisms or plant extracts with direct action against the pathogen,
but which still present major deficiencies. The global overexploitation that has led to the rise of these pathogenic microorganisms leads to an impoverishment of the natural
microbiome of the pastures, so it is necessary to reestablish this microbiome and the balance of the soils so that they recover their suppressive characteristics against P
cinnamomi and other pathogens that could threaten the disease. The objectives of this review are to raise awareness of the current problems in the Mediterranean forest
ecosystem, and its relationship with a global phytopathogen such as Phythopthora cinnamomi, and to provide new strategies for soil regeneration.

under threat, requiring tailored solutions on a case-by-case
basis to restore this lost balance.

Introduction

Global overexploitation has led to a global imbalance of
nature and soil (EU Report 33/2018). The increasing number
of pathogenic microorganisms results in the degradation of
the natural microbiome of the Mediterranean forest called
“dehesas” (agroforestry systems of the southwestern Iberian

Around the world, the Phytophthora family of pathogens
is known as the “plant destroyer” due to the fact that it
causes significant annual economic losses costing between 2
and 7 billion dollars in agricultural systems, not to mention
unquantifiable losses in natural ecosystems [1]. In the specific

Peninsula where the grassland is combined with species of
the genus Quercus). Therefore, it is imperative to restore this
microbiome and soil balance to regain their ability to suppress
pathogens like Phytophtora cinnamomi (P. cinnamomi) and other
pathogens that may threaten them. Ecosystems worldwide are

case of damage in the southwest of the Iberian Peninsula,
more than 30,000 hectares are affected by these pathogens,
with an annual growth rate of more than 0.5% between 1957
and 2013. In infected areas, the annual tree mortality rate is
approximately 15 times higher than in unaffected areas.
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Currently, there are 4.5 million hectares of dehesa in the
southern and western European regions, with the southwestern
Mediterranean regions being the most affected by the death of
Quercus trees, with 1.2 million hectares damaged [2]. The dehesa
is an ecosystem characterized by the presence of trees from
the Quercus genus (primarily holm oaks -Quercus ilex- and cork
oaks -Quercus suber-). These ecosystems are crucial sources
of biological resources, supporting the development of rural
populations and generating wealth through high-value food
products, the most notable example being acorn-fed Iberian
ham [3].

Many factors, such as global warming, abiotic and biotic
pollution, overexploitation of water resources, and poor
environmental management, have led to a significant increase
in phytosanitary issues affecting holm oaks and cork oaks.
These factors resulted in the presence of over 5,000 outbreaks
of the so-called “la seca” (Figure 1)) in the southwestern
Mediterranean regions, which has resulted in the death of
approximately 1,000,000 holm oaks and cork oaks, with a total
affected area of 100,000 hectares [4]. This decline in the holm
oak population poses a threat to economic activities associated
with the dehesa, such as the extensive livestock sector, which
produces high-quality products mainly from cattle and Iberian

pigs.

Although several studies address this problem of drying
out, none of them agree on the factors responsible for it.
However, all of them agree on the presence of a phytopathogen
called Phytophthora cinnamomi. This microorganism, belonging
to the class Oomycetes and to the kingdom Chromista [1], carries
out its entire life cycle in soil (asexual and sexual phases),
where humidity is a critical factor for its development and
propagation [5]. P. cinnamomi (hereinafter, “Pc”) can grow
as a saprophyte on dead organic matter or as a parasite,
affecting approximately 5,000 species of woody, shrubby, and
herbaceous plants [6], including holm oaks and cork oaks. P.
cinnamomi typically infects roots, but it can also invade woody
stems, particularly through suberised periderms [7]. Its growth
in the root system causes root rot and interferes with the
absorption of raw sap, resulting in leaf chlorosis, among other
effects. Following infection with P. cinnamomi, hosts may die
quickly or may be asymptomatic for many years.

In addition to its ability to spread rapidly, P. cinnamomi
is highly resistant to conventional eradication treatments.
Most fungicides have no effect on Phytophthora species,
with the exception of metalaxyl [8] or certain phosphonates
[14,15]). Instead of eliminating the pathogen, the application of
fungicides can induce various natural resistance mechanisms
in the plant [9]. However, it is important to highlight that the
use of pesticides can have negative effects on the environment,
such as soil and water contamination, so it is advisable to
minimize the use of these compounds.

The ecological significance of these agroecosystems
underscores the urgency to seek alternative eco-friendly
methods of pest and disease control, looking for strategies to
reduce the use of synthetic products [10]. It is imperative to find
alternative solutions that increase the likelihood of success in

eliminating P. cinnamomi, such as biological control. Currently,
there is no effective treatment for this disease. To combat this
pathology and P. cinnamomi (Pc), integrated management plans
are being developed that primarily focus on prevention and
change in the management of dehesas, as summarised in the
interregional PRODEHESA MONTADO project’s management
manual [11].

Firstly, genetic improvement strategies for holm oak and
cork oak species are being explored. This field is still in the
research phase, with no established market for commercial
species. There are several species selection and improvement
programs, as the intraspecific genetic variability in holm
oaks and cork oaks is considerable and can be leveraged to
select more tolerant genotypes [12, 13]. While this approach
is promising, it is primarily applicable to reforestation efforts
and may not fully address the needs of mature trees.

Another approach is chemical control with the use of
fungicides, the application of calcium amendments, and/
or organic amendments. In this respect, most fungicides
are ineffective against Phytophthora spp., although some
phenylamides, such as metalaxyl [8], or some phosphonates,
such as potassium phosphite and fetal-Al, can be effective [14,15]
(Figure 2). In Portugal, the only product officially approved for
holm oak and cork oak is fetal-Al [9], and in Spain, it is only
approved for agricultural and ornamental plants, but it is also
applied to holm oaks and cork oaks. This fungicide has proved
to be a good alternative to potassium phosphite, which is not
approved in Portugal or Spain. Unfortunately, these products

Figure 1: Dried-out holm oak.

Figure 2: Fosetyl-Al treatment through injection in the trunk.
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require repeated applications, as their effectiveness diminishes
over time [16], and prolonged use of certain fungicides, such
as metalaxyl, can lead to the development of resistance and Pc
mutations associated with these compounds [17,18].

Additionally, certain calcium compounds such as CaO,
CaCo, or CaSO,, have been shown to reduce the severity of this
disease in mustard plants [19]. Unfortunately, the calcification
of soil does not impact the viability of resistant pathogen
spores (chlamydospores), which remain a source of inoculum
and infection.

As regards the availability of phytosanitary products on the
market, there are only four products approved in Spain for use
on holm oaks and cork oaks (Table 1).

As can be seen in Table 1, all of them are chemical in nature
and the main use of the only biological product, which was only
initially registered in the Netherlands (and therefore we cannot
ascertain its origin), is as a treatment against Lepidoptera on
tomatoes and greenhouse crops [20]. In order to overcome the
problems posed by the use of chemical pesticides, biological
control (or biocontrol) strategies are also being researched and
developed, as described in detail below.

This manuscript presents the beginning of a research project
that we have called DEHELIFE (CDTI-ABS 20230188 — Ministry
of Science, Innovation and Universities) with the objective
of developing soil bioregulatory products based on native
microorganisms — such as T. hamatum, T. koningii, T. koningipsis
and T. atroviridae — and their characterized biocomposites.

As stated in such a complete objective, the innovation
of the project is based on the approach of the bioregulatory
product (inhibitor and bio stimulator) and not just a pesticide,
as well as its nature: indigenous live microorganisms and
active compounds characterized as the result of controlled
fermentation. This guarantees immediate action of the product
and at the same time, sustainable over time. However, this
project not only aims to focus on microorganisms but also on
plants through research into indicators that show the state
of the immune system of holm oaks and cork oaks, as well
as research into the metabolism linked to stress. Extensive
scientific knowledge will be obtained to provide resources to
combat drought and soil regeneration, as well as new products
that help stop the decline of such a valuable ecosystem on
which many human families, animals, and plants depend.

The main objective of this review is to raise awareness of
the current problems in the Mediterranean forest ecosystem,
and its relationship with a global phytopathogen such as
Phythopthora cinnamomi, and to provide new strategies for soil
regeneration.

Biocontrol strategies with plant species

Research conducted by Serrano [21] has demonstrated the
sensitivity of several species to Pc, particularly Lupinus luteus
(lupin). Not only is it much more susceptible to infection, but
it can also act as a source of inoculum, facilitating infection of
the roots of other plants.

By contrast, there are also plant species resistant to the
microorganism, such as ash, tree heather, oat, or flax-leaved
daphne, among others [22]. As the cultivation of susceptible
leguminous species such as lupin facilitates the spread of Pc,
the presence of these resistant species, such as those described
in Table 2, could prevent or significantly reduce the growth of
the pathogen.

Research suggests that this type of plant could synthesize
compounds with an antifungal activity which, in addition to
protecting the plant itself, would help the regeneration of
infected land and help the defense of holm oaks and cork oaks
in these areas [23].

The most interesting studies on the beneficial activity of
some of these plant species have focused on the matagallo
plant (Phlomis purpurea), present in the southwest of the Iberian
Peninsula, and its ability to produce bioactive compounds with
antifungal potential [23]. It has been observed that this species
has the ability to inhibit the growth of plant pathogens, and
more specifically, its roots produce compounds capable of
protecting from infection by Pc in vitro.

However, it has been observed that in plant extracts, such
as Phlomis purpurea, the bioactive component is found in minute
concentrations [24]. Its scarcity, the fact that it is always
found in the plant as part of complex mixtures extracted from
its tissues, and the fact that, due to its complex structure, it
cannot be chemically synthesized, make its purification and
development for commercial use as a phytoprotective agent a
difficult objective, despite its great potential to protect these
forest ecosystems, which are particularly important for the
economy of Extremadura.

Table 1: Phytosanitary products approved in Spain suitable for holm oak and cork
oak.

Register

Number UE Name Owner Formula
BACILLUS THURINGIENSIS
KURSTAKI (CEPA PB 54)
25313 BELTHIRUL 16 SC PROBELTE (16x10E6 U.1/G) 9,74%
[sc]P/v
21683 CONFIRM 240 LV NISSO TEBUFENO(;I?VA 24,7%[SCl
23782 DECIS EXPERT BAYER DELTAMETRIN 10% [EC] P/V
0,
18554 SADITRINA ULV MICRO | FAESAL CIPERMETS’:‘, 0.35% [UL]
Table 2: Species resistant to P. cinnamomi in the dehesa
Name Scientific Name
Fresno Fraxinus angustifolia

Enebros y sabinas Juniperus spp.

Acebuche Olea europea

Brezo blanco Erica arborea

Adelfa Nerium oleander
Avena Avena sativa
Torvisco Daphne gnidium
Siempreviva Helychrisum stoechas

Cantueso Lavandula stoechas

Trigo Triticum aestivium

Brezo Blanco Erica lusitanica

Matagallo Phlomis purpurea

Romero Rosmarinus officinales
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Table 2: Physicochemical properties of the extracted PKO.

Colour - Light green
Odour - Pleasant
State at room temperature - Liquid
lodine value g/100 g 6.2310.365
Acid value mgKOH/g 12.2240.215
Free fatty acid mgKOH/g 4.130+0.243
pH 4.98+0.083

Table 3: Fatty acid composition of PKO.

S/N Fatty acids Systematic names Composition (%)
1 Capric acid; C10:0 Decanioc acid (C,,H,,0,) 0.43
2 Lauric acid; C12:0 Dodecanoic (C,,H,,0,) 42.21
3 Myristic acid; C14:0 Tetradecanoic C,,H,,0, 11.34
4  Palmitic acid; C16:0 Hexadecanoic (C,H,,0,) 9.07

Palmitoleic acid;
5 aimitoleic acid; cis-9-hexadecenoic C, H, 0, 5.22
C16:1

Stearic acid; C18:0 Octadecanoic (C, H,,0,) 5.34

7 Oleic acid; C18:1 cis-9-octadecenoic (C,,H,,0,) 17.76

8 Linoleic acid; C18:2 cis-9-cis-12-octadecedianoic 4.93
(C'ISHSDOZ)

9 Linolenic acid: C18:3 cis,cis,cis-9,12,15-octadactrienoic 3.50
C18H3002

SAFA 68.39

UFA 31.41

others 0.20

SFA: Saturated Fatty Acid; UFA: Unsaturated Fatty Acid

Furthermore, these challenges are not the only obstacles
encountered in the development of biocontrol solutions for Pc.

While Cardillo y Acevedo [22] documented data on resistant
species presented in Table 2, an earlier publication by Alvarez,
et al. [25] observed root rot in lavender and rosemary, species
included in that list (Characterization of phytophthora
nicotianae isolates causing collar and root rot of lavender and
rosemary in SPAIN., 2007). This demonstrates that there is
uncertainty about which species are truly resistant to Pc, as this
pathogen continues to mutate and adapt to its environment,
infecting more plant species over time. For example, wild
olive (Olea oleaster) is included in the list but was later found
susceptible to infection by another Phytophthora species in 2019
[26].

In light of the above, the following can be considered the
main issues with using plant species for biocontrol:

- Despite the effectiveness of preventive buffer strips
and the suppressive plant cover, not all species are
compatible with agro-livestock activities.

- There are technical and economic feasibility issues related
to developing products based on extracts or isolated
bio-compounds.

- P. cinnamomi exhibits a rapid generation of resistance,

resulting in fewer and fewer plant species resistant to
this pathogen.

Microorganisms as biocontrol of P. cinnamomi

Suppressive soil isn’t solely understood as the coexistence
of plants and Pc. Within the soil of any ecosystem, a diverse
array of microorganisms, including fungi, are adapted and
collectively form the microbiota, performing fundamental
functions for the ecosystem. Fungi are mainly known for their
saprophytic properties and are decomposers of dead matter.
They inhabit the final stages of the decomposition process
and thus allow molecules, which once formed part of living
organisms, to pass into the soil so that they can be used by
plants growing in the soil. From an evolutionary perspective,
starting from this fundamental saprophytic function, they
gradually adapt to the environment, diversifying their
functions, specializing in different areas that derive from the
relationships they form with different organisms coexisting
in the ecosystem. Two of them are particularly noteworthy
for their potential uses in the fight against plant pathogens:
mycoparasitism and plant immunity promoters.

Some fungal species changed from saprophytes to
mycoparasites, i.e. they changed their source of nutrients
from obtaining nutrients from dead matter to feeding on other
fungi in the environment. This property can be used to deal
with plant pathogenic fungi affecting plant health, i.e. to use
fungi for their mycoparasitic properties as biocontrol agents.
There are two main mechanisms by which these mycoparasitic
fungi possess antimicrobial activity, by physical competition
and by production of metabolites with antimicrobial activity.
The mycoparasite fungus is able to recognize its prey, spread
its hyphae around it, and produce lytic enzymes to degrade
cellular components. These same lytic proteins are molecules
with antimicrobial activity, but they also produce secondary
metabolites with antifungal activity. Some of these proteins,
such as cellulases, proteases, and chitinases, are widely used
in industries such as paper and textiles to treat raw materials.
In addition, they produce small secondary metabolites such as
triterpenes or peptabiols that exhibit a multitude of biological
activities, including antimicrobial activity, among others.

For example, the use of other organisms to control the
presence and infection of P. cinnamomi has been tested and
the results are promising, although further studies are
needed [27]. Bosso et al., [28]. showed that Byssochlamys nivea
and Scopulariopsis brumptii in laboratory studies were able to
inhibit the growth of P. cinnamomi and P. cambivora and reduce
the mortality of chestnut plants [28]. Supporting the use of
biological control, Méndez-Bravo et al., [29]. reported that
two rhizobacteria, closely related to Bacillus acidiceler, were
able to inhibit the growth of P. cinnamomic in vitro by 76%,
suggesting that these bacteria could be used for biological
control of oomycetes [29]. Finally, Trzewik et al., [30].
reported a practical likelihood of biological protection against
P. cinnamomic or Piriformospora indica, an endomycorrhizal-like
fungus, on two cultivars of rhododendron plants [30]. Bacterial
genera commonly used in agriculture include Azospirillum,
Rhizobium, Pseudomonas, and Bacillus.

(=]
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With regard to mycorrhizal fungi, Trichoderma spp. is one of
the most studied filamentous fungi. Trichoderma (teleomorph
Hypocrea) is a genus of filamentous fungi that feed on other
fungi (mycotrophism) and is a ubiquitous colonizer in almost
every environment. Today, there are more than 400 recognized
species [31]. The genus includes mainly non-pathogenic soil
fungi, considered opportunistic avirulent plant symbionts, and
root colonizers, which, in several cases, produce compounds
that stimulate plant protection and growth.

Some Trichoderma species can control inoculum levels
through inhibition or even mycoparasitism [32]. Some literature
reviews suggest that especially Trichoderma harzianum, T.
virens, and T. asperellum, are very promising fungal species in
the control of different Phytophthora species [34], as studied in
multiple crops such as pepper, chilli, avocado, and Cornaceae.
Other studies have shown similar results for biological agents
controlling several soil-borne plant pathogenic fungi [10-
33] including P. cinnamomi [34]. Our preliminary data in the
laboratory working with T. hamatum, T. koningii, T. koningipsis,
and T. atroviridae indicate positive results as you can observe in
Figure 3. C1 and P5A are products with different mixed strains
of these Trichoderma (Figure 3).

There are currently approved products available on
the market that are based on Trichodermas and other
microorganisms, such as bacillus but all of them are studied
and recommended for use on horticultural crops and other
important species such as avocado, but very few studies focus
on the specific issues faced by the dehesa. On these issues,
studies by the University of Cérdoba have been noteworthy.
Microbiome populations have been determined through
metabarcoding studies of genetic material in several areas of
dehesa in Andalusia [35]. On the basis of this study, further
research has been carried out on the selection of mycoparasitic
Trichoderma families as P.cinamomi inhibitors.

Figure 3: Inhibition and mycoparasitism of Trichoderma strains against P. cinamomi

afteraweekofconfrontationandafterthreeweeksofconfrontation(datanotpublished).
A) One week of confrontation. B) Three weeks of confrontation.

Complexes with T. viridae and T. harzianum have been tested
on Phytophthora cinnamomi-infected holm oak seedlings in
two contrasting holm oak ecotypes, one considered highly
susceptible and the other considered tolerant to the pathogen
in the greenhouse, and seedlings were monitored for survival
analysis and review of morphological and physiological
attributes [32].

This research group’s most recent studies detail a very
interesting and thorough study on the mycoparasitic ability of
the genus Trichoderma on P. cinamomi but do not elaborate on
the molecules involved in them, neither hydrolytic proteins nor
small secondary metabolites. No metabolites with antimicrobial
and immunomodulatory activity produced by Trichoderma have
been identified.

In addition, among the results obtained from the
characterization of the soil microbiome by metabarcoding,
significant variability in the microbiome populations between
dehesas has been observed [35], highlighting the need to
investigate specific solutions for each ecosystem. This fact
justifies the need to investigate organisms and bioactive
components native to our ecosystem to combat P. cinnamomi in
the dehesa of Extremadura.

Biological control against P. cinnamomi

As mentioned above, as a technology that counteracts
classical chemical control, there is a need to utilize biocontrol
strategies, primarily based on the use of pathogen-suppressive
microorganisms.

This approach is highly applied in other larger sectors of
the global economy, such as horticulture or intensive forest
management. There are also some specific solutions against
pathogens of the Phytophthora family, such as P. nicotianae in
tobacco or P. capsici in pepper. These solutions are marketed
by companies such as the GOWAN Group (Blindar® for
vineyards and horticulture, Remedier® for horticulture),
Certis (VALCURE® for horticulture and fruit trees), the Spanish
spinoff Biocontrol Technologies SL, Bioworks (only in the USA
and Canada) and Agrogenia Biotech.

Within the families of microorganisms to be used, there
are already commercial products with Bacillus and Trichodermas
but, similarly, they are only focused on crops for human
consumption. The only compound registered in Spain for holm
oak and cork oak is Probelte’s BELTHIRUL 16 SC, composed of
Bacillus thuringiensis kurstaki.

As explained above, these compounds could be intended
to be used in the dehesa, but, firstly, they have not been
specifically developed against P. cinnamomi in holm oaks
and cork oaks; and secondly, they are not organisms of the
indigenous microbiome, which could lead to an imbalance of
the ecosystem.

In addition, Rodriguez et al. [13] and Rodriguez y Rodriguez
[2] have published the most technologically advanced
information. Since 2019, these authors have studied the
microbiome of the dehesa, have identified mycoparasitic
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inhibitor microorganisms of Pc, and are evaluating compounds
of specific microorganisms with T. viride and T. harzianum.

Biostimulants

Biostimulants are substances or microorganisms that
promote and/or enhance plant growth, development,
metabolism, and/or tolerance to abiotic stress without being
fertilizers or pesticides [37]. As agreed by scientists, regulators,
and other stakeholders, several main categories of widely
recognized biostimulants have been identified, namely:

0 Chitosan and other biopolymers

O Hydrolysates of proteins and other nitrogenous
molecules

O Humic substances

O Extracts from marine algae and botanicals
0 Beneficial bacteria

O Beneficial fungi

0 Inorganic compounds (i.e. Al, Co, Na, Se, Si)

Globally, these solutions are attracting market interest and
R&D efforts as a necessary alternative to the problems of the
agricultural sector. Biostimulants shift the focus from direct
combat against pathogens to a soil and ecosystem recovery
approach.

As regards biostimulant microorganisms [38], this group
includes mainly bacteria, yeasts, and filamentous fungi. They
are isolated from soil, plants, and other organic materials.
They are applied to soil or seeds and can directly or indirectly
contribute to enhancing crop productivity (2). Microorganisms
can directly affect crops by establishing mutual symbiotic
associations (e.g., mycorrhizae), or indirectly by enhancing the
bioavailability of nutrients to plants (2). According to the latest
European fertilization regulation [39] the microorganisms
Azotobacter spp., Mycorrhiza, Rhizobium spp., and Azospirillum
spp. are recognized as biostimulants. This field holds significant
potential but is still in the developmental stage, and with few
microbiological solutions.

There are no documented instances of biostimulant use in
holm oaks or cork oaks, and at the academic level, only a handful
of studies have explored the application of biostimulants
derived from Ascophyllum nodosum on oak trees [40].

Diagnosing dried-out plants affected by “la seca”

As already mentioned, diagnosing P. cinnamomi is crucial
for implementing treatment and preventive strategies to avoid
its spread. However, existing guidelines and practices rely
solely on symptom detection to guide sample collection and
laboratory confirmation of the infection.

According to the CICYTEX Dehesa Montado Observatory,
the presence of P. cinnamomi can be identified by observing the
following characteristics:

Figure 4: Loss of leaves on the top.

The tops appear less bushy than usual or have lost more
leaves than usual (Figure 4), and the uppermost branches
appear leafless (dotted). It is also very common to find trees
that die quickly during the summer with all their leaves turning
dry and brown (sudden death).

Affected trees are often found in watercourses or areas
where water accumulates, particularly during rainy periods.
Sometimes, the presence of impermeable soil layers may
contribute to deep waterlogging, which may not be readily
observable on the surface.

To confirm the presence of Phytophthora, it is necessary to
collect soil and root samples on which molecular techniques,
such as ELISA or PCR assays, will be performed. It is important
to note that insufficient or improper sampling may result in a
false negative result.

In addition, patterns are recognized, and models have been
developed to predict their dispersion [41, 42]. For example,
it is known that outbreaks typically advance downhill in
the direction of water flow, leaving dead trees and the most
damaged specimens uphill. Often, outbreaks can expand in
a more or less circular manner. Dispersal studies have also
been carried out and orthophoto detection methods are being
sought, but these are all based on visual observation of tree
phenotypes.

Stress and immunology in holm oaks and cork oaks

Phenotypic or symptomatic observation is the most
widespread traditional method to assess stress levels of plant
species, including holm oaks and cork oaks. Furthermore,
current knowledge of molecular indicators of stress and plant
immunology can provide tools for assessing the condition of
trees in dehesas. In Figure 5 we can show up the signaling
pathways in response to stress in plants.

Unlike animals, plants lack specialized immune cells and
an adaptive immune system. However, they possess an innate
immune system that allows them to interact with beneficial
microbes or defend themselves against pathogens. This system
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Figure 5: Signaling pathways in response to stress in plants.

relies on innate immune receptors that recognize invasion
signals. There are two types of immune responses: pattern-
triggered immunity (PTI) and effector-triggered immunity
(ETI).

Activation of Pattern Recognition Receptors (PRRs) leads to
cellular calcium signaling and the activation of protein kinases,
resulting in transcriptional reprogramming that promotes
defense. Recognition of pathogenic effectors by nucleotide-
rich leucine repeat (NLR) receptors involves immune regulators
and salicylic acid (SA) signaling.

Plants respond in a variety of ways to biotic and
abiotic stresses, ranging from changes in gene expression
and physiology to adjustments in plant architecture and
metabolism. The response is influenced by factors such as the
cause, duration, and intensity of the stress, the genotype of the
plant, the type of cell exposed, and the stage of development
[43].

Several mechanisms and compounds have been identified
in current research as components of a plant’s defense
mechanisms and can be used to determine its stress levels.
Specifically, phenolic compounds, lipid peroxidation markers,
and antioxidant enzymes are noteworthy.

Phenolic compounds

In response to biotic stress, plants activate their defense
mechanisms leading to the induction of a broad spectrum of
antimicrobial compounds, some of which may be species-
specific. Induced resistance is regulated by a network of
interconnected signal transduction pathways in which phenolic
compounds are vital signaling molecules [44].

Previous studies on various species have shown that stress
induced by different abiotic and biotic factors can modify the
composition of phenolic compounds such as flavonoids and
tannins in different anatomical parts of plants [45]. These

secondary metabolites exhibit high antimicrobial activity,
are strong inhibitors of digestive proteases, and accumulate
mainly in the leaves, stems, and roots of trees [46,47].

With regard to trees of the genus Quercus, some authors have
described the content of phenolic compounds under different
abiotic conditions, such as cold and drought [48]. Regarding
the response to P. cinnamomi, studies have been conducted
on the variations of these compounds in chestnut and their
dependence on the temperature of the environment [45].

Despite the existence of published studies on the effects of
biotic stress on the chemical defenses of holm oaks and cork
oaks [49;50], few studies have focused on the combined effect
of abiotic and biotic stress factors on the chemical defenses of
these tree species and their geographic variability [12].

Malondialdehyde (MDA)

The measurement of malondialdehyde (MDA) content has
long been used as a marker for lipid peroxidation in studies
related to oxidative stress in plants exposed to abiotic and
biotic factors [51]. Increased levels of reactive oxygen species
(ROS) have been observed in Quercus spp. in response to abiotic
(e.g. drought) and biotic stress (e.g. charcoal disease caused
by the fungi Biscogniauxia mediterranea and Obolarina persica),
with the intensity of this response being heightened when both
stresses are combined [52,53].

Associated markers (MDA increase) have been identified in
potato leaves in response to infection by Phytophthora infestans,
the causal agent of late blight, and could serve as a marker of
abiotic stress in the genus Quercus. In experiments conducted
by Morcillo et al.[54]., higher MDA concentrations were
detected in holm oak somatic embryos treated with filtered
extracts of Phytophthora cinnamomi oomycetes, although MDA
contents were not significantly different from those of controls
conducted [54].

Antioxidant enzymes

The metabolism of reactive oxygen species (ROS) is
another major plant response to stress. Under stressful
conditions, the dynamic equilibrium is broken, and excessive
ROS accumulation, oxidative stress, and plant death occur in
severe cases [55]. To protect themselves from oxidative stress,
plants produce antioxidant enzymes and other non-enzymatic
substances that neutralize ROS [56]. Antioxidant enzymes
include peroxidase (POD), superoxide dismutase (SOD),
ascorbate oxidase (APX), and catalase (CAT) [57].

In recent research by Xiong et al., [58], an increase in the
activity of the antioxidant enzymes POD, SOD, and CAT was
observed in four oak species subjected to drought stress [58]. In
addition, Mohammadi et al.,[59] described an increase of SOD,
POD, and CAT activity and non-enzymatic substances such as
phenolic compounds in potato leaves infected by Phytophthora
infestans, the causal agent of late blight Mohammadi et al.,
[59]. There are no known studies on holm oaks or cork oaks.
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Transcriptomics

The transcriptome is the total set of RNA transcripts present
in any cell or biological system under specific physiological
and environmental conditions. They are used to identify genes
involved in plant deterioration/decay and to decipher the
relationship between this phenomenon and biotic and abiotic
stress.

In their study, Guerrero-Sanchez et al., [59] identified 12
candidate reference genes that were not differentially expressed
in Quercus ilex seedlings under drought stress conditions
[59]. These include actin, GAPDH, and B-tubulin, which are
considered to be the most stable and reliable candidate reference
genes (data not published). On the other hand, infection of
cork oak trees with Phytophthora cinnamomi revealed increased
levels of proteins associated with the assembly of protein-
DNA complexes, lipid oxidation, endoplasmic reticulum stress
response, and metabolic processing of pyridine-containing
compounds in leaves [61]. The most significant variations were
observed in heat shock proteins (Hsp90-1), among others.

Conclusion

In conclusion, while academic knowledge exists regarding
mechanisms against phytopathogenic agents, it is necessary to
develop strategies to prevent or mitigate mediterranean forest
deterioration.

The current technical needs urgently required in combating
drought can be summarised as follows:

The a need to find effective alternatives to chemical
pesticides that have not been successful in slowing down the
progression of the disease.

To find strategies that overcome the limitations associated
with using isolated bio compounds against P. cinnamomi, which
include technical and economic feasibility issues, as they are
mainly extracted from plant extracts. Moreover, these are
treatments that need to be repeated over time, as the active
ingredients have a certain shelf life.

With regard to biocontrol approaches based on
microorganisms, indigenous microorganisms are required,
not only as inhibitors but also as biostimulators and soil
health restorers through the microbiome. In addition, a mixed
approach must be taken, in which not only the microorganism
is known and provided, but also the biocomponents involved
are known and their application to soils is monitored.

Not only to combat P. cinnamomi but to restore the health of
the soil, thereby restoring health to the entire microbiome and
ecosystem, by creating suppressive environments in which the
pathogen cannot thrive.
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