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Summary

D6.4 is a deliverable of WP6 which objectives are:

6.1. To develop and implement the plans for effective dissemination of the project,
its activities and results employing a range of communication and dissemination
tools;

6.2. To raise public awareness in the project aims and results;

6.3. To coordinate communication activities aiming at the scientific community and

stakeholders.

In the context of the WP6 objectives, D6.4 reports on the publication of the project’s
scientific results in peer-reviewed journals, abstracts to conferences and technical

journals. Publications to journals and abstracts are attached to the Annex.
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Chapter 1
Biological and Molecular Control Tools b
in Plant Defense

Maria L. Pappas, Paula Baptista, George D. Broufas, Athanasios Dalakouras,
Wafa Djobbi, Victor Flors, Meriem Msaad Guerfali, Slimane Khayi,

Rachid Mentag, Victoria Pastor, José Alberto Pereira, Paloma Sanchez-Bel,
and Kalliope Papadopoulou

1.1 Introduction

A major challenge of humankind is to feed the increasing human population in a
sustainable manner. If left uncontrolled, herbivorous pests and pathogens can be
highly destructive to crops causing significant yield losses, often above 30% [1, 2].
Pesticide application, an important component of the so-called Green Revolution,
remains currently the most common method to control key pests and pathogens of
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crops, despite being incompatible with current regulations(e.g. Directive 2009/128/
EC) that promote the reduced input of pesticides and the use of non-chemical meth-
ods in crop production, a global trend driven by a strong demand for agricultural
products with reduced load of chemicals that also contribute to the increasing levels
of pesticide resistance in populations of crop pests.

To limit environmental impacts of harmful pesticides and improve agricultural
sustainability, a conversion to a new green movement is required [3] taking into
account the complexity of the ecological nature of the problem. Novel strategies,
complementary and/or alternative to the existing ones are required to control pests
and pathogens in the most efficient and environmental-friendly manner. A growing
emphasis on biological control tools such as the use of beneficial organisms and/or
environmentally friendly (non-GMO) molecular tools is necessary to overcome
technical challenges that are crucial in food production and pest/disease control.
This has to be achieved with an approach to minimize environmental risks.

To this end, we herein focus on biological control and the theoretical framework
underlying plant defense responses against biotic stressors such as herbivorous
arthropods and pathogenic microorganisms with the aim to identify biological and
relevant molecular tools that could be used to combat harmful key pests and dis-
eases of crops. We further focus on beneficial soil microbes and zoophytophagous
predators and present solid evidence about their potential in plant defense induction
and in sustainable crop protection. Molecular tools that could be exploited in agri-
culture are addressed in light of the mechanisms involved in positive interactions
among beneficial organisms and plants, resulting in the production/activation of
chemicals such as peptides, toxins, anti-digestive compounds and secondary metab-
olites (e.g. volatiles). In addition, we refer to the development of molecular biopes-
ticides based on RNA molecules designed to selectively downregulate genes
involved in pathogenicity of pests and pathogens through RNA interference (RNA1).
This chapter ends with a special section on endophytic fungi as a case study of ben-
eficial microbes that display both plant growth promoting and plant protection
capabilities.

1.2 Basal Plant Defenses Against Arthropods and Pathogens

To cope with pathogens and herbivorous pests, plants have evolved sophisticated
defense mechanisms broadly classified as passive or constitutive and active or
inducible (Fig. 1.1). Passive or constitutive defense mechanisms are constitutively
expressed and provide protection from initial invasion or attack [4-6]. Against
pathogens, these may include physical barriers, such as wax layers [7], cuticle [8]
and cell wall [9], as well as preformed chemical compounds with antimicrobial
(generically called phytoanticipins) and lytic effects [4, 10]. If these preformed bar-
riers are overcome, pathogens can still be confronted by inducible host plant defense
mechanisms, which prevent further colonization or pathogen spread [4]. Similarly,
arthropods are confronted with an array of constitutive and/or inducible plant
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Fig. 1.1 Global overview of plant defense responses against herbivores and pathogens. Herbivore-,
pathogen- or damage-associated molecular patterns (HAMPs, PAMPs and DAMPs, respectively)
are recognized by pattern recognition receptors (PRRs) and lead to pattern-triggered immunity
(PTI). Effector-like molecules from herbivores and pathogens can suppress PTI and result to
effector-triggered susceptibility (ETS). The recognition of these molecules by plant resistance pro-
teins (R proteins) lead to effector-triggered immunity (ETI) that, in the case of pathogens, often
culminates in hypersensitive response (HR). Uncharacterized elements are indicated by dashed
lines. Defense mechanisms (passive and active defense) operating during herbivore attack and
pathogen infestation are indicated on the right

defenses such as physical traits (trichomes, wax layers, etc.) and chemicals (toxins,
anti-digestive compounds, secondary metabolites) that aim at killing, deterring or
retarding the population growth of pests [5]. Plants can also defend themselves indi-
rectly by emitting volatile compounds that attract the natural enemies of herbivores
[11, 12]. As with pathogens, inducible plant defenses against herbivores are initi-
ated upon recognition of the attacker and downstream activation of defense signal-
ling [13, 14]. Compared to constitutive defenses, induced plant responses are
considered to be cost-saving, preventing auto-intoxication and more advantageous
as they can be tailored to the attacker after specific cues recognition by the plant
[15-17].

1.2.1 Pathogen Perception by Plants and Defense Induction

The first defensive line of plant immunity relies on the perception of pathogen- or
damage-associated molecular patterns (PAMPs and DAMPs, respectively) by recep-
tors called pattern recognition receptors (PRRs) localized on the plant plasma mem-
brane [18] (Fig. 1.1). All plant PRRs identified to date belong to receptor-like
kinases (RLKSs) or receptor-like proteins (RLPs) [19]. RLKs are proteins with an
extracellular domain involved in the perception of signal molecules (i.e., PAMPs/
DAMPs), and additionally of a transmembrane domain and an intracellular kinase
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domain, which amplify or transduce these signals into the cell, respectively [20].
RLPs have a similar structural organization but lack the intracellular kinase domain
[20]. Recent studies suggest that sensing of PAMPs/DAMPs could be also happen-
ing through membrane lipids [21]. PAMPs comprise a diverse array of structural
components of the pathogen, such as bacterial flagellin, fungal cell wall-derived
chitins and glucans, as well as pathogen-specific lipopolysaccharides, proteins, pep-
tidoglycan, elongation factors (e.g., EF-Tu) or microbial nucleic acids [19, 20, 22].
DAMPs are molecules of plant origin released upon pathogen-induced cell damage,
and include mainly cell wall or cytosolic proteins, peptides, nucleotides, and amino
acids [23].

The recognition of PAMPs/DAMPs by PPRs can activate the immune plant
response, a process collectively termed ‘pattern-triggered immunity’ (PTI) [24]. In
this process, a complex network of signalling events is activated, leading to a series
of cellular and physiological responses. Such signalling events include, for instance,
the rapid generation of cytosolic Ca’* and reactive oxygen species (ROS) or reac-
tive nitrogen species, ion efflux, protein phosphorylation, activation of Ca?-
dependent protein kinases (CDPKs) and mitogen-activated protein kinases
(MAPKS), increased biosynthesis of phytohormones, and transcriptional repro-
gramming [20, 25]. This complex signaling network leads to the establishment of a
number of plant defense responses, such as plasmodesmata closure to inhibit
molecular exchanges among cells, stomatal closure to limit pathogen entry, produc-
tion of antimicrobial compounds (e.g., phytoalexins) and generation of ROS either
to signal downstream defenses or inhibit growth of pathogens, callose deposition to
provide a physical barrier for pathogen attacks, and accumulation of pathogenesis-
related proteins such as lytic enzymes (chitinases, glucanases, and proteases) [20].

In general, PTT is sufficient to fight off most pathogens, in particular host non-
adapted pathogens [18]. However, some pathogens have developed strategies to
evade PTI and for these, plant initiates a second layer of inducible defense, termed
as Effector-Triggered Immunity (ETI), resulting in an incompatible reaction [26]
(Fig. 1.1). In general, ETI activation results from the intracellular recognition of
pathogen effector molecules by plant resistance proteins (R proteins) [26]. These
effectors, synthetized by the pathogen and injected into the host cell cytosol, have
an important function in pathogenesis [27]; some enhance pathogen virulence and
suppress PTI, while others aid pathogens to propagate on their host by reprogram-
ming host cell metabolism and physiology, causing effector-triggered susceptibility
(ETS) [27]. Plants, in turn, recognize these effectors by receptor R proteins in a
specific manner [28]. Recognition by R proteins can be mediated either through
direct physical interaction with the effector (ligand-receptor model) or indirectly by
detecting modifications on other host proteins caused by effector activity (guard
model) [29]. Most of the R proteins identified so far belong to the nucleotide bind-
ing leucine-rich repeat (NB-LRR) type [26]. In comparison with PTI, ETI is a stron-
ger and more efficient response, and often culminates in hypersensitive response
(HR), a type of programmed cell death that limits the spread of the pathogen from
infection sites [24]. Several studies suggest that ETI utilizes the same defense sig-
nalling network as PTI, but in distinct ways, emitting stronger and longer-lasting
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responses [29]. In general, ETI restores and amplifies PTI basal transcriptional pro-
grams and antimicrobial defences [24]. Both PTI and ETI can induce immune
responses against pathogens on uninfected distal tissues [30]. Among the diverse
chemical signals identified so far, the plant hormone salicylic acid (SA), has been
found to play an important role in systemic resistance that provides broad spectrum
and long-lasting protection to future infections [30]. Establishment of systemic
resistance involves the generation of signals in the damaged tissue, and their further
transport via vascular system to sites further from the injury location.

1.2.2 Herbivore Perception by Plants and Defense Induction

Herbivore-associated molecular patterns (HAMPs) include all herbivore-derived
signalling molecules that, when in contact with the host plant, are capable of elicit-
ing defense responses [31, 32]. HAMPs can be elicitors deriving from the herbi-
vores found in their saliva, regurgitant or other secretions such as honeydew and
those used for eggs attachment to the plant surface [33-35]. Furthermore, plant-
derived DAMPs such as cell wall fragments, or endogenous compounds released
upon the disruption of plant tissue during herbivory can be responsible for the elici-
tation of non-specific plant defense responses [14].

Plants can detect herbivorous arthropods based on their HAMPs. These are pre-
sumed to be recognized by receptors leading to PTI [14, 36] (Fig. 1.1). Despite our
vast knowledge on different types of PRRs involved in pathogen recognition by
plants, to date only a few examples exist for PRRs involved in plant-herbivore inter-
actions [32, 37]. As with the R-gene mediated recognition of effectors in plant-
pathogen interactions, indications exist about the evolvement of similar recognition
mechanisms underlying plant-herbivore interactions that may lead to ETI (Fig. 1.1);
however, much less is known about such effectors and respective plant receptors
[36, 37]. Polyphosphoinositides generated at the plasma membrane are believed to
act as second messengers just as they do during pathogenesis [38]. Changes in the
plasma membrane potential follow ion fluxes across the plasma membrane and
afterwards, protein kinase cascades can activate ROS production such as hydrogen
peroxide that can have direct effects on herbivores or change cell’s redox status. The
increase in cytosolic Ca** can also activate nitric oxide-mediated processes that pre-
cede phytohormone (JA) upregulation [39]. These responses occur not only locally
but also in distal undamaged tissues. As with pathogens, a complex signalling net-
work modulates the expression of defense-related genes and the production of
defensive compounds that are active against herbivores [13]. The phytohormones
jasmonic acid (JA) and SA, ethylene (ET) and abscisic acid (ABA) are key regula-
tors in plant defense against herbivores, modulating the expression of defense-
related genes and the production of defensive compounds [14, 40]. Cross-talk
among the phytohormonal pathways (e.g. JA and SA antagonism) is considered to
be fine-tuning plant defenses against specific attackers [41-43].
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As with pathogens efficiently evading PTI, many arthropods have evolved a vari-
ety of strategies to cope with plant defenses including behavioural adaptations and
mechanisms to decrease exposure (e.g. via detoxification or sequestration) or sensi-
tivity (e.g. via target-site sensitivity) to defense compounds [34]. Furthermore, cer-
tain herbivores are known to be able to manipulate sink source flows or to suppress
plant defenses [14, 34-36, 44]. Similar to pathogen effectors, effector-like mole-
cules from herbivores, specifically those secreted via their saliva into the host plant
are presumed to also interfere with PTT and lead to ETS [36, 37]. However, as with
HAMPs and PRRs, our knowledge on herbivore effectors is still limited.

1.3 Plant Defense Priming

Plants are surrounded by multiple threats that they must face by responding effec-
tively to survive. After specific attacker’s recognition, plants need to re-organize all
immune machinery to counteract the attack. The speed and intensity of the response
will determine the final output. As described above, at first, plants may use constitu-
tive defense barriers, and if those are not efficient enough, inducible defenses are
activated to defeat pathogens and pests. To mount an efficient response, plants need
to sense “the non-self”. Different stimuli can prepare plants to gain these inducible
defenses and set plants’ immunity in a manner that they can respond in a shorter time
and more efficiently to pathogen/pest attack [45, 46] (Fig. 1.2). Upon perception of
appropriate stimuli (‘sense of danger’) different physiological and molecular
changes, timely and quantitatively, prepare defenses for future attacks, resulting in
incompatible interactions. Those changes taking place between the sensing of the
stimuli and the presence of the challenge are known as the ‘priming state’ [46]
(Fig. 1.2). During this phase, the plant adapts its immune responses by learning from
experience.

Distinct stimuli may trigger the priming state, like beneficial organisms, arthro-
pods, pathogens, and avirulent bacteria, as well as chemical compounds or even
abiotic cues that may stimulate the production of active compounds. A silent time-
frame comes until the challenge shows up (the ‘priming phase’). Hence, when the
plant is exposed to a subsequent stress, it is sensitized to respond faster and with
higher intensity, and this is the so-called ‘post-challenge primed state’. In this phase,
there is an enhancement in the response following perception of danger and signal
transduction. For example, sour orange citrus displays constitutive priming against
the two-spotted spider mite Tetranychus urticae due to a high level of flavonoids and
a faster activation of the oxylipin pathway [47].

Among the different stimuli, there are genes that confer constitutive priming. For
instance, a mutation in the gene NRT2. 1 that functions as a transceptor in Arabidopsis
confers constitutive priming against the pathogen Pseudomonas syringae pv tomato
DC3000 [48]. The knockdown of NRT2.1 allows a lower sensitivity to the toxin
coronatine, preventing the plant from the effector manipulation. Another example of
constitutive priming in Arabidopsis is generated by the mutant edr! (ENHANCE
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Fig. 1.2 Intervals of action in priming defenses. Different stimuli in plants can produce a transient
and small response that tend to equilibrate afterwards. Priming inducers may range from biological
(MIR, beneficial microorganisms and arthropods, avirulent bacteria) to chemical (BABA, 13CA)
or genetic inputs (for example, downregulation of NRT2.1, OPC3 or EDR1). When plant defenses
2o to basal levels, a memory window lasts until the threat appears. This period is the so-called
‘priming phase’. Along this phase, different players have been described, such as changes in pri-
mary and secondary metabolism, although this is dependent on the interaction between the priming
inducer and the plant species. Then, after the attack of a pathogen/pest, the post-challenge primed
phase starts. At this stage, primed plants (dark continuous blue line) respond faster and stronger to
the challenge than non-primed plants (grey continuous line). Different mechanisms may orches-
trate and coordinate a horizontal response to overcome the infection/attack. The intensity of the
response in the long term depends on the interaction between plant -pathogen/pest- priming
inducer, and may be associated with changes in the chromatin and histone modifications. Stressful
memories can be transmitted to the offspring (transgenerational phase) through epigenetic modifi-
cations if the presence of the stress persists along time (blue dashed line corresponds to response
intensity of plants that are still primed and grey dashed line, to the ones that have not been primed
before). The dark blue squares show the names of the priming periods of priming and light blue
squares show the type of defense responses (“silent”, active responses or transgenerational)

DISEASE RESISTANCE]), also displaying priming of ROS and callose accumula-
tion in response to PAMPs [45], and thus being more resistant to P. syringae and
Hyaloperonospora arabidopsidis [49]. Additionally, the mutant edr! can also
express constitutively two MAPK kinases MPK3-MPKG6 that have been associated
to priming [50].

Lack of activity of other genes may also confer constitutive priming. This is the
case of the OVEREXPRESSOR OF CATIONIC PEROXIDASE 3 (OCP3), which
mediates the response to necrotrophic pathogens and tolerance to abiotic stress [51,
52]. Mechanisms behind OCP3 constitutive priming are the accumulation of ROS
and the activation of the kinase cascade in a controlled manner, in which a positive
interplay between ABA-JA and callose are key elements to mount defense priming.
Interestingly, the Arabidopsis mutant vtcl, which is impaired in the production of
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ascorbic acid, also shows constitutive priming of PR/ and SA [53]. Thus, these
genes may function as nodes that balance plant decisions relative to growth, abiotic
stress tolerance or resistance to biotic insults. Loss of function mutants of these
genes may be constitutively prepared for hyperactivation of defense responses with-
out costs in plant fitness.

1.3.1 Mechanisms Regulating the Priming Phase

Despite the pre-challenge phase has been described in the past as uneventful and
without fitness cost, now it is known to be associated with several molecular
changes. Subtle changes during that phase may be translated into fitness cost, that it
can be compensated by the final result when a threat appears [54]. A plant strategy
during this “silent” phase (Fig. 1.2) is the accumulation of hormone and metabolite
conjugates that will be hydrolysed to their active form upon a challenge. Following
certain priming stimuli such as B-aminobutyric acid (BABA) and avirulent bacteria,
the two main glycosylated forms of SA (SAG and SGE) are accumulated [55].
Other glucose conjugates of phytoanticipins also accumulate at this stage, such as
the aliphatic and indolic glucosinolates [56] or benzoxazinoids [45], which are
sequestered in the vacuole allowing their faster release upon pathogen/herbi-
vore attack.

An open debate is whether changes and induced resistance by beneficial organ-
isms may be mediated by defense priming [54] (TIPS). Among them, Arbuscular
Mycorrhizal Fungi (AMF) were shown to protect a wide range spectrum of plant
species against pathogen insults [57]. Reasonably, since AMF symbiosis and inter-
actions with beneficial microorganisms take place before the challenge, there are
obvious metabolic changes in the symbiont. Mycorrhiza-Induced Resistance (MIR)
is a particular defense priming since in the priming phase, there is a whole molecu-
lar and metabolic dialogue between the plant and AMF leading to the symbiosis. In
fact, priming during MIR is under consideration since it may be tissue dependent.
MIR is effective against several root and foliar pathogens and current studies aim to
elucidate the changes in the priming phase related to MIR.

Since carbon-rich compounds, amino acids and lipids are the main metabolites
exchanged between AMF and the host plant, AM symbiosis is expected to impact
primary metabolism. Several metabolites related to carbon metabolism were accu-
mulated in AM-Lotus japonicusplants before challenge [58]. Tomato plants colo-
nized by Rhizoglomus irregularis (formerly Glomus intraradices) showed enhanced
OPDA content and up-regulation of LOX-D gene expression level in the priming
phase [59]. Changes in the pre-challenge priming state usually targets the primary
metabolism, such as sugar and amino acid pathways, not only in AM priming but
also with other priming stimuli. Using qPCR and mutant approaches, an ABA-
dependent regulation of starch degradation after BABA and I3CA priming was
shown [60], and the sugar-derivative glycerol-3-phosphate has been reported as a
key signal in the azelaic acid-induced systemic immunity and priming [61].
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Amino acids are the precursors of many secondary metabolites that can partici-
pate in the subsequent defense responses. Pastor et al. [62] reported changes in
Arabidopsis primary metabolism, mainly in tricarboxylic acid (TCA) metabolites
such as citrate, fumarate, malate and 2-oxoglutarate as well as an enhanced bio-
synthesis of phenylpropanoid pathway following BABA priming before chal-
lenge. In the same study, authors compared changes occurring after BABA and
P. syringae pv tomato (PstAVRpt2) priming treatment and found that pathways
that were up-regulated after BABA priming were repressed after PstAVRpt2 treat-
ment. BABA is a water-soluble chemical compound that is rapidly distributed
throughout the plant while the bacteria use the plant sensing mechanisms to coor-
dinate the interaction between themselves and the plant. The different responses
to these two priming stimuli recorded by the authors, highlighted that not only
plant species but also the nature of the stimulus is important for the priming
response. Hence, priming is a horizontal phenomenon that triggers multiple meta-
bolic pathways shortly after infection/attack, resulting in enhanced defensive
responses.

1.3.2 Mechanisms Regulating Post-Challenge Primed State:
Internal and External Strategies

The spatiotemporal input of priming has been recently revisited as the ‘internal’ and
‘external’ strategies of plant defense [63]. As part of the internal plant defense
responses, priming is a mechanism regulating the boosted defense reaction upon
challenge along with systemic acquired resistance [46]. This internal response in
primed plants, the so called ‘post-challenge primed state’, ranges from hours after
challenge to longer period, which may also be extended to the progeny [46, 64, 65]
(Fig.1.2). This transgenerational, epigenetically regulated defense priming may be
fixed along evolution terms by genetic adaptations, leading to ETI. Conversely,
defense priming regulates boosted responses during the external strategies that are
based, on the one hand, on interactions with microbes at the root or shoot level that
trigger the well-known induced systemic resistance [46, 66] (ISR) and, on the other
hand, on recruitment of natural enemies, the so-called ‘induced indirect defense’.
During herbivory, VOCs are released within the first few hours after attack and
attraction of natural enemies takes place at shorter term [67]. In a longer term, prim-
ing by beneficial microbes leads to the formation of disease-suppressive microbi-
omes [68, 69] that may protect plants through antibiosis, competition and induced
resistance [70-72].

As regards internal strategies, several mechanisms were shown to be involved
during the post-challenge priming state (Fig. 1.2). One of the first responses of
primed plants after PAMPs perception is stronger production of H,O,, preceding an
earlier and stronger callose accumulation [45]. Surprisingly, primed plants that are
effectively protected by this battery of early responses do not trigger, or even down
regulate, subsequent immune responses [73]. When the activation of subsequent
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defensive layers is required, in addition to the biosynthesis of phytohormones that
is costly and takes longer time, primed plants were also shown to target signaling
cascades in a non-costly manner as a fast and strong immune response. For exam-
ple, priming activates a subset of glycosyl hydrolases releasing active forms from
inactive glycosylated hormones [48, 55, 74] while, Beckers et al. [75] defined an
enhanced accumulation of non-active MPK3 and MPKG6 in primed plants that were
rapidly phosphorylated once the challenge was present triggering much faster PR/,
PAL gene transcription and other SA-dependent responses. The accumulation of a
specific set of secondary metabolites defined as the ‘priming fingerprint’ is
described as one of the latest short-term responses of primed plants [76]. Primed
defenses are defined as a horizontal plant response that is dependent on the plant-
stress interaction. The range of mechanisms implicated in the long-lasting defense
response entails an effort from the scientific community, and different laboratories
are tackling the basis of mechanisms behind epigenetic changes and transmission
of priming defenses to the offspring, against biotic and abiotic stress. Nevertheless,
still further research is needed to gain knowledge in this area from the molecular
level to higher scale for practical use in agriculture.

1.3.3 Transgenerational Priming State

As time following the ‘post-challenge priming state’ progresses, the direct,
hormonal-regulated immune responses decay in intensity and epigenetic mecha-
nisms start being more relevant [45, 46] (Fig. 1.2). One of the first reports describ-
ing chromatin remodeling as a long-term priming and SAR was proposed by
Jaskiewicz et al. [77]. SAR-related priming was associated with relaxed density of
the chromatin that increased methylation and acetylation of histones packing
WRKY promoters. This histone modification leads to a faster gene transcription
following a pathogen or herbivore attack and a subsequent faster and more efficient
defense response. Following this pioneer publication, shortly after, increasing evi-
dence of DNA methylation associated with heterochromatin [78] was shown to be
involved in long-term priming [79]. In this latter work, the primed expression of
WRKY and SA-dependent genes was regulated via the RNA-directed DNA meth-
ylation pathway. Later, transgenerational priming and SAR-associated priming
were shown to be regulated in the progeny of primed plants by epigenetic changes
[80, 81]. Noteworthy, transgenerational priming is not only functional in
SA-dependent immune responses but also in JA-dependent defenses against insect
attacks [82].
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1.3.4 Induced Indirect Resistance

The so-called ‘external strategies’ of plants are long been known. The study of
beneficial insects that are attracted by plants following herbivory can be useful in
Integrated Pest Management (IPM) programs. Plants in response to HAMPs release
HIPVs that improve the recruitment of beneficial arthropods [67, 83]. Importantly,
external strategies of plants can be enhanced via priming, for example, when plants
are exposed to appropriate stimuli. In fact, several interesting studies in phyloge-
netically distant plant species such as maize and citrus show similar outputs when
susceptible plants are exposed to VOCs [84, 85]. Maize plants exposed to VOCs
released by plants treated by caterpillar regurgitant were more efficient to mount
effective defenses against Spodoptera littoralis [84]. In addition, maize plants
primed with VOCs were more attractive to the parasitic wasp Cotesia marginiven-
tris while control plants and plants only treated with VOCs did not result in a sig-
nificant attraction. Similarly, mite-susceptible citrus genotypes can express
resistance after priming by VOCs released by resistant citrus attacked by the spider
mite 7. urticae. VOCs-mediated priming results in enhanced resistance against spi-
der mites and priming of JA-dependent responses [85]. Thus, priming against her-
bivores, either by stimulating direct (internal) or indirect (external) defenses, is
another example of adaptive immune responses of plants [86, 87]. Notably, plants
are not only able to be attractive to aboveground beneficial arthropods but also to
beneficial microbes present in the rhizosphere [88]. It is well-known that plants
exposed to phosphorous deficiency are more attractive to mycorrhizal fungi by the
release of strigolactones at the very early stages of the mycorrhizal symbiosis,
which at a later stage ends up in MIR that is also mediated via priming [57, 59].

1.4 RNA Interference in Plant Defense

In addition to the aforementioned strategies, plants have developed a powerful
nucleotide sequence-specific defense mechanism based on RNA interference
(RNAI). RNAI is triggered by double stranded RNA (dsRNA) molecules that are
cleaved by DICER-LIKE (DCL) endonucleases into by 20-25-nt small RNA
(sRNA) duplexes [89, 90]. One of the two strands of the occurring SRNA duplex
associate with ARGONAUTE (AGO) effectors proteins and recognize (1) comple-
mentary mRNA for degradation or translational inhibition and (2) cognate DNA for
methylation and heterochromatinization [91, 92]. In plants, a plethora of sSRNAs
regulate development, control genome stability, fine-tune epigenome plasticity,
tame transposon activity and mediate pathogen defense [93-96]. Concerning the
latter aspect, plant viruses having RNA or DNA genome generate through replica-
tion or transcription dsRNA intermediates which are processed by plant DCLs into
sRNAs that target the viral RNA genome for degradation and viral DNA genome for
methylation [97, 98]. Indeed, it has been proposed that RNAi mechanism in plants
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has evolved as a major antiviral defense mechanism [93, 99]. Recently, it has been
suggested that RNAI is also involved in antifungal defense, since plants send SRNAs
into fungal pathogens in order to target essential fungal genes, as cotton does against
Verticillium dahliae, Arabidopsis against Botrytis cinerea and wheat against
Fusarium graminearum [100-102].

The tremendous gene silencing potential of RNAi has not skipped the attention
of plant biotechnologists. During the last two decades, plant scientists have trans-
formed a plethora of plants expressing dsRNAs against various viruses, fungi,
oomycetes, insects, mites and nematodes, all resulting in very high levels of plant
defense against each corresponding target [98, 103—108]. Common denominator in
all these approaches was the use of a transgene consisting of an invertedly repeated
cDNA that, upon transcription, would generate dSRNA molecules that would trig-
ger RNAI against the selected target. However, since the use of transgenes, trans-
genic plants and genetically modified organisms (GMOs) in general have been met
with considerable public and scientific concern, plant biologists have lately resorted
to GMO-free RNAi approaches by simply exogenously applying dsRNAs and
sRNAs inplants against various pests and pathogens using methods such as high-
pressure spraying and trunk injection [109-111] (Fig. 1.3). RNAi-based biopesti-
cides, consisting solely of dsRNA and/or sRNA molecules, could exhibit an
extremely specific mode of action since they require only 21 nt homology with their
target, thus aiming specific regions of specific genes in specific species, practically
eliminating undesired off-target effects. Importantly, according to the 40th annual
meeting of the Toxicology Forum, the exogenous application of RNA molecules
pose no threat to human health even when present in diet [107]. Not surprisingly,
the non-GMO, non-toxic and highly specific character of RNA-based tools has ren-
dered them a vital importance in modern crop protection platforms [112, 113].

1.5 Exploiting Biological and Molecular Tools
in Plant Defense

1.5.1 RNA-based Strategies Against Viruses, Viroids, Fungi
and Insects

Viruses cause epidemics on almost all agronomical important crops, posing a seri-
ous threat to global food security and being responsible for yield losses roughly
estimated to cost worldwide more than 30 billion USD annually [114]. Most plant
viruses exhibit a single stranded RNA genome and replicate in plant cell cytoplasm
through dsRNA intermediates, thus serving as targets for host RNAi machinery.
Hence, a well-established strategy involves pre-treating of plants with dsRNAs/
sRNAs designed to target specific viral regions (e.g. coat or movement protein) in
order to resist imminent viral infection (Fig. 1.3). Indeed, leaf spraying and/or
mechanical inoculation of RNAi molecules targeting viral sequences resulted in
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Fig. 1.3 Transgene-free RNA-based molecular control tools in plant defense involve the exogenous
application of in vitro and/or in vivo transcribed dsRNA molecules in plants with the objective to
trigger RNAI against (1) plant/weed genes, (2) viruses/viroids, (3) fungi/oomycetes and (4) insects/
mites. In cases (1) and (2), the exogenously applied dsRNA needs to be efficiently taken up by the
plant cell in order to be processed by plant DCLs into siRNAs that will target for degradation the
corresponding transcripts in the cytoplasm. To achieve efficient delivery inside the plant cell, the
dsRNA needs to be applied by high-pressure spraying which allows the mechanical disruption of
the plant cell wall. In cases (3) and (4), the exogenously applied dsRNA is supposed to trigger RNAi
not inside the plant cell but inside the fungal and/or insect cell. To increase RNAI efficiency inside
the fungal and insect cells, the applied dsRNA needs to avoid processing by plant DCLs and,
instead, be processed solely by the fungal or insect Dicers into siRNAs which will target the corre-
sponding fungal or insect mRNAs for degradation. To achieve this, the exogenous dsRNA needs to
be applied by trunk injection and/or petiole absorption, since by these two methods the dsRNA is
transported exclusively through the plant xylem and apoplast (where no plant DCLs are present) to
distant tissues and are thus accessible to be taken up by the plant tissue-penetrating fungi and by the
chewing and/or xylem sap-feeding insects. However, trunk injection and petiole uptake are not suit-
able in the case of phloem-sap feeding insects (e.g. aphids) since in that case the xylem-residing
dsRNA would be inaccessible to them. In the latter case, high pressure spraying of dsSRNA would
be more advisable, since it allows the symplastic delivery of RNA molecules to systemic tissues.
Image adopted by permission from Dalakouras et al. [110]. Copyright American Society of Plant
Biologists

significant viral resistance (1) in N. benthamiana (against Pepper Mild Mottle Virus,
Tobacco Etch Virus, Alfalfa Mosaic Virus, Tobacco Mosaic Virus), (2) in N. taba-
cum (against Tobacco Mosaic Virus, Potato Virus Y, Cucumber Mosaic Virus), (3) in
Cucumis sativus (against Zucchini Yellow Mosaic Virus), (4) in Vigna unguiculate
(against Bean Common Mosaic Virus), (5) in Zea mays (against Sugarcane Mosaic
Virus), (6) in Carica papaya (against Papaya Ringspot Virus) and (7) in Pisum sati-
vum (against Pea Seed-borne Mosaic Virus) [115-124]. Closely related to viruses
are viroids which are non-encapsidated, non-coding, circular, single stranded RNA
pathogens [125]. Similar to antiviral applications, mechanical inoculation in
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Solanum lycopersicum, Gynura aurantiaca and Dendranthema grandiflora leaves
of dsRNAs targeting regions of potato spindle tuber viroid, citrus exocortis viroid
and chrysanthemum chlorotic mottle viroid, respectively, resulted in considerable
resistance of these plants to the corresponding viroids [126].

Fungal pathogens are responsible for devastating crop diseases worldwide.
According to a Molecular Plant Pathology survey, the ‘top 10” fungal plant patho-
gens list includes, in rank order, Magnaporthe oryzae, Botrytis cinerea, Puccinia
spp., Fusarium graminearum, Fusarium oxysporum, Blumeria graminis,
Mycosphaerella graminicola, Colletotrichum spp., Ustilago maydis and Melampsora
lini [127]. Tt is thus of utmost importance that novel, sustainable-but-effective tools
are developed against these pathogens. RNA-based approaches could play here a
foremost role as well (Fig.1.3). However, as precondition, it needs to be ascertained
that the target-fungus under consideration contains an active RNAi machinery;
notably, Saccharomyces cerevisiae and Ustilago maydis lack RNAi components and
thus cannot serve as targets for RNA-based approaches [128]. Nevertheless, most
fungi do encode DCLs and AGOs and even RNA-dependent RNA polymerases and
are thus susceptible to RNAi. Indeed, exogenous application of RNAi molecules in
(1) Hordeum vulgare (against Fusarium graminearum), (2) Triticum aestivum
(against Fusarium asiaticum), (3) S. lycopersicum (against B. cinerea) and (4)
Brassica napus (against Sclerotinia sclerotum) compromised fungal infection in
these plants [129-132].

But perhaps the most important implications of exogenous RNAI reside in insect
management (Fig. 1.3). Similar to antifungal approaches, the applied RNA needs to
be delivered inside the insect cell. Yet, this is not as straightforward as it may seem.
The uptaken (by the insect) RNA needs to survive the salivary nucleases in the mid-
gut and haemolymph, absorbed by epithelial cells and systemically spread in order
to trigger homogeneous RNAI of an essential gene throughout the insect body. Yet,
despite these negative prospects, such a task is indeed feasible. Thus, (1) when
dsRNA designed to target arginine kinase of Diaphorina citri, Bactericera cocker-
elli and Homalodisca vitripennis was injected in the trunk of Citrus aurantifolia and
Vitis vinifera, it suppressed the corresponding pest populations [133]. Similarly,
pest mortality was observed when (2) SRNAs targeting the Plutella xylostella ace-
tylcholine esteraseweresprayed in Brassica oleracea; (3) dsRNA targeting the
Diabrotica virgifera vacuolar ATPase was applied in S. lycopersicum; (4) dSRNA
targeting Nilaparyata lugens P450 was root-absorbed by Oryza sativa roots; and (5)
dsRNA targeting the Tuta absoluta vacuolar ATPase was absorbed by S. lycopersi-
cum petioles [126, 134—137]. The prevailing assumption is that coleopterans are the
most susceptible to exogenously applied RNAi, while lepidopterans and hemipter-
ans are significantly resistant to it, seemingly because lepidopterans restrict the
absorbed dsRNA to endocytic compartments, and hemipterans inject nucleases into
the plant tissue before feeding [138]. However, the use of liposomes, chitosan
nanoparticles, cationic core-shell nanoparticles, and guanylated polymers promise
to significantly increase dsRNA stability in such applications [139, 140]. Overall,
RNA-based plant defense approaches are highly promising pest and pathogen
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control methods, complementary to plant resistance strategies, such as induced
defense and priming.

1.5.2 Priming-based Biological Control and Induced
Resistance: Applied Aspects

Knowledge on priming during the last 5-6 years has grown exponentially and many
published studies have paid attention to the mechanisms underlying this adaptive
immune response [46, 63, 141]. Most studies focus on model plant species covering
fundamental aspects of priming and, research in applied aspects of priming in com-
mon crops has received much less attention. Reasonably, since the availability of
molecular tools in common crops is less abundant, most research data of priming in
crops such as potato, wheat, barley, cowpea or citrus refer to yield improvement,
disease phenotypes or pest resistance and sometimes, hormonal or metabolic imbal-
ances during post-challenge primed state [46, 87, 142, 143].

Accordingly, our knowledge on the mechanisms underlying biocontrol priming
in crops is scarce. In many cases, the application of the triggering priming agent,
either a chemical or a beneficial organism, is reported not to display a benefit on
crop growth, until a disease infestation or insect attack. In barley, it was shown that
saccharin treatments did not increase plant growth, although primed plants increased
grain yield in the presence of the fungus Rhynchosporium secalis [144]. Seemingly,
plant colonization by AMF has rather variable outputs in terms of growth [145].
Despite these limitations, the low or non-existent benefits of priming sensing during
the priming phase counterweights the benefits following disease or insect attack.

In semi-field experiments, priming triggered by mycorrhizal symbiosis was
shown to be functional in potato against the herbivore Trichoplusia ni [142].
Although mycorrhization had no effects on potato growth, it effectively reduced
larval weight that may be explained by enhanced JA-dependent responses. In stud-
ies on priming in citrus trees, sour orange rootstock was found to display constitu-
tive priming against spider mites [47, 85]. Interestingly, rootstock resistance is
transmitted to the scion, therefore these findings can be applied to commercial vari-
eties to stimulate plant immunity in the field. Another unexplored field aspect is the
improvement of IPM strategies by using citrus plants that are more attractive to
natural enemies. Recently, it was shown that sour orange recruits more efficiently
the generalist predatory mite Euseius stipulatus that may improve the efficiency of
pest control in agriculture [146]. Priming has also been shown in a context of treat-
ments with natural extracts such as mint volatiles that were proven to confer
enhanced defenses in field trials on soybean against both the herbivore Spodoptera
litura and the fungus Phakopsora pachyrhizi [147]. Therefore, defense priming
known as ‘green vaccination” has been proposed as the perfect match to IPM strate-
gies which, following appropriate field experimentation, could be transferred to
applied science [148].
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1.5.3 Priming Induced by Beneficial Organisms

Beneficial microbes belonging to the rhizosphere are known to induce resistance
against a broad spectrum of pathogens and pests. Root-associated microorganisms
that colonize root surfaces, or those that may enter the host tissue, can also sensitize
plants against aboveground pathogens or pests systemically, via ISR [66, 149-151].
The rhizosphere contains the major part of the microbiota of plants, and part of the
microbial community is involved in plant growth stimulation via plant growth-pro-
moting microorganisms (PGPM) and in boosting the plant immune system thus,
impacting plant health [152—154]. Best known beneficial microorganisms include dif-
ferent phyla of the bacteria Actinobacteria, Proteobacteria and Firmicutes [152, 155]
and fungi, such as Ascomycota (Trichoderma sp.) and Glomeromycota (AMF)
[156-158].

The interaction of microorganisms in the rhizosphere with plant roots is plant-
microbe dependent [152]. The establishment of mutualistic symbiosis with mycor-
rhizal fungi is fine-tuned by the plant, which controls the recruitment and the
entrance of the fungi [159]. On the contrary, Trichoderma fungi exert nutrient com-
petition, or mycoparasitism in the rhizosphere [160]. Also, Trichoderma induce ISR
through volatile compounds in the shoots against pathogenic fungi, priming JA
responses [161]. The mechanisms behind this sort of induced resistance are
SA-independent. Instead, they use the JA/ET dependent signaling to combat aerial
attacks, with the overaccumulation of the AP2/ERF family of transcription factors
(TF), which has been demonstrated to participate in the regulation of ET/
JA-dependent defences [162]. The TF MYC?2 also plays an important role in ISR,
since it was discovered to bind in a common site found in ISR-primed genes in
Arabidopsis [163]. Experiments with myc2 mutants showed that Pseudomonas fluo-
rescens WCS417r and Piriformospora indica, two beneficial root-associated micro-
organisms inducing ISR, were unable to induce resistance against P. syringae and
H. parasitica, pointing to this TF as an essential element in ISR.

Additionally, certain Fusarium fungi may be useful for the biocontrol of soil-
borne microorganisms and herbivorous pests. For example, Fusarium solani strain
K (FsK) is a root-restricted endophytic fungal isolate that colonizes tomato roots
[164]. In tomato, FsK can confer ethylene-dependent resistance against fungal root
and foliar pathogens [164]. FsK-colonized plants were recently shown to be more
resistant to plant damage caused by the zoophytophagous predator Nesidiocoris
tenuis, possibly via the JA and/or ethylene signaling pathways [165] and to the two-
spotted spider mite, 7. urticae [166]. FsK-colonization of tomato plants was shown
to result in differential expression of defense-related genes as well as volatile emis-
sion in response to spider mite feeding. Notably, FsK colonized plants were more
attractive to Macrolophus pygmaeus, a natural enemy of spider mites [166]. In addi-
tion, certain strains of the soil-borne F. oxysporum were shown to be efficient in
controlling V. dahliae in eggplant through SA-dependent responses increasing the
expression of PRI [167]. The efficacy in protecting plants by this fungus has been
also shown in olive and pepper plants against V. dahliae and Phytophthora capsici,
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by the induction of PRI gene among others [168, 169]. Interestingly, the strain
F. oxysporum 47 (Fo47) could not protect these plants from foliar infection by
B. cinerea. Perhaps the induction of SA in plants colonized by Fo47 blocks other
defenses that influence other diseases. This fungus may act at several levels like the
production of VOCs, plant growth promotion, antibiosis and mycoparasitism in
vitro, induced resistance, also by competition at the root site [170].

Other beneficial microorganisms that are emerging as potential biocontrol agents,
are strains belonging to the Rhizobia genus. Traditionally, this genus has been con-
sidered an essential player in nitrogen fixation and uptake by the plant. Nevertheless,
evidence suggests additional roles in plant defense regarding root diseases.
Rhizobium bacteria can produce and release proteolytic enzymes and parasite fungi
in the rhizosphere such as pathogenic strains of F. oxysporum [171]. Also, Rhizobium
leguminosarum strain Rl was able to protect chickpea against the pathogen F. oxys-
porum f. sp. ciceris (Foc) [172]. This protection is also present against other micro-
organisms (bacteria, viruses) and nematodes, via ISR [173]. Additional responses
like emissions of antimicrobial VOCs, siderophore production, competition and
changes in volatile plant compounds are also contributing to plant defense by
Rhizobium [173].

Besides beneficial soil microbes, zoophytophagous predators such as the mirids
M. pygmaeus, N. tenuis and Orius laevigatus have been shown to induce plant
defenses against herbivorous pests via their phytophagy [83, 174-178]. Exposing
plants to M. pygmaeus negatively affected the performance of the two spotted spider
mite 7. urticae in tomato and the western flower thrips Frankliniella occidentalis in
pepper [174, 175, 178]. These negative effects against pests were attributed to the
increased accumulation of transcripts and the activity of proteinase inhibitors (PI) in
the mirid-exposed tomato plants [175], and to the activation of the JA-related
responses in pepper plants [178]. Furthermore, tomato and pepper plants exposed to
N. tenuiswerefound to be more attractive to predator conspecifics [179] and to the
parasitoid Encarsia formosa, a biological control agent of whiteflies [176]. This
indirect plant defense response was related to changes in the volatile blend released
by the mirid-exposed plants, via the activation of ABA and JA signaling pathways
[176]. Notably, mirid-induced plants were shown to be less attractive to key pests
such as the tomato leaf miner 7. absoluta, the whitefly Bemisia tabaci, the western
flower thrips F. occidentalisand the two-spotted spider mite T urticae [83, 176, 177,
180, 181]. Overall, the above studies suggest that zoophytophagous predators may
serve as ‘plant vaccination agents’ at the early stages of the establishment of a crop
directly affecting herbivores via predation and indirectly, via the induction of direct
and indirect plant defense responses, eventually enhancing their overall biocontrol
efficiency [174, 182].

Interestingly, zoophytophagous predators have been recently shown to positively
interact with beneficial soil microbes to the benefit of their host plant. The coloniza-
tion of tomato plants with a root restricted endophyte, the non-pathogenic stain FsK
was shown to result in reduced feeding symptoms (necrotic rings on leaves and
stems) by the zoophytophagous predator N. fenuis possibly via the upregulation of
the ethylene and JA pathways [165], and to alter volatile blend emission by tomato
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plants and enhance their attractiveness to M. pygmaeus [166]. Similarly, M. pyg-
maeus population growth was enhanced on tomato plants colonized by Trichoderma
longibrachiatum that were also more attractive to conspecifics [183], and similar
results were obtained for the AMF Rhizophagus irregularis [184]. Finally, inocula-
tion of tomato plants with Fusarium oxysporum Fol62 was shown to enhance the
efficiency of M. pygmaeus to control T. vaporariorum, possibly due to a shift in the
feeding preference of the predator from plant- towards prey consumption [185].
Taken together, zoophytophagous predators engage in complex interactions with
plants also involving beneficial soil microbes and the manipulation of innate plant
defense responses. The outcomes of such interactions are currently shown to be
positive in terms of plant protection. Further studies are required to understand
underlying mechanisms and estimate field efficiency to be able to propose biocon-
trol strategies and management schemes involving zoophytophagous predators and
microbe-inoculation in agricultural settings.

1.5.4 Chemical Priming

Most of chemical priming inducers are natural compounds isolated from challenged
plants, or compounds mimicking the structures of natural immune inducers. They
do not have in vitro antimicrobial activity, and target the main defense-related phy-
tohormone pathways. The first chemical inducers of priming studied were SA and
synthetic SA analogues such as 2,6-dichloroisonicotinic acid (INA) and
thiadiazole-7-carbothioic acid (BTH). Both were shown to prime parsley cells to
resist Phytophtora sojae [186]. Accumulation of SA is a common trait in SAR and
mediates the activation of a set of pathogenesis-related (PR) genes. Mono- and di-
chloro substituted SA and fluoro-SA derivatives were found to induce PR proteins
in tobacco against TMV infection [187, 188]. While SA regulates defense against
biotrophic pathogens, JA and MeJA control mainly the immune responses against
necrotrophic pathogens and herbivores. JA and several synthetic JA mimics have
been shown to induce priming by activating JA signaling and defense responses in
different plant species (reviewed by Zhou and Wang [189]). In most cases, when
phytohormone analogues are used as priming agents, it is concentration that deter-
mines whether priming or direct defenses are displayed by the plant [49].

Besides the main phytohormones and their analogues, several chemical com-
pounds such as BABA and Indol-3-carboxylic acid (I3CA) are known to prime the
plants to cope with environmental and biotic stresses [190, 191]. Among these
chemical inducers, BABA-IR has the widest protection spectrum; it has been shown
to protect about forty plant species including mono- and dicotyledonous against
several pathogens and pests, including viruses, Protista, bacteria, oomycetes, fungi
and arthropods being effective in a wide range of applications (foliar spray, soil
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drench etc.) [192]. Importantly, there are indications that BABA-mediated priming
can reduce herbivores (aphids) growth without displaying direct negative effects on
their parasitoids [193]. BABA-IR acts by potentiating defense mechanisms depend-
ing on the pathosystem [194]. Defense against Plectosphaerella cucumerina is
mounted through an ABA-dependent signaling that contributes to callose accumula-
tion, whilst defense priming against P. syringae pv tomato (Pst) is mediated by
SA-dependent responses. Despite BABA-IR is known for almost 60 years now, it
was only a few years ago when the receptor and the perception mechanism for
BABA-IR was identified, being the Impaired in BABA-induced Immunity 1 (IBII)
gene which encodes for an aspartyl-tRNA synthetase [195, 196]. A recent study has
also identified BABA as an endogenous metabolite present in several plant species
[197]. Studying the BABA-IR in Arabidopsis against P. cucumerina, Gamir et al.
[191] described for the first time a common fingerprint of various priming stimulus
within specific plant-pathogen interactions. In this study, I3CA was identified as
one of the metabolites mediating BABA-IR. Further studies showed that I3CA was
also capable to act as priming stimulus in Arabidopsis upon P. cucumerina by
increasing ABA levels in the pre-challenge stage and enhancing callose deposition
upon infection [60]. In addition, a series of secondary metabolites that were shown
to mediate priming, can trigger defense priming on themselves, as is the case for
pipecolic acid, dehydroabietal, imprimatins, azelaic acid and glycerol-3-phosphate
among others [46].

Another class of chemical inducers are those that prime cells without targeting
metabolism or a specific signaling pathway; this is the case of silicon as priming
agent. Silicon does not react within the cell and its action is mainly based on its
deposition within or between the cells, in the cell wall or as phytoliths [198]. Plants
obtain Si as silicic acid (Si(OH),) from the soil and deposit it as silica which helps
to construct mechanical barriers (phytoliths) and abrasive structures (Si-fortified
leaf trichomes) to prevent insect feeding [199]. When Spodoptera exempta was fed
on Si-treated grass they showed reduced insect growth rates and irreversible wear
down of their mouthparts [200]; however, the exact mechanisms for Si-IR remain
controversial. In addition to the physical benefits of silicon, systemic defense
responses were recently shown to be stimulated following Si treatments (reviewed
by Coskun et al. [201]). Perennial ryegrass grown in Si-amended soil showed
increased papillae deposition and lignin-associated phenolic compounds against
M. oryzae leading to a reduction of disease incidence and severity [202]. In addi-
tion, certain defense-related enzymes such as peroxidases (POX), phenylalanine
ammonia-lyase (PAL) and polyphenol oxidase (POD) were increased in Si-treated
rice (O. sativa) upon Cnaphalocrocis medinalis attack [203]. Hence, the current
understanding of fundamental and mechanistic aspects of priming generate enough
knowledge to design new sustainable technological tools that may be complemen-
tary to IPM improving the efficiency of crop protection.
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1.6 Endophytic Fungi in Plant Defense

1.6.1 Endophytic Fungi Mediating ISR

Endophytic microorganisms occur ubiquitously in plants, where they spend part of
(facultative endophytes) or all (obligate endophytes) their life-cycle, without caus-
ing any signs of disease [204]. Endophytes colonize all plant organs, generally the
inter- and intracellular spaces of their inner tissues [204]. They may derive from the
surrounding environment, such as the rhizosphere and phyllosphere, but also from
vegetative planting material or from seeds [205]. Endophytic communities are very
diverse and their composition is influenced by a broad spectrum of factors, such as
host genetics [206], geographic location [207], local environmental conditions
[208], pathogen infections [209] and anthropogenic influence [210]. The capacity of
endophytes to confer resistance or tolerance to the host plant is largely attributed to
endophytic production of bioactive metabolites in colonized plants. These com-
pounds may suppress biotic stressors either directly, by antibiosis, parasitism and
competition, or indirectly via the induction of plant defenses [211]. These mecha-
nisms frequently operate simultaneously. Some of the compounds that inhibit biotic
stressors directly include defense metabolites (e.g., terpenoids, alkaloids and poly-
peptides), volatile organic compounds (e.g., acids, alcohols, alkyl pyrones, ammo-
nia, esters, hydrogen cyanide, and ketones), iron-chelating compounds (e.g.,
siderophore), quorum sensing inhibitors and hydrolytic enzymes [212-215].

Elicitation of ISR by endophytes has been reported to be important to fight an
array of pathogens, including fungi [216-219], bacteria [220, 221], oomycetes
[222] and recently, arthropods [149—151]. Some of the most important endophytes
found toinduce ISR in crop plants include fungi belonging to the genera Trichoderma,
Penicillium, Fusarium and Phoma, and bacteria of the genera Pseudomonas and
Bacillus [223-225].

Knowledge on cellular, molecular, and biochemical defense responses activated
by endophytes against pathogens or pests is so far limited. The few studies per-
formed suggest that endophytes activate ISR response via their contact with the
plant receptor (i.e., PRRs) in the same manner as pathogens, but differ in the induc-
tion of defense responses [226, 227]. Elicitors involved in ISR triggered by endo-
phytes are not so well characterized as compared to pathogens. Endophytic elicitors
identified so far are common among all microbes and include endophytic-cell com-
ponents, such as chitin or chitin derivative (e.g., chitosan), f-glucans, ergosterol and
flagellin, as well as proteins (e.g., cerato-platanins), peptides (e.g., peptaibols, elici-
tins), lipopolysaccharides and enzymes (e.g., xylanases, proteinases and cellulases)
secreted by endophytes [224, 228-230].

Increasing evidence suggests that endophytes defend themselves from plant
defense mechanisms. Endophytes can, for instance, prevent themselves from being
recognized by plant receptors [231] or succeed in being perceived in a different way
as compared to pathogens [232], and can also protect themselves from ROS gener-
ated by the plant as a defense response [233]. Upon recognition of the endophyte by
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the plant, a set of signal molecules are generated to induce and amplify out the
defense response at long distance. JA and ET are known to be the major signal mol-
ecules involved in systemic defense responses of plants mediated by endophytes
[162, 234, 235]. Despite the common association of SA with SAR, this plant hor-
mone was also shown to induce systemic responses, activated by endophytes [66,
236]. However, in a pathosystem involving F. oxysporum Fo47, against Fusarium
wilt disease in tomato, induced resistance triggered upon endophytic colonization
was demonstrated to be independent of the SA/JA/ET pathways [237]. These con-
tradictory results open several questions related with the necessity of phytohor-
mones to induce endophyte-mediated resistance and the classification of induced
resistance response as ISR or SAR. Defense responses can include strengthening of
structural barriers by callose accumulation, generation of ROS, synthesis of patho-
genesis-related (PR) proteins (which have a recognition role in defense and stress as
well as antimicrobial activity), production of defense-related enzymes (e.g., peroxi-
dases, polyphenol oxidases, phenylalanine ammonia-lyase), anti-microbial metabo-
lites (e.g. phenolic and flavonoid compounds) and proteins that inhibit pathogen
growth, along with the increased anti-oxidant capacity of the host [217-220, 236].

1.6.2 Endophytic Entomopathogenic Fungi
as Biocontrol Agents

Endophytic entomopathogenic fungi (EEPF) are naturally occurring soil microbes
[238] which show similar characteristics to the non-clavicipitaceous (class III)
endophytic fungi [239]. Among these traits are their occurrence primarily or exclu-
sively on foliar tissues, their horizontal transmission (via airborne spores) and high
diversity of host range [239-241]. EEPF are classified in two groups, the generalist
facultative insect pathogens (mainly Hypocreales species) that inspire a broad
research interest, and the host-specific obligate pathogens (Entomophthorales and a
small number of Hypocreales species) with a narrow host spectrum [242].

The dual ability of EEPF to establish themselves as both endophytes and ento-
mopathogens [243] provide a successful crop protection method in a sustainable
agriculture context. Studies on EEPF carried out some decades ago report Beauveria
bassiana [244], Metarhizium anisopliae [245], Verticillium (=Lecanicillium) leca-
nii [246], Paecilomyces farinosus (Holmsk.) (=Isaria farinosa) [247], Paecilomyces
sp. [248], Paecilomyces varioti [249], Cladosporium [250], and Purpureocillium
lilacinum (formerlyPaecilomyces lilacinus) [251] as pathogenic agents against
thrips, aphids, whiteflies, mosquitoes, fruit flies, mites and other arthropods and
plant parasitic nematodes [252]. Because of their peculiar life-style (i.e. symptom-
less endophytes of plants and infectious to herbivorous insects), EEPF have received
much attention recently as promising biological control agents [253-255]. However,
the mechanisms underlying their interactions with plants and pests remain poorly
understood while their insect-killing capabilities have prompted many studies on
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the basis of their biotechnological potential [240]. Notably, latest research has
focused on the role of EEPF in secondary metabolites production as well as their
ability to promote plant growth and enhance resistance [256].

ISR has been demonstrated for diverse EEPF. Perhaps, the most striking example
is the genus Beauveria (particularly the species bassiana), which accounts for the
67% of EEPF studied [240]. Inoculation of cultivated cotton seeds with B. bassiana
conidia resulted in lower survival and development of the corn earworm Helicoverpa
zea [257]. Likewise, Rachiplusia nu larvae consumption on colonized corn plants
with B. bassiana was reduced [258]. Against Aphis gossypii, inoculation of cotton
seeds had a negative effect on reproduction with an increased mortality after suc-
cessful establishment of B. bassiana [259]. Beauveria bassiana was also used as an
endophyte against the leaf miner Liriomyza huidobrensis resulting in reduced ovi-
position, mortality, longevity and adult emergence [260]. These authors further con-
firmed that colonization is species-specific, depending on the host plant, the fungal
isolate and plant part. Assessing the effect of B. bassiana on the growth of
Arabidopsis thaliana and its resistance against two herbivorous species (Myzus per-
sicae and P. xylostella) and a facultative parasitic Ascomycete fungus (Sclerotinia
sclerotiorum), Raad et al. [261] found a decreased leaf lesion area caused by the
pathogen. Nonetheless, population growth of M. persicae or P. xylostella was not
affected. A deeper transcriptomic, phytohormone and glucosinolate analysis showed
that the expression of genes involved in plant defense varied; conversely, JA and SA
levels as well as those of leaf glucosinolates remained unchanged. This was again a
confirmation for the species-specificity of the induced defense mechanism.
Beauveria bassiana can also act against bacteria by lowering the severity of
Xanthomonas bacterial blight [262], and also confer resistance against the Zucchini
Yellow Mosaic Virus (ZYMV) in colonized squash plants [263]. The latter was the
first report on B. bassiana being involved in plant defense against viruses followed
by other reports such as ISR against melon viruses [264]. Several other studies were
carried out with other EEPF such as Metarhizium species (acridum, robertsii, aniso-
pliae, brunneum, pingshaense), Purpureocilium lilacinum, Isaria fumosorosea,
Clonostachys rosea and Lecanicillium lecanil that showed successful endophytism
in different host plants and plant parts, with induction of systemic resistance [240].

Direct effects of EEPF on plant biotic stressors are attributed to mycoparasitism,
competition with other endophytes or the production of secondary metabolites.
Mycoparasitism is defined as an antagonistic interaction between two fungal organ-
isms by the production of extracellular enzymes such as chitinases, cellulases and
glucanases by the parasite to digest the host cell wall [265]. It has been described in
depth for Trichoderma spp. [266, 267] and Lecanicillium spp. [213, 268] under
laboratory conditions. Likewise, Griffin [269] showed an ability of B. bassiana to
parasite the fungus Pythium myriotylum, a serious pathogen of many crops.
Competition for space and resources can occur between EEPF and pathogens thus
conferring protection and reducing the probability of colonization by pathogens
[243]. In the case of initial colonization by EEPF, resources are expected to be
exhausted, limiting nutrient availability for the pathogen. Consequently, the disease
is expected to be suppressed [270] as for example, with B. bassiana inoculated to
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grapevine that was shown to control the infection by the pathogen Plasmopara viti-
colavia an antagonistic effect.

Antibiosis and feeding deterrence are non-entomopathogenic mechanisms of
EEPF [240, 260, 271, 272]. They are well known to be sources of secondary
metabolites that exert inhibitory effects on pests and pathogens. Beauvericine
[273, 274], oosporein [275, 276] and bassianolide [277] are toxic secondary
metabolites produced by Beauveria spp. These metabolites pose insecticidal, anti-
bacterial, antifungal and antiviral activities [278]. Most of the work carried out has
demonstrated the secretion of these metabolites in vitro; however, their production
in planta is not evidenced since production may be temporary or degrading rapidly
[272]. Our knowledge of the mechanisms of action of EEPF as entomopathogens
and as plant growth promoters is well advanced during this last decade. However,
there is still a lot to investigate in particular the relationship between EEPF and
their plant hosts with the community of symbionts they harbour.

1.7 Aspects of Commercial Application

Compared to conventional agrochemicals, RNA molecules (dsSRNAs, sSRNAs) seem
to win the race in terms of environmental considerations and risk assessment. RNAi
molecules are not toxic to humans even when present in their diet [107]. Moreover,
their mode of action is extremely specific, since it is based on a nucleotidic comple-
mentarity of 20-25 bases with their target. Thus, off-target effects are practically
minimized. Concerning cost issues, a rough estimation has suggested that for field-
scale application of RNA molecules against pests and pathogens 10 g of dsSRNA per
hectare is required [279]. For laboratory experiments limited amounts of dsSRNA
may be generated by the commercially available in vitro transcription kits (average
cost 100 USD per 1 g of dsRNA). Yet, for field-scale applications alternative dsSRNA
production systems need to be sought for, such as the one provided by RNAagri
(https://www.rnagri.com/) and AgroRNA (www.agrorna.com) wherein bacteria
engineered to produce the desired dSRNA multiply in large fermentators and huge
quantities of encapsidated dsSRNA are isolated with low-cost methods (average cost
2 USD per 1 g of dsRNA). Yet, the degradation rate of the applied RNA in field
conditions due to nucleases and/or hydrolysis is an issue that needs to be taken into
consideration. To this end, lipid double hydroxide clay nanosheets (‘BioClay’) have
been developed, wherein the dsRNA is bound to clay nanosheets and is significantly
resistant from degradation [117]. Similarly, for enhanced biopesticide efficacy,
Nanosur (www.nanosur.com) offers formulated RNAs for improved translocation
across cellular membranes and reduced degradation. Moreover, chemical enhancers
such as Sortinl and Isoxazolone have recently been developed whose mere applica-
tion in plants seems to boost host RNAi machinery [280]. Cumulatively, the above
discussed advances have facilitated the development of commercial RNA-based
plant defense products that are soon to emerge in the market, such as ‘BioDirect’
(Bayer/Monsanto), which is designed for pest (Colorado potato beetle, brassicas
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flea beetle, varroa mites), virus (Tospovirus) and weed (glyphosate resistance)
control.

Current applied and fundamental research has offered a plethora of potential
chemical stimulants of the plant immune system that have the potential to protect
crops in a more sustainable way. Most chemicals discovered by means of induced
resistance and priming are natural compounds that contribute to signal subsequent
plant defenses. Hence, their potential use as active matters in the future design of
agrochemicals offers an opportunity of a new generation of sustainable products.
However, despite the enormous interest for these compounds to fit in a new genera-
tion agriculture, the legislation needs to be redefined in parallel to adapt new discov-
eries to the applied field. Indeed, although a low environmental impact of these
naturally occurring metabolites is expected, knowledge of their impact on non-
target crops and organisms is important. Furthermore, an adapted legislation, out of
the phytosanitary frame but supervised, is needed for their wide acceptance and use
in the field.

Considered as a relevant tool to unfold and sustain agriculture, EEPF have
already been used as potent tools in empowering sustainable agriculture.
Nevertheless, more research is required to invest in technical challenges. As stated
above, EEPF can be exploited in crop protection for both their entomopathogenic
and non-entomopathogenic roles. Their endophytism offers an advantage compared
to entomopathogenic fungi used as contact biocontrol agents that are limited by
their susceptibility to biotic and abiotic factors. EEPF action as entomopathogens
on the other hand, has been extensively studied for plant-surface inhabiting pests.
However, their effects against endophytic insects, whose larvae feed internally in
stems, flowers, seeds, parenchyma leaves and fruits are not proven yet. Moreover,
colonization of plant parts by EEPF differs among plants and fungal species and its
persistence is not completely prevailed [270]. A recent transcriptomic analysis of
Beauveria-colonised plants showed a reprogramming of plant defense pathways
[261]. Hence, further studies are required for a better understanding of mechanisms
regulating plant responses to EEPF and those governing EEPF-mediated tritrophic
interactions. Finally, current EEPF formulations (e.g. BotaniGard ES/WP, Mycotrol,
Naturalis L, BioCeres WP, Velifer, balance, XPulse, PFR-97 WDG, Semaspore Bai
and MeloCon WG) rely on a single microorganism and are commercialised to serve
exclusively as insecticides [252]. Endophyte consortium formulations would be of
interest, possibly offering synergistic efficiency. Nonetheless, the validation and
commercialisation of economically viable EEPF constitutes laborious challenges
and potential risks i.e., introducing organisms into new ecosystems, toxicosis risks
[281] and field efficiency. EEPF were proved harmless for beneficial insects (e.g.
bees) [260, 282, 283]. Yet, they may interfere with nest-mate recognition and also
promote inter-colony transmission of diseases in honey bees [284]. Future studies
are crucial to cast light on EEPF side-effects on beneficial organisms.

The same holds for all pest control strategies presented in this chapter. Biological
pest control with the use of natural enemies (predators, parasitoids) is an important
alternative to chemical control, commonly employed in sustainable crop production
to suppress pest populations, especially in greenhouse crops. Despite the vast
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fundamental knowledge on mechanisms of plant defense and RNAi and their effects
on plant pathogens and pests, our understanding of their impact on beneficial organ-
isms (natural enemies, pollinators) is largely poor. Plant defense and RNA1 tools
may negatively affect natural enemies directly, by causing mortality or slowing
down their development, or via interfering with their herbivorous prey.

1.8 Conclusions & Future Considerations

Increasing population on Earth makes uncertain the future regulation of food secu-
rity and supply. The United Nations have gathered these needs up and push for
reaching certain goals of sustainability until 2030 [285], and fulfilling by the end of
the millennium other objectives, like the end of hunger and poverty. All these new
policies, strongly supported by higher education and research institutions, prompt
us to revisit current agricultural practices [286], also by considering environmental
sustainability. Future agro-technological considerations may include the concept of
defense priming as well as RNAI, as new strategies in crop protection by key pests
and pathogens [110, 287]. Moreover, the long lasting and transgenerational aspects
of priming should be considered. They can add value to this sustainable concept, by
providing defense to plants without requiring additional treatments [80-82]. The
mechanisms described in this chapter, tackle the cross-kingdom (including bacteria,
plants and pests) and -scale (from molecular to applied in fields) relevance of this
type of adaptive immunity, highlighting ecological implications in plant
defense [288].

Furthermore, soil-borne beneficial microorganisms are of particular interest as
vaccination agents of crops, capable of enhancing plant resistance to biotic stressors.
An important prerequisite for the development and application of effective benefi-
cial inocula is a solid knowledge of the mode of action of these organisms, the
mechanisms and regulatory pathways involved in microbe-induced resistance and,
how context dependency influences beneficial interactions among crops and pests/
pathogens. The ability of beneficial microorganisms to activate phytohormone-
mediated plant defense responses is well-established. However, most studies on the
molecular mechanisms that govern the complex multi-partite interactions of plants
are limited to a few model plants and also refer to certain pathosystems. Hence, little
is known of the universality of these mechanisms in crop plants and their pathosys-
tems. An untargeted approach to identify microbe-induced defense mechanisms is
needed and the molecular tools are now applicable to economically important
plants, too.

The advancements in Next Generation Sequencing (NGS) technologies provide
an unprecedented insight into the genetic patrimony of different living organisms.
These technologies revolutionized the methods of deciphering DNA sequences as
well as the exchange, storage and analysis of enormous quantities of resulting
sequence data. The generation of sequencers belonging to the third generation (e.g.
PacBio, Oxford Nanopore Technologies), that enable long length sequences read
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and accuracy [289, 290], allow for genome assemblies of organisms identified as
suitable for biological control, such as the beneficial microbes dealt with in this
chapter. In the last decades, several genomes of biocontrol agents have been
sequenced and assembled leading the way for understanding their biology and func-
tional characteristics that are beneficial to plant defense and biocontrol activities
against plant pathogens and pests. The development of NGS has also facilitated
comparative and functional genomics in these organisms that allow for a better
description of genes responsible for the main beneficial properties of biocontrol
agents in different ecosystems. In addition, important reservoirs of genes that could
play key roles in ecosystem functioning may be accessed. For example, it was
recently shown that two bacterial genes in biocontrol Pseudomonas strains are nec-
essary for the acidification of the rhizosphere, which in turn modulates plant immu-
nity to facilitate normal plant growth [291]. In yet another case, genome
reconstruction at strain-level derived from a metagenomics analysis of the endo-
phytic community in sugar-beet, a novel gene cluster encoding nonribosomal pep-
tide synthetases (NRPSs) and polyketide synthases (PKSs) was identified as
essential for disease suppression by the endophytic community [68].

In conclusion, it becomes more and more obvious that disease/pest suppression
is the final outcome of complex and multipartite plant-microbe interactions leading
to either coevolution or physiological adaptation in a context-specific manner. The
challenge is to take a holistic perspective in future studies to assess the suppressive
function of microbial assemblages at a community level and apply molecular tools
not only on harmful organisms but also on the ecosystem. Such a community-level
approach is crucial to determine the feasibility of novel biocontrol molecular tools
in sustainable crop production.
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Abstract: The two-spotted spider mite Tetranychus urticae is a polyphagous herbivore with a world-
wide distribution, and is a serious pest in tomato and other crops. As an alternative to chemical
pesticides, biological control with the release of natural enemies such as predatory mites represent an
efficient method to control T. urticae in many crops, but not in tomato. Other biological control agents,
such as beneficial microbes, as well as chemical compounds, which can act as plant defense elicitors
that confer plant resistance against pests and pathogens, may prove promising biological solutions for
the suppression of spider mite populations in tomato. Here, we assessed this hypothesis by recording
the effects of a series of fungal and bacterial strains and the plant strengthener acibenzolar-s-methyl
for their plant-mediated effects on T. urticae performance in two tomato cultivars. We found signif-
icant negative effects on the survival, egg production and spider mite feeding damage on plants
inoculated with microbes or treated with the plant strengthener as compared to the control plants.
Our results highlight the potential of beneficial microbes and plant strengtheners in spider mite
suppression in addition to plant disease control.

Keywords: defense elicitor; pest control; soil microbes; spider mites; tomato

1. Introduction

Feeding the increasing human population in a sustainable manner represents a major
challenge. If left uncontrolled, herbivorous arthropod pests can be highly destructive to
crops, causing significant yield losses, often above 30% [1]. Pesticide application remains
the most common method of controlling such pests, despite policies that promote the use
of non-chemical methods in crop production. This global trend is in part driven by a strong
demand for agricultural products with reduced load of chemicals [2—4]. Novel strategies,
complementary or alternative to the existing ones, are required to control arthropod pests
of crops in the most efficient and environmentally friendly manner.

Biological control, i.e., the use of beneficial agents against harmful organisms, together
with breeding for resistance, are the most promising alternatives to chemical control in crop
production [5]. Nevertheless, breeding for resistance in modern crops is often hindered by
the complex genetic nature of the traits involved, the narrow range of effectiveness (limited
to only a few pest species) and the demonstrated ability of pests to overcome resistance
mechanisms [6-9]. Hence, biological control is currently the most widely applied alternative
method to control various arthropod pests in organic farming and IPM programs.

Among biocontrol agents, selected root-colonizing microbes (bacteria and fungi) have
long been recognized for their ability to antagonize soil-borne pathogens, improve plant
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growth and nutrition, and also stimulate (prime) the plant immune system against future
attackers [10]. Defense priming triggered by soil-borne microbes is generally referred to
as Induced Systemic Resistance (ISR). Microbe-mediated ISR is associated with enhanced
expression of defense-related genes that only becomes evident upon attack [11,12]. Thus,
ISR may provide plants with a cost-effective mechanism of protection against aboveground
herbivores [13,14]. For example, an endophytic fungal strain (Fusarium solani strain K)
was shown to enhance tomato resistance against spider mites [15], indicating that selected
microbes can also contribute to the control of important agricultural pests such as insects
and mites. Hence, soil-borne beneficial microbes are of particular interest as “plant vacci-
nation’ agents, capable of enhancing plant resistance to biotic stressors [16]. Yet, to date,
we only have limited and scattered data on the effects of soil-borne beneficial microbes
in providing protection to economically important crops against herbivores [17] and soil
microbes currently marketed by the biocontrol industry are only provided as plant growth
regulators and/or biofungicides.

Plant defenses can also be induced by chemical compounds besides beneficial soil
microbes [18-20]. Plant strengtheners, for example, include synthetic compounds which
are commercially available to improve plant vigor and protect plants against pathogens.
Considering that plant defenses against pathogens and herbivores can be mediated by the
same signaling pathways, plant strengtheners can be elicitors that also induce resistance
against herbivores [21-23]. Hence, beneficial soil microbes and plant strengtheners can be
efficient alternatives to chemical pesticides in integrated pest management.

Mechanisms involved in plant defense induction by microbes or chemical elicitors
may mediate both direct and indirect responses against herbivores [14,24,25]. Direct effects
in particular can be directly effective against arthropods; for instance, when they exhibit
an increased sensitivity to jasmonic acid (JA) [26,27]. In the present study, we assessed the
plant-mediated effects of a series of commercial and laboratory fungal and bacterial strains,
as well as the plant strengthener acibenzolar-S-methyl (Table 1), against the two-spotted
spider mite Tetranychus urticae in tomato. Spider mites are mesophyll cell-content feeders
and T. urticae is a polyphagous pest that infests a high number of crops of different plant
families. Since tomato defenses against spider mites are mediated by the phytohormones
JA, salicylic acid and ethylene [28,29], we hypothesized that spider mites could be affected
by plant responses elicited by the beneficial microbes and the plant strengthener. To the
best of our knowledge, the plant-mediated effects of beneficial soil microbes or plant
strengtheners on herbivorous mites have been scarcely addressed so far [30-33].

Table 1. Strains of beneficial microbes and a plant strengthener tested for their plant-mediated effects
against spider mites in tomato.

Strain

Origin (Product/Lab) Dosage (mg/pot)

Tomato cv: ACE

Fungi

TRIANUM-P®

Trichoderma harzianum T-22 KOPPERT 35

1 x 10° cfu/g

Asperello® T34 Biocontrol®,

Trichoderma asperellum T34 Biobest Group NV 35

1 x 107 cfu/g

PreFeRal®,

Isaria fumosorosea Apopka 97 Biobest Group NV 35

2 x 10° cfu/g

Plant strengthener

BION 50 WG

Acibenzolar-S-methyl 5

Syngenta Hellas




Plants 2023, 12, 938 30f13

Table 1. Cont.

Strain Origin (Product/Lab) Dosage (mg/pot)

Tomato cv: Moneymaker

Fungi

PreFeRal®,
Isaria fumosorosea Apopka 97 Biobest Group NV 0.64
2 x 10° cfu/g
Vintec®,
Trichoderma atroviride SC1 Bi-PA NV/SA 0.09
1 x 1010 cfu/g
Xedavir,
Trichoderma asperellum TV1 Intrachem Hellas 350
1 x 107 cfu/ g
Aspere110® T34 Biocontrol™,
Trichoderma asperellum T34 Biobest Group NV 3.50
1 x 10° cfu/g
Advantage,

Rhizoglomus irregulare QS69 INOQ GmbH 10
3.6 x 10* propagules/g
Lab [34]

2 x 10° cfu/g
Lab [34]

2 x 10° cfu/ g
DAOM
Rhizophagus irregularis (DAOM) 197198 Agronutrition 10 uL

5 x 10 cfu/mL

Funneliformis mossae 10

Rhizophagus irregularis 10

Bacteria

Proradix®,
Pseudomonas sp. DSMZ 13134 Anthesis 0.08
6.6 x 1010 cfu/g
Serifel®,
Bacillus amyloliquefaciens MBI600 BASF Hellas 0.32
5.5 x 1010 cfu/g
Taegro ®,
Bacillus amyloliquefaciens FZB24 Syngenta
1 x 1010 cfu/g
Sonata ®,
Bacillus pumilus QST 2808 Bayer
1 x 10° cfu/gr
Amylo—X®,
Bacillus amyloliquefaciens subsp. plantarum D747 K&N Efthymiadis 1.60
2 x 10" cfu/g

0.24

6.4

2. Results
2.1. Plant-Mediated Effects on Spider Mite Performance
2.1.1. Spider Mite Performance on Tomato Plants cv. Ace 55

The number of mites found alive was significantly lower for the plant strengthener
treatment, whereas the plants of all other treatments hosted a similar number of spider
mites, which was also significantly lower compared to control plants (F = 42.75; df = 4, 80;
p <0.05, Figure 1A).

Furthermore, all fungal strains tested resulted in a significant reduction in spider mite
oviposition (F = 42.75; df =4, 80; p < 0.05, Figure 1B) on tomato plants of the cultivar Ace
55, with females laying approx. 31-50% fewer eggs on treated compared to control plants
(F = 18.66; df = 4, 80; p < 0.05, Figure 1B).
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Figure 1. Effects of soil application of beneficial fungi and a plant strengthener on spider mite
(Tetranychus urticae) performance on tomato cv. Ace 55. Box plots of (A) the live adult females
and (B) spider mite eggs per plant recorded on treated and control plants (n = 18). In each panel,
significant differences between treatments are indicated by different letters (Tukey’s HSD, p < 0.001).

Compared to the microbial products, the application of the plant strengthener resulted
in an even more pronounced reduction in spider mite oviposition, at approx. 50% of the
level observed in the control plants (Figure 1B).

Tomato treatment with the different microbial products also resulted in a significant
reduction in the damage inflicted by spider mites over the four days of feeding compared
to the control plants (Figure 2). Notably, the application of the plant strengthener resulted
in the greatest reduction in the feeding damage, both compared to the microbial-treated
and the control plants (F = 125.02; df = 4, 40; p < 0.001, Figure 2).

2.1.2. Spider Mite Performance on Tomato Plants cv. Moneymaker

Bacterial strains tested significantly reduced the number of live spider mites (F = 14.27;
df =5, 72; p <0.001, Figure 3A), as well as the number of spider mite eggs (F = 10.12; df =5,
72; p < 0.001, Figure 3B) per plant.

Similarly, all tested fungal strains significantly reduced the number of live spider
mites (Figure 4(Al): F =29.76; df =5, 72; p < 0.001; Figure 4(B1): F = 80.432; df = 3, 56;
p < 0.001), as well as the number of spider mite eggs per plant (Figure 4(A2): F = 42.68;
df =5,72; p <0.001; Figure 4(B2): F = 38.05; df =3, 56; p < 0.001), with R. irregularis QS69
and 197,198 strains resulting in the lowest number of live spider mites and eggs.

Although a direct comparison among the two microbe groups (fungi vs. bacteria)
cannot be made, microbes of both groups were shown to result in a similar reduction in
spider mites compared with the control (Figures 3 and 4).
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Figure 2. Effects of soil application of beneficial fungi and a plant strengthener on the feeding damage

inflicted by spider mites (Tetranychus urticae) on tomato cv. Ace 55. Box plots of plant damaged

area recorded on treated and control plants (n = 10). In each panel, significant differences between
treatments are indicated by different letters (Tukey’s HSD, p < 0.001).
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Figure 3. Effects of soil application of beneficial bacteria on spider mite (Tetranychus urticae) per-

formance on tomato cv. Moneymaker. Box plots of (A) the live adult females and (B) spider mite

eggs per plant recorded on treated and control plants (n = 15). In each panel, significant differences
between treatments are indicated by different letters (Tukey’s HSD, p < 0.001).



Plants 2023, 12, 938 60f13

Surviving adults of TSMM / plant
S
= =
I
I
[} =
e
I+
allm
{1

600 -

= :
L TeBTs dsg

Eggs of TSMM / plant

o T T T T T 1 r T T T 1
A\ N " b( A\ )

,60 be,(_)(./ ((\d »<1) \{-OQ SQ) R \30\ ‘;’0@ \)\ 0‘\‘) /\ ‘\()q}
CH T FE TGS

O &L O A SR RN\

M R R Q) &Q’ Q V‘o
PO S A\

0"0 \0‘\6
o &
Q. . \‘(
Q\-

Figure 4. Effects of soil application of beneficial fungi on spider mite (Tetranychus urticae) performance
on tomato cv. Moneymaker. Box plots of (A1,B1) the live adult females and (A2,B2) spider mite
eggs per plant recorded on treated and control plants (n = 15). In each panel, significant differences
between treatments are indicated by different letters (Tukey’s HSD, p < 0.001).

2.2. Plant Growth Parameters

Overall, no significant effects were recorded in the stem and root weight of tomato
plants which were inoculated with the different microbes and infested with spider mites.
Stem weight was found to be similar between the different experiments regardless of the
bacterial (means ranging from 0.58 to 0.74 g; Microbe (M): F = 1.647; df =5, 180; p = 0.150;
Infestation (I): F = 0.255; df =1, 180; p = 0.614; M x I: F = 0.633; df =5, 180; p = 0.675) or the
fungal species (means ranging from 0,49 to 0,55 g in group A plants: Microbe (M): F = 0.948;
df =5, 180; p = 0.452; Infestation (I): F = 1.089; df =1, 180; p = 0.298; M x I: F = 0.073; df =5,
180; p = 0.996, and from 0,55 to 0,60 g in group B plants: Microbe (M): F = 0.946; df = 3,
120; p = 0.421; Infestation (I): F = 0.06; df =1, 120; p = 0.937; M x I: F = 0.289; df = 3, 120;
p = 0.833).
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The same was seen in terms of the weight of the tomato roots, with no significant
effects found related to the inoculation of the plants with the different bacterial (means
ranging from 0.079 to 0.099 g; Microbe (M): F = 1.954; df = 5, 180; p = 0.88; Infestation (I):
F=0.025;df =1,180; p = 0.874; M x I: F = 0.176; df =5, 180; p = 0.971) or fungal species
(means ranging from 0.059 to 0.071 g in group A plants: Microbe (M): F = 1.22; df =5,
180; p = 0.302; Infestation (I): F = 0.551; df =1, 180; p = 0.459; M x I: F = 0.484; df =5,
180; p = 0.788, and from 0,137 to 0,122 g in group B plants: Microbe (M): F = 0.601; df =3,
120; p = 0.616; Infestation (I): F = 0.053; df =1, 120; p = 0.819; M x I: F = 0.478; df = 3, 120;
p = 0.698)).

3. Materials and Methods
3.1. Plants

Tomato (Solanum lycopersicum L.) plants cv. Ace 55 (Vf) and Moneymaker were used
in experiments, as well as in herbivore rearing. Plants were grown from seeds sown in pots
(9 12 cm) that were filled with sterilized peat (Klasmann-TS2). All plants were maintained
in climate chambers (25 &+ 2 °C, 16:8 LD, 60-70% RH) and watered every other day. When
used in the experiments, plants were 4-5 weeks old.

3.2. Herbivores

Spider mites (Tetranychus urticae) from laboratory rearing, established with individuals
collected from greenhouse tomatoes, were used in the experiments. The mites were reared
on detached tomato leaves placed on wet cotton wool in plastic trays at 25 £ 2 °C, 16:8 LD,
60-70% RH. Fresh tomato leaves were added every three days on the trays, which were
regularly filled with water as required to maintain leaf vigor. Young female mites (2—4 days
old) were used in the experiments. These were obtained by infesting tomato plants with
a high number (approx. 300) of female mites that were allowed to lay eggs for 48 h at
25+ 2°C, 16:8 LD. The next day, the mites were removed and the plants were maintained
at the same conditions until adult mites emerged (after approx. 16 days).

3.3. Plant Treatments
3.3.1. Experiments with Tomato Plants cv. Ace 55

We assessed the effects of three commercial fungal products in tomato plants against
spider mites and the plant strengthener acibenzolar-S-methyl, a synthetic analogue of
salicylic acid (SA) (Table 1). The products were dissolved in water and drenched in
sterilized peat in pots where young tomato plants cv. Ace 55 were transplanted 2 days
before (10 days from seed sowing). After 3 weeks, the plants were infested on 3 leaflets
with spider mites which were reared on ‘Ace 55’ tomato leaflets (15 females per leaflet).
Leaflets were selected as described in [28]. Oviposition and survival were recorded 4 days
afterwards by removing the infested leaflets and checking them under a stereoscope.
During the experiments, the plants were maintained at 25 £+ 1 °C, 16:8 LD, 60-70% RH and
watered every other day. Two time replicates with nine plants per treatment were used. We
used a separate cohort of plants to assess the impact of the treatments on spider mite feeding
damage (five plants per treatment, repeated in two independent experiments). In these
experiments, plants were infested with 45 spider mite females per plant as described above.
Feeding damage was recorded on spider-mite-infested leaflets which were collected and
scanned digitally, and damaged leaf area was assessed manually calculated in Photoshop
following the steps under ‘Plant Damage Quantification” as described in [35].

3.3.2. Experiments with Tomato Plants cv. Moneymaker

We assessed the effects of five commercial strains of bacteria and eight strains of fungi,
two strains from laboratory and six commercial strains, against spider mites in tomato
plants cv. Moneymaker (Table 1). The products (commercial strains) were dissolved in
water and drenched in sterilized peat in pots where young tomato plants cv. Moneymaker
had been transplanted 2 days before (10 days from seed sowing). Lab fungal strains
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were routinely cultured on potato dextrose broth (PDB) at 25 °C for 5 days in the dark.
Conidial suspensions were prepared and applied as water drench one week after seed
sowing as described in Pappas et al. [15]. After 3 weeks, plants were infested with spider
mites reared on cv. Moneymaker tomato leaflets as described above. Oviposition and
survival were recorded 4 days after inoculation. During the experiments, the plants
were maintained at 25 + 1 °C, 16:8 LD, 60-70% RH and watered every other day. The
experiment was conducted three times independently. In each experiment, five plants were
used per treatment.

3.4. Plant Growth Parameters

Another set of experimental plants cv. Moneymaker was inoculated with beneficial
microbes and infested with a standard number of spider mites as described above. Each
beneficial microbe was applied in pots with sterilized peat in which tomato plants had been
growing. The plants were inoculated with the microbe under study two days after having
been transplanted. Ten days after inoculation, the plants were infested with 45 T. urticae
females per plant. Four days after spider mite introduction, the performance of tomato
plants was assessed by recording the dry weight of the above- and belowground plant
parts of microbe-inoculated control and herbivore-infested plants.

3.5. Statistics

To evaluate the effect of the microbials and the plant strengthener (fixed factor) on the
number of spider mite eggs, mite survival and mite damage, a mixed-model ANOVA with
replication in time as the random factor was used. In case of significant differences, means
were further separated by Tukey’s HSD post hoc test. Similarly, to evaluate the effect of
microbial application and infestation by the spider mites (fixed factors) on plant growth
parameters (shoot and root dry weight), a mixed-model ANOVA was used with repetition
in time as the random factor. Prior to statistical analysis, normality and homogeneity of
variances were checked with the Shapiro-Wilk and Levene’s tests, respectively. Significance
levels were « = 0.05 for all tests and statistics were performed using SPSS [36].

4. Discussion

In the present study, we tested to what extent treating tomato plants with different
beneficial microbes or a plant strengthener affects tomato resistance to spider mites. We
found that the number of live spider mites was lower on treated compared to control
plants, irrespective of the microbial group (bacteria or fungi) or the application of the plant
strengthener or the tomato cultivar. In accordance, we recorded a significantly lower egg
production and also observed that feeding damage inflicted by spider mites was lower
on treated compared to control plants. Finally, plant biomass was not affected by the
application of the microbes in herbivore-infested plants compared to the control plants.
We argue that these results indicate plant defense induction capabilities in both the tested
microbes as well as the plant strengthener, with some variation was recorded between and
within the two microbe groups (fungi and bacteria) and between the microbes and the
plant strengthener.

Activating the plant’s inherent defense system with the application of beneficial soil
microbes or plant strengtheners represents a novel strategy to biologically fend off plant
herbivorous pests. Currently, beneficial microbes used against arthropod pests are mainly
entomopathogens that typically act on the pest directly. They are known as ‘biopesticides’
in the sense that they are naturally occurring or derived from natural products, and can
be formulated and applied on crops in ways similar to conventional pesticides. Among
biopesticides, Bacillus thuringiensis (Bt) is the most widely applied entomopathogenic
bacterium against arthropod pests, whereas Metarhizium, Beauveria and Isaria are examples
of entomopathogenic fungi. Pseudomonas, Trichoderma and Bacillus (other than Bt) are used
as biofungicides [24,25,37]. Microbes as biopesticides offer the advantage of lower or no
toxicity compared to synthetic pesticides. Nevertheless, their target range can be narrow
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and even strain-specific. This selectivity of many of the currently available biopesticides
means that there is an urgent need for the diversification of the biocontrol toolbox with
biocontrol agents that have a wider target-pest range. Beneficial soil microbes and plant
strengtheners may offer such an opportunity to impact a broad range of biotic stressors
by activating plant defense responses. Among the broad number of currently identified
soil bacteria and fungi, a relatively low number of species have been tested for their plant-
mediated effects against arthropods, and none of these have reached the biocontrol market
in that capacity. The same holds for the plant-mediated effects of plant strengtheners
such as acibenzolar-S-methyl, which is commercially available as a fungicide and acts by
mimicking the natural systemic acquired resistance of plants against pathogens [38—40].

The plant-mediated effects of microbes against spider mites have mainly been studied
for entomopathogenic fungi when applied as soil drench or after treating seeds or roots
in tomato, bean and strawberry [41-45], and several promising strains of Metarhizium,
Beauveria and Cordyceps entomopathogens with plant protection capabilities have been
identified. Nevertheless, the plant-mediated effects of other beneficial microbes such as
plant-growth-promoting fungi (PGPF) or rhizobacteria (PGPR) on spider mites have been
rarely addressed so far. An exception is the study of the beneficial soil endophytic fungus
Fusarium solani strain K which was shown to negatively affect spider mite performance
in tomato via the elicitation of plant defense responses [15], and different PGPR in straw-
berry [46], as well as the work of Pappas et al. [47], who identified a series of effective
beneficial fungi and bacteria against spider mites in pepper. With regard to the effects of ar-
buscular mycorrhizal fungi (AMF), previous studies have shown variable effects on spider
mites. Spider mite performance was shown to be enhanced by the AMF Glomus mosseae on
bean plants [30-32], whereas spider mite performance in Lotus japonicus was differentially
affected by four different AMF species belonging to different genera depending on the
AMF species [48], and negatively affected in citrus plants [49]. It is evident that this impor-
tant group of plant-interacting organisms need a more thorough evaluation as putative
biocontrol agents.

Notably, in our study all fungal strains studied were shown to negatively affect spider
mite performance when applied as water drench, while the AMF Rhizoglomus irregularis
strains were the most promising of all. In addition, the bacteria tested were also shown to
negatively affect spider mite performance in tomato. Putative mechanisms involved in the
recorded effects could be the production of secondary metabolites, antibiotic effects, feeding
deterrents and plant defense induction [16,24,25,41,50-53], or even the entomopathogenic
activity of the microbes colonizing the plant, as has been reported for C. fumosorosea [16,54].
In our study, using two different plant cultivars, plant nutritional benefits translated to
plant growth were not recorded, while spider mites were negatively affected on microbe-
treated plants. In addition, we recorded a difference in the number of live spider mites on
plants and non-inoculated control plants, suggesting that recorded differences cannot be
attributed to plant responses affecting spider mite reproduction only. Further studies are
needed at the molecular and chemical levels to elucidate which of the above mechanisms
underlies the reported findings.

Compared to the plant-mediated effects of beneficial microbes, the application of the
plant strengthener acibenzolar-S-methyl resulted in more pronounced negative effects on
spider mite performance. These effects were reflected in the number of live spider mites and
their eggs, as well as at the resulting feeding damage on the acibenzolar-S-methyl-treated
plants compared to control plants. Other studies have shown acibenzolar-S-methyl and
SA to be involved in induced defense responses against phloem feeders such as aphids
in tomato [55,56]. Furthermore, acibenzolar-S-methyl was shown to be effective against
mesophyll cell-content feeders such as spider mites when sprayed on tomato and apple
trees [38,39,57] or applied in the soil of lima bean plants [58]. Several mechanisms related
to the application of acibenzolar-S-methyl have been proposed/demonstrated, ranging
from the activation of defense-related enzymes to the expression of pathogenesis-related
(PR) genes, as well as the alteration of volatile blend emissions [19,20,39,40]. Studying the
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molecular and chemical mechanisms involved in tomato-spider mite interactions after
acibenzolar-S-methyl application, coupled with behavioral and life-history experiments,
will enable us to explain the recorded effects on mite performance.

The plant growth parameters studied in this work were shown not to be affected
by the application of the microbes tested. Specifically, dry root and shoot weights of
plants were not affected by the application of the microorganisms, irrespective of the
spider mite infection. One possible explanation of the absence of effects may be the short
duration of the experiments. Studying the effects on plant growth parameters at later
stages, i.e., when plants will be inoculated with the microbes under study for longer time
periods after transplantation, spanning several weeks or after repeated applications of
the microbes, could reveal possible negative or positive effects. On the other hand, the
absence of significant effects may be indicative of a trade-off in the plant’s investment
in defense responses elicited by soil microbes at the expense of its growth. Specifically
with regard to herbivory, the net benefit of microbial application would depend on the
trade-off between induced plant defenses versus plant nutritional quality or quantity
alteration [14,24,59-61]. In the present study, spider mites were adversely impacted on
plants treated with the microbes, suggesting the absence of nutritional benefits or that
defense induction outcompetes the putative benefits of improved nutrition for the herbivore.
Long-term experiments are needed to clarify the plant-growth-promotion effects of the
tested microbes versus plant defense induction against aboveground herbivores.

5. Conclusions

Collectively, our data support the hypothesis that beneficial soil microbes, as well
as the plant strengthener acibenzolar-S-methyl, alter tomato responses to the detriment
of the mite population. The putative mechanisms involved should be further explored
to assess the extent to which these mechanisms may involve defense induction, priming
or plant growth promotion. Our experiments were conducted with tomato plants in
pots in sterilized peat under controlled conditions; hence, further experiments in the
greenhouse/field could provide additional evidence for the effectiveness of the tested
microbes and the plant strengthener in shaping plant-herbivore interactions. The number
of spider mite individuals (45 females/plant) used in our experiments to infest plants
may resemble the early infestation events when spider mites begin to colonize plants.
Accordingly, a previous study suggests an action threshold level of eight mites per leaflet
on a second or third recently expanded tomato leaf to avoid yield losses by T. urticae [62].
Ultimately, the net benefit of the tested elicitors for the plant and their potential as novel
tools in pest control should be confirmed by studying their effects on plant fitness and
reproductive output.

Author Contributions: Conceptualization, G.D.B. and M.L.P.; Methodology, EW., KK.P., G.D.B. and
M.L.P; Validation, K.S., SM., TA., EW., KK.P, G.D.B. and M.L.P; Formal analysis, G.D.B. and
M.L.P; Investigation, K.S., S.M., T.A., M.K. and M.E; Resources, G.D.B., KK.P. and M.L.P,; Data
curation, G.D.B. and M.L.P.,; Writing—original draft, G.D.B. and M.L.P,; Writing—review & editing,
KS., MK, EW,, KKP, G.D.B. and M.L.P; Visualization, G.D.B.; Supervision, G.D.B. and M.L.P;
Project administration, M.L.P.; Funding acquisition, M.L.P. All authors have read and agreed to the
published version of the manuscript.

Funding: The research project was supported by the Hellenic Foundation for Research and Innovation
(H.ER.L) under the “1st Call for H.ER.I. Research Projects to support Faculty Members & Researchers
and the Procurement of High-and the procurement of high-cost research equipment grant” (Project
Number: 50).

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author upon reasonable request.



Plants 2023, 12, 938 11 0f 13

Acknowledgments: We would like to thank Soraya Franca for providing insightful comments in an
earlier version of the manuscript. Furthermore, we acknowledge Biobest Group N.V. for providing
free samples of their products. Maria Liapoura, Charikleia Kyriakaki and all the undergraduate
students of the Laboratory of Agricultural Entomology and Zoology at Democritus University of
Thrace are thanked for their technical work during preliminary experiments, as well as Myrto Tsiknia
for the preparation of mycorrhizal inocula.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Oerke, E.C. Crop losses to pests. . Agric. Sci. 2006, 144, 31-43. [CrossRef]

2. EU 128/2009/EC; Directive of the European Parliament and of the Council Establishing a Framework for Community Action to
Achieve the Sustainable Use of Pesticides. European Union: Brussels, Belgium, 2009.

3. Udeigwe, TK,; Teboh, ].M.; Eze, PN.; Hashem Stietiya, M.; Kumar, V.; Hendrix, J.; Mascagni, H.J.; Ying, T.; Kandakji, T.
Implications of leading crop production practices on environmental quality and human health. J. Environ. Manag. 2015, 151,
267-279. [CrossRef]

4. Whitehorn, PR.; O’Connor, S.; Wackers, EL.; Goulson, D. Neonicotinoid pesticide reduces bumble bee colony growth and queen
production. Science 2012, 336, 351-352. [CrossRef]

5. Bale, ].S.; Van Lenteren, J.C.; Bigler, F. Biological control and sustainable food production. Philos. Trans. R. Soc. B Biol. Sci. 2008,
363, 761-776. [CrossRef] [PubMed]

6. McDonald, B.A; Linde, C. Pathogen population genetics, evolutionary potential, and durable resistance. Annu. Rev. Phytopathol.
2002, 40, 349-379. [CrossRef]

7. Nombela, G.; Williamson, V.M.; Muiiiz, M. The root-knot nematode resistance gene Mi-1.2 of tomato is responsible for resistance
against the whitefly Bemisia tabaci. Mol. Plant-Microbe Interact. 2003, 16, 645-649. [CrossRef] [PubMed]

8. Russell, G.E. Plant breeding for pest and disease resistance. Studies in the agricultural and food sciences; Butterworth-Heinemann: Boston,
MA, USA, 2013.

9.  Seifi, A.; Kaloshian, I.; Vossen, J.; Che, D.; Bhattarai, K.K,; Fan, J.; Naher, Z.; Goverse, A.; Tjallingii, W.F,; Lindhout, P; et al. Linked,
if not the same, Mi-1 homologues confer resistance to tomato powdery mildew and root-knot nematodes. Mol. Plant-Microbe
Interact. 2011, 24, 441-450. [CrossRef]

10. Martinez-Medina, A.; Flors, V.; Heil, M.; Mauch-Mani, B.; Pieterse, C.M.].; Pozo, M.].; Ton, J.; van Dam, N.M.; Conrath, U.
Recognizing Plant Defense Priming. Trends Plant Sci. 2016, 21, 818-822. [CrossRef]

11. Pieterse, C.M.].; Van Der Does, D.; Zamioudis, C.; Leon-Reyes, A.; Van Wees, S.C.M. Hormonal modulation of plant immunity.
Annu. Rev. Cell Dev. Biol. 2012, 28, 489-521. [CrossRef]

12.  Pieterse, C.M.].; Zamioudis, C.; Berendsen, R.L.; Weller, D.M.; Van Wees, S.C.M.; Bakker, P.A.H.M. Induced systemic resistance by
beneficial microbes. Annu. Rev. Phytopathol. 2014, 52, 347-375. [CrossRef]

13. Pineda, A,; Soler, R.; Weldegergis, B.T.; Shimwela, M.M.; Van Loon, ].].A.; Dicke, M. Non-pathogenic rhizobacteria interfere with
the attraction of parasitoids to aphid-induced plant volatiles via jasmonic acid signalling. Plant Cell Environ. 2013, 36, 393-404.
[CrossRef]

14. Shikano, I; Rosa, C.; Tan, C.W.; Felton, G.W. Tritrophic interactions: Microbe-mediated plant effects on insect herbivores. Annu.
Rev. Phytopathol. 2017, 55, 313-331. [CrossRef] [PubMed]

15. Pappas, M.L.; Liapoura, M.; Papantoniou, D.; Avramidou, M.; Kavroulakis, N.; Weinhold, A.; Broufas, G.D.; Papadopoulou, K.K.
The beneficial endophytic fungus fusarium solani strain K alters tomato responses against spider mites to the benefit of the plant.
Front. Plant Sci. 2018, 9, 1603. [CrossRef] [PubMed]

16. Pappas, M.L.; Baptista, P; Broufas, G.D.; Dalakouras, A.; Djobbi, W.; Flors, V.; Guerfali, M.M.; Khayi, S.; Mentag, R.; Pastor, V,;
et al. Biological and Molecular Control Tools in Plant Defense. In Plant Defence: Biological Control; Mérillon, J.-M., Ramawat, K.G.,
Eds.; Springer International Publishing: Cham, Switzerland, 2020; pp. 3—43. [CrossRef]

17.  Gruden, K,; Lidoy, J.; Petek, M.; Podpecan, V.; Flors, V.; Papadopoulou, K.K.; Pappas, M.L.; Martinez-Medina, A.; Bejarano, E.;
Biere, A.; et al. Ménage a Trois: Unraveling the Mechanisms Regulating Plant-Microbe-Arthropod Interactions. Trends Plant Sci.
2020, 25, 1215-1226. [CrossRef]

18. Pappas, M.L.; Broekgaarden, C.; Broufas, G.D.; Kant, M.R.; Messelink, G.]J.; Steppuhn, A.; Wackers, F; van Dam, N.M. Induced
plant defences in biological control of arthropod pests: A double-edged sword. Pest Manag. Sci. 2017, 73, 1780-1788. [CrossRef]
[PubMed]

19. Inbar, M.; Doostdar, H.; Gerling, D.; Mayer, R.T. Induction of systemic acquired resistance in cotton by BTH has a negligible effect
on phytophagous insects. Entomol. Exp. Et Appl. 2001, 99, 65-70. [CrossRef]

20. Sobhy, L.S.; Erb, M.; Lou, Y.; Turlings, T.C.J. The prospect of applying chemical elicitors and plant strengtheners to enhance the
biological control of crop pests. Philos. Trans. R. Soc. B Biol. Sci. 2014, 369, 20120283. [CrossRef]

21. Arimura, G.L; Kost, C.; Boland, W. Herbivore-induced, indirect plant defences. Biochim. Et Biophys. Acta Mol. Cell Biol. Lipids

2005, 1734, 91-111. [CrossRef]


http://doi.org/10.1017/S0021859605005708
http://doi.org/10.1016/j.jenvman.2014.11.024
http://doi.org/10.1126/science.1215025
http://doi.org/10.1098/rstb.2007.2182
http://www.ncbi.nlm.nih.gov/pubmed/17827110
http://doi.org/10.1146/annurev.phyto.40.120501.101443
http://doi.org/10.1094/MPMI.2003.16.7.645
http://www.ncbi.nlm.nih.gov/pubmed/12848430
http://doi.org/10.1094/MPMI-06-10-0145
http://doi.org/10.1016/j.tplants.2016.07.009
http://doi.org/10.1146/annurev-cellbio-092910-154055
http://doi.org/10.1146/annurev-phyto-082712-102340
http://doi.org/10.1111/j.1365-3040.2012.02581.x
http://doi.org/10.1146/annurev-phyto-080516-035319
http://www.ncbi.nlm.nih.gov/pubmed/28590879
http://doi.org/10.3389/fpls.2018.01603
http://www.ncbi.nlm.nih.gov/pubmed/30459791
http://doi.org/10.1007/978-3-030-51034-3_1
http://doi.org/10.1016/j.tplants.2020.07.008
http://doi.org/10.1002/ps.4587
http://www.ncbi.nlm.nih.gov/pubmed/28387028
http://doi.org/10.1046/j.1570-7458.2001.00802.x
http://doi.org/10.1098/rstb.2012.0283
http://doi.org/10.1016/j.bbalip.2005.03.001

Plants 2023, 12, 938 12 0f13

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Sobhy, L.S.; Erb, M.; Sarhan, A.A.; El-Husseini, M.M.; Mandour, N.S.; Turlings, T.C.]. Less is more: Treatment with BTH and
Laminarin Reduces herbivore-induced volatile emissions in maize but increases parasitoid attraction. J. Chem. Ecol. 2012, 38,
348-360. [CrossRef]

Thaler, J.S.; Humphrey, P.T.; Whiteman, N.K. Evolution of jasmonate and salicylate signal crosstalk. Trends Plant Sci. 2012, 17,
260-270. [CrossRef]

Pineda, A.; Zheng, S.J.; van Loon, J.J.A.; Pieterse, C.M.].; Dicke, M. Helping plants to deal with insects: The role of beneficial
soil-borne microbes. Trends Plant Sci. 2010, 15, 507-514. [CrossRef]

Rasmann, S.; Bennett, A.; Biere, A.; Karley, A.; Guerrieri, E. Root symbionts: Powerful drivers of plant above- and belowground
indirect defenses. Insect Sci. 2017, 24, 947-960. [CrossRef] [PubMed]

Rosenblueth, M.; Martinez-Romero, E. Bacterial endophytes and their interactions with hosts. Mol. Plant-Microbe Interact. 2006,
19, 827-837. [CrossRef]

Van Wees, S.C.; Van der Ent, S.; Pieterse, C.M. Plant immune responses triggered by beneficial microbes. Curr. Opin. Plant Biol.
2008, 11, 443-448. [CrossRef] [PubMed]

Alba, ].M.; Schimmel, B.C.J.; Glas, ].].; Ataide, L.M.S.; Pappas, M.L.; Villarroel, C.A.; Schuurink, R.C.; Sabelis, M.W.; Kant, M.R.
Spider mites suppress tomato defenses downstream of jasmonate and salicylate independently of hormonal crosstalk. New Phytol.
2015, 205, 828-840. [CrossRef] [PubMed]

Kant, M.R.; Jonckheere, W.; Knegt, B.; Lemos, F; Liu, J.; Schimmel, B.C.J.; Villarroel, C.A.; Ataide, L.M.S.; Dermauw, W.; Glas, ] .].;
et al. Mechanisms and ecological consequences of plant defence induction and suppression in herbivore communities. Ann. Bot.
2015, 115, 1015-1051. [CrossRef]

Hoffmann, D.; Vierheilig, H.; Peneder, S.; Schausberger, P. Mycorrhiza modulates aboveground tri-trophic interactions to the
fitness benefit of its host plant. Ecol. Entomol. 2011, 36, 574-581. [CrossRef]

Hoffmann, D.; Vierheilig, H.; Riegler, P.; Schausberger, P. Arbuscular mycorrhizal symbiosis increases host plant acceptance and
population growth rates of the two-spotted spider mite Tetranychus urticae. Oecologia 2009, 158, 663-671. [CrossRef]

Khaitov, B.; Patifio-Ruiz, J.D.; Pina, T.; Schausberger, P. Interrelated effects of mycorrhiza and free-living nitrogen fixers cascade
up to aboveground herbivores. Ecol. Evol. 2015, 5, 3756-3768. [CrossRef]

Schausberger, P.; Peneder, S.; Jiirschik, S.; Hoffmann, D. Mycorrhiza changes plant volatiles to attract spider mite enemies. Furnct.
Ecol. 2012, 26, 441-449. [CrossRef]

Kavroulakis, N.; Tsiknia, M.; Ipsilantis, I.; Kavadia, A.; Stedel, C.; Psarras, G.; Tzerakis, C.; Doupis, G.; Karpouzas, D.G;
Papadopoulou, K.K.; et al. Arbuscular mycorrhizal fungus inocula from coastal sand dunes arrest olive cutting growth under
salinity stress. Mycorrhiza 2020, 30, 475-489. [CrossRef]

Cazaux, M.; Navarro, M.; Bruinsma, K.A.; Zhurov, V.; Negrave, T.; Van Leeuwen, T.; Grbic, V.; Grbic, M. Application of
two-spotted spider mite tetranychus urticae for plant-pest interaction studies. J. Vis. Exp. 2014, e51738. [CrossRef]

IBM Corp. Released 2020. IBM SPSS Statistics for Windows, SPSS Version 27.0; IBM Corp.: Armonk, NY, USA, 2020.

Arora, N.K. Plant Microbes Symbiosis: Applied Facets; Springer: Berlin/Heidelberg, Germany, 2015; pp. 1-381. [CrossRef]
Warabieda, W. The effect of methyl jasmonate and acibenzolar-S-methyl on the populations of the European red mite (Panonychus
ulmi Koch) and Typhlodromus pyri Scheut. in apple orchards, as well as on the yield and growth of apple trees. Int. ]. Acarol.
2015, 41, 100-107. [CrossRef]

Warabieda, W.; Markiewicz, M.; Wojcik, D. Mutual relations between jasmonic acid and acibenzolar-S-methyl in the induction
of resistance to the two-spotted spider mite (Tetranychus urticae) in apple trees. Exp. Appl. Acarol. 2020, 82, 59-79. [CrossRef]
[PubMed]

Civolani, S.; Mirandola, D.; Benetti, L.; Finetti, L.; Pezzi, M.; Bernacchia, G. Effects of Acibenzolar-S-methyl on the Probing
Behaviour and Mortality of Cacopsylla pyri on Pear Plants. Insects 2022, 13, 525. [CrossRef] [PubMed]

Canassa, F; D’Alessandro, C.P; Sousa, S.B.; Demétrio, C.G.B.; Meyling, N.V,; Klingen, I.; Delalibera, I., Jr. Fungal isolate and crop
cultivar influence the beneficial effects of root inoculation with entomopathogenic fungi in strawberry. Pest Manag. Sci. 2020, 76,
1472-1482. [CrossRef] [PubMed]

Canassa, F; Esteca, FC.N.; Moral, R.A.; Meyling, N.V.; Klingen, I.; Delalibera, I. Root inoculation of strawberry with the
entomopathogenic fungi Metarhizium robertsii and Beauveria bassiana reduces incidence of the twospotted spider mite and selected
insect pests and plant diseases in the field. J. Pest Sci. 2020, 93, 261-274. [CrossRef]

Castro, T.; Eilenberg, J.; Delalibera, I. Exploring virulence of new and less studied species of Metarhizium spp. from Brazil for
two-spotted spider mite control. Exp. Appl. Acarol. 2018, 74, 139-146. [CrossRef] [PubMed]

Dash, C.K.; Bamisile, B.S.; Keppanan, R.; Qasim, M.; Lin, Y.; Islam, S.U.; Hussain, M.; Wang, L. Endophytic entomopathogenic
fungi enhance the growth of Phaseolus vulgaris L. (Fabaceae) and negatively affect the development and reproduction of
Tetranychus urticae Koch (Acari: Tetranychidae). Microb. Pathog. 2018, 125, 385-392. [CrossRef]

Elhakim, E.; Mohamed, O.; Elazouni, I. Virulence and proteolytic activity of entomopathogenic fungi against the two-spotted
spider mite, Tetranychus urticae Koch (Acari: Tetranychidae). Egypt. ]. Biol. Pest Control 2020, 30, 30. [CrossRef]

Hosseini, A.; Hosseini, M.; Schausberger, P. Plant Growth-Promoting Rhizobacteria Enhance Defense of Strawberry Plants Against
Spider Mites. Front. Plant Sci. 2022, 12, 783578. [CrossRef] [PubMed]

Pappas, M.L.; Samaras, K.; Koufakis, I.; Broufas, G.D. Beneficial soil microbes negatively affect spider mites and aphids in pepper.
Agronomy 2021, 11, 1831. [CrossRef]


http://doi.org/10.1007/s10886-012-0098-6
http://doi.org/10.1016/j.tplants.2012.02.010
http://doi.org/10.1016/j.tplants.2010.05.007
http://doi.org/10.1111/1744-7917.12464
http://www.ncbi.nlm.nih.gov/pubmed/28374534
http://doi.org/10.1094/MPMI-19-0827
http://doi.org/10.1016/j.pbi.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18585955
http://doi.org/10.1111/nph.13075
http://www.ncbi.nlm.nih.gov/pubmed/25297722
http://doi.org/10.1093/aob/mcv054
http://doi.org/10.1111/j.1365-2311.2011.01298.x
http://doi.org/10.1007/s00442-008-1179-7
http://doi.org/10.1002/ece3.1654
http://doi.org/10.1111/j.1365-2435.2011.01947.x
http://doi.org/10.1007/s00572-020-00963-x
http://doi.org/10.3791/51738
http://doi.org/10.1007/978-81-322-2068-8
http://doi.org/10.1080/01647954.2015.1016104
http://doi.org/10.1007/s10493-020-00539-6
http://www.ncbi.nlm.nih.gov/pubmed/32860179
http://doi.org/10.3390/insects13060525
http://www.ncbi.nlm.nih.gov/pubmed/35735861
http://doi.org/10.1002/ps.5662
http://www.ncbi.nlm.nih.gov/pubmed/31659843
http://doi.org/10.1007/s10340-019-01147-z
http://doi.org/10.1007/s10493-018-0222-6
http://www.ncbi.nlm.nih.gov/pubmed/29411186
http://doi.org/10.1016/j.micpath.2018.09.044
http://doi.org/10.1186/s41938-020-00227-y
http://doi.org/10.3389/fpls.2021.783578
http://www.ncbi.nlm.nih.gov/pubmed/35069641
http://doi.org/10.3390/agronomy11091831

Plants 2023, 12, 938 13 0f 13

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Nishida, T.; Katayama, N.; Izumi, N.; Ohgushi, T. Arbuscular mycorrhizal fungi species-specifically affect induced plant responses
to a spider mite. Popul. Ecol. 2010, 52, 507-515. [CrossRef]

Manresa-Grao, M.; Pastor-Ferndndez, J.; Sanchez-Bel, P.; Jaques, ].A.; Pastor, V.; Flors, V. Mycorrhizal Symbiosis Triggers Local
Resistance in Citrus Plants Against Spider Mites. Front. Plant Sci. 2022, 13, 867778. [CrossRef] [PubMed]

Hartley, S.E.; Gange, A.C. Impacts of plant symbiotic fungi on insect herbivores: Mutualism in a multitrophic context. Annu. Rev.
Entomol. 2009, 54, 323-342. [CrossRef]

Poveda, J. Trichoderma as biocontrol agent against pests: New uses for a mycoparasite. Biol. Control 2021, 159, 104634. [CrossRef]
Vega, EE. Insect pathology and fungal endophytes. |. Invertebr. Pathol. 2008, 98, 277-279. [CrossRef]

Vega, F.E. The use of fungal entomopathogens as endophytes in biological control: A review. Mycologia 2018, 110, 4-30. [CrossRef]
Zimmermann, G. The entomopathogenic fungi Isaria farinosa (formerly Paecilomyces farinosus) and the Isaria fumosorosea species
complex (formerly Paecilomyces fumosoroseus): Biology, ecology and use in biological control. Biocontrol Sci. Technol. 2008, 18,
865-901. [CrossRef]

Cooper, W.C;; Jia, L.; Goggin, FL. Acquired and r-gene-mediated resistance against the potato aphid in tomato. J. Chem. Ecol.
2004, 30, 2527-2542. [CrossRef]

Boughton, A.J.; Hoover, K.; Felton, G.W. Impact of chemical elicitor applications on greenhouse tomato plants and population
growth of the green peach aphid, Myzus persicae. Entomol. Exp. Et Appl. 2006, 120, 175-188. [CrossRef]

Favaro, R.; Resende, ]J.T.V.; Gabriel, A.; Zeist, A.R.; Cordeiro, E.C.N.; Favaro Junior, J.L. Salicylic acid: Resistance inducer to
two-spotted spider mite in strawberry crop. Hortic. Bras. 2019, 37, 60-64. [CrossRef]

Choh, Y.; Ozawa, R; Takabayashi, ]. Effects of exogenous Jasmonic acid and benzo (1,2,3) thiadiazole-7- carbothioic acid S-methyl
ester (BTH), a functional analogue of salicylic acid, on the egg production of a herbivorous mite Tetranychus urticae (Acari:
Tetranychidae). Appl. Entomol. Zool. 2004, 39, 311-314. [CrossRef]

Pozo, M.J.; Azcén-Aguilar, C. Unraveling mycorrhiza-induced resistance. Curr. Opin. Plant Biol. 2007, 10, 393-398. [CrossRef]
[PubMed]

Kempel, A.; Schmidt, A.K.; Brandl, R.; Schadler, M. Support from the underground: Induced plant resistance depends on
arbuscular mycorrhizal fungi. Funct. Ecol. 2010, 24, 293-300. [CrossRef]

Gehring, C.; Bennett, A. Mycorrhizal fungal-plant-insect interactions: The importance of a community approach. Environ. Entomol.
2009, 38, 93-102. [CrossRef]

Meck, E.D.; Kennedy, G.G.; Walgenbach, J.F. Effect of Tetranychus urticae (Acari: Tetranychidae) on yield, quality, and economics
of tomato production. Crop Prot. 2013, 52, 84-90. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s10144-010-0208-7
http://doi.org/10.3389/fpls.2022.867778
http://www.ncbi.nlm.nih.gov/pubmed/35845655
http://doi.org/10.1146/annurev.ento.54.110807.090614
http://doi.org/10.1016/j.biocontrol.2021.104634
http://doi.org/10.1016/j.jip.2008.01.008
http://doi.org/10.1080/00275514.2017.1418578
http://doi.org/10.1080/09583150802471812
http://doi.org/10.1007/s10886-004-7948-9
http://doi.org/10.1111/j.1570-7458.2006.00443.x
http://doi.org/10.1590/s0102-053620190109
http://doi.org/10.1303/aez.2004.311
http://doi.org/10.1016/j.pbi.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17658291
http://doi.org/10.1111/j.1365-2435.2009.01647.x
http://doi.org/10.1603/022.038.0111
http://doi.org/10.1016/j.cropro.2013.05.011

www.agro-tec.gr Teuxog 6 * louAlog - AUyouatog 2022 E [w]

ArPOTIKH ANAMNTYZH - TEXNOAOTIEZ & MHXANHMATA El

“AGRO.TEC

magazine

LZYNENTEY=H
Lépkog Xapoutouvidv @
Mp6edpog Tou = &

EAIO - AHMHTPA robotopia
«H perdBaon '
otnv Ynglakn g =

enoxn npénet \ ) Autonomous Drone System

va netuxel»

ADIEPOMATA

I Fewpyia akpiBeiag:
Mnxavnpara - e@appoyEg
katdrone (X.MH.E.A)

* Kataokeun ?W’ yu Modular Station with automatic:
TOV NPWTOYEVH TOHEQ
Battery Exchange

____EPEYNA Wil Payload Service

Ow aypéteg pnpootd gTov Tank Ref IJling
npdotvo Kat PneLako
HETAGXNHATIONO

+30-69/8083273
greece@rabatopialeu
robataiaeu

Tpoiag 2, 152 35 BpiAfjooia, ABriva
TnA. Kévrpo: 210 68.00.470, Fax: 210 68.00.476
e-mail: tpress@tpress.gr




Mkpoopyavicpol feAtiovouy

TV AUUVA TG TopaTac

To epeuvntiko €pyo
BeMOST avantiooet

Hld Kawvotopa otpatnytkn
yla TV avigeTanon
QuUTOPAYwV EXBpRV

NG Topdrag

ApBpo ¢ Mapiac A. Mannd,
avanAnpa@tpiag kalnyrtpiag

tou Anpokpitetov lavemotnpiov
Opdkng, ematnpovikiic
uneiBuvng tou épyou BeMOST

ia ané g peyaAUtepeg NPoKAA-

OEIG OTOV TOPED TNG YEWPYLKAG

napaywyng eivatn avdntugn evég

agLpopou POVIEAOU Mapaywyng,
HEwWEVwY €l0powy, nou Ba efaocpalilet
NV KAAUYPN TWV ENLOLTIOTIKWY aVAYKWV €-
voG paydaia au&avépevou avBpwnivou
nAnBucpou.

XtonAaiolo auté, snpaviikn napduetpod-
noteAel n npokaAoUpevn anwAeLa napayw-
YAG ané @utogdya €idn exBpwv. MNa v a-
VIHETWNLON TWV £XOPWV TWV KAALEPYELWVY,
NXPAGN XNHLKWV NAPAGLIOKTOVWY, NApaTig
apvnukEG eNdPAoeLG Toug aTo nepBdAiov,
ouvexilel va anoteAei 1o NAéov anoteAe-
opatké péco gurtonpootaciag. Qotéco, oL
anattnoelg TV KatavaAwtwy yia pogiua
uynAng nowdtntag, anallaypéva and uno-
A€lppaTa YEWPYIKWV (PUTONPOCTATEUTIKWY
npoidviwv, kKabotolv avaykaia thv avd-
ntu&n cuyxpovwv cuoTnUdTwV Napaywyng
HEWHEVWV EIGPOWIV.

To epeuvnukd €pyo BeMOST, pe titAo
«QéNol Pikpoopyaviopoi tng piécpat-
POG Yl TNV QVTLUETWNION GNHAVIIKGV €-
XBpwyv InG TOpdTag», OTOXEVEL GE HLd KALVo-
160 npocéyylon BloAoylkAg putonpoota-
oiag, a&lonowwvrag wPEAHOUG HIKpoopya-
VIOHOUG yia TNV NPO0Tacia TV KAAALEPYEL-
v anéd @utogpdyoug exBpoug Péow Tng €-
vepyonoinang tng GUUVAG TwV QUTWV.

®opéag ulonoinong Tou €pyou eival 1o
Anpokpiteto Maveniotipio Opdkng, pe ou-
vepyalduevoug @opeic 1o [laveniotripio

“I

]

Oeagoaliag, to University of Hohenheim kat
10 German Centre for Integrative Biodi-
versity Research (iDiv).

Apuva TV Qutdv

Ta @utd avtudpolv otnv Tpo@KA dpactn-
pLOTNTa PUTOPAYWV EXBPWV TOUG HECW TNG
gvepyonoinong GUECWV KaLEPHPEGWVY UNXa-
VIOP®V dpuvag. MoAloi and toug napandvew
pnxaviopoug &ekvolv Pe Thy avayvaplon
Tou £xBpou Kat th onpatodétnon wng Guu-
vag, odnywvtag, yla napddeiypa, otnv na-
POYWYN QUUVIIK®V EVWOEWV MOU eNnped-
Couv apvnTikd tov uTo@dyo xBp6.

‘Evag onpaviikég aplBudg pikpoopyavi-
OHWV TNG pLioo@alpag eival yvwoto ot €-
XO0uV Tnv Kavdtnta va aviaywvidovial na-
Boy6voug HiKpoopyaviopoUg Tou £8d@oug,
va BeAtidvouv Tnv avdntuén twv QuTaV Kat
va gvioxUouv 10 avooonoinTiké cuatnua
TWV QUTWV EVavil HEAOVTIKWV NPOGBOAV.
Evdlagpépovnapoucidleitoyeyovogotiopt-
OpEVOLW@ENHOL MIKpoOopYyaviopoithg pLgd-
opaipag —6nwg ivat JukdppLZeg, evdopu-
TKoi pUKNTEG Kat prlopaktipia nou npod-
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YOUV TNV avantuén twv QUIOV— NPOKaAouv
0T UTA TNV ENaywyn anokpicewv duuvag
napOHoLWV UE QUTEG MOU avantuooouy €va-
VILTWV EXBpwV TOUG.

Qotd00, Ewg oRpEpPa, EXOUPE HOVO NEPLO-
popévaKatanoonacpatikd dedopéva oxe-
TIKG pE TIG EMOPATEL WPEAHWY HLKPOOp-
YOVIOHWV GTNV ENayopevn duuva évavit gu-
ToQAaywV exBpwV o€ KaALEpYOUHEVA QUTL-
Kd €idn. EmnAgov, oL yv®oeLG pag oxXeTkd
HE Toug pUBHLOTIKOUG PNXavIoHOoUG, GTOUG
onoioug Bacifovtat autég ot aAAnAendpa-
O€LG, €ivaLNEPLOPLOPEVEG.

Avukeipevotou €Epyou

To epeuvntikd €pyo BeMOST npowBei tnv
Katavonon twv MOAUNAOKwV GUECWV Kat
€UpecwV BloTKAV aAAnAenidpdocwv nou
oxetidovtal Pe TNV enaywyn anokpicewv a-
HUVaG TV QUTWYV O€ Hia and TG GNHAvTIKG-
1EPEG KAMEPYELEG AaXaVIKWV (1600 o€ €u-
pwnaiké 600 kat g naykéapo ninedo),
v Topdra.

L0 €pyo neplappdvovtal entgripia €idn
€xBpwv NG TOpdTag, 6nwg eivat o Kowog te-



tpdvuxog (Tetranychus urticae), 1o Aenidé-
niepo (Tuta absoluta), o aleupwdng
(Trialeurodes vaporariorum), o Bpinag
(Frankliniella occidentalis) kat n agida
(Myzus persicae). EninAéov, geAet@vrat ot
emdpdoel UNOoXOUEVWY HIKpoopyavi-
OHWV OTOUG PUGLKOUG Toug £xBpolG, onwg
O€ OPNAKTIKA KAl Napacttoetdn.
OukUploLakonoitou €pyou givain dlepel-
vnan tou BaBpou atov onoio n evepyonoin-
ON TWV HNXAVIOP®V GUUVAG TWV (PUTWV ané
WEPEAHOUG HIKPOOPYAVIOHOUG TG puLio-
o@alpag ynopeivaennpedoel putopdyaei-
on apbpondédwv, ToUG QUOLKOUG TOuG €-
xBpoug, Kabwg Kat tnv anédoon TwV PUILV
He newpduata epyactnpiou Kat Beppoknni-
ou, yta tn BeAtiwon ng PloAoylKAG avie-
TWNONG EXBPWV TwV KAALEPYELDV.
EwdikétepoL otdxoL ToU €pyou givat: a) o e-
VIONIOHOG WPEAHWY HIKPOOPYAVIGHWY TNG
pwéopaipag nou €ndyouv tThv avioxh tng
topdrag oe emAHIOUG (PUTOQAYOUG &-
x8poug, B) n Katavénan o€ popLako Kat Blo-
XNUIKG €ninedo TtwV PNXavioPWV Nou &-
pnAéKovtal oG aAANAEN3PAoELS PUTWV,
HIKPOOPYAVIOHWVY Kal QuTopdywv ex8pv,
Katy) n avdntugn véwv otpatnytk@v BloAo-
YIKAG aVTIHETWNIONG EXBpwV TwV Kalep-
yewwv petnv alonoinon katdAAnAwv oteAe-
XWV HIKPOOPYAVIoH®WV TNG pL{oo@alpag.

O@éAn Kaukatvotopia

H evepyonoinon 1ou apuvtikoU guotApa-
T0G TWV QUTOV ané w@EAPOUG HIKpoopya-
ViopoUG tng pléapaipag anoteAei kawvo-
T6HO OTPATNYIKNA GTN BLOAOYIKA QVTIHETW-
non gutopdywv exBpwv. Oplopévol pévo
Hikpoopyaviopoi dtatiBevial onpepa o€ €-
HNopIKA KA{HaKa, KUPIiwG WG puBHLOTEGTNG
avantugng TwV QUIAV R BLOPUKNTOKTOVA,
EVW OL YVWOELG HOG OXETIKA E TIG ENOPG-
OELGTOUG O€ PuTOdyouq exBpougeivatne-
PLOPLOYEVEG.

To BeMOST a&loMoyei tnv anoteAeopartt-
KOTNTa EMAEYUEVWV HIKPOOPYAVICHWYV OTOV
€\eyxo onpavikwv exBpwv, BEtoviag TG
Bdoeigytatnv avdntué&n véwv npoidviwv Kat
tnv avddel§n onpavikwy dyvwotwv dpdoe-
WV EPNOPKWV UIKPOPBLOKWV OKEUACHATWV
otnv al&non NG AVIOXAG TWV QUTWV EvVavil
exBpwyv, ONWG Kal evwoewv Kat yovidiwv
nou oxetidovral ge tnv enayopevn ané pt-
KpoopyavigpoUg au§nuévn avioxn Twv u-
WV o€ PuTOPAyouq exBpoUG.

H xpAon w@EAwY HIKPOOPYaVIGHWY Nou
BeAtdvouv tnv avdntugn Kat gvioxdouv
TOUG pnxaviopoUg duuvag Twv @uiwv Ba
oupBdAeL otn BeAtiwon tng BloAoyiKAG Ka-

Anetkaovion tou epeuvntikou pyou BeMOST

Puawed gipol

-
LT e

o= e Emocperi) Gpuvos Tev gure

|
h‘ﬁ MeTapolireg / ampmucis evivong
N |

i AL I0GROYIEN GT0 OrppokiEn

0

;4PIZT EPA: ﬁstpaparmu’ utd topdrag. AEZIA: ®utd toudtag pe évrovn npoafoAn ano tetpdvuxo.

To épyo BeMOST
avauéverat va avaoeiéet
HIKpoopyaviououg nou
gvioxuouv thv duuva
NG ToudTag Evavtl
purtopdywv exBpwv

TanoAéunong exBpwv HEYGANG OLKOVOULKAG
onpaociag, pewwvovtag agevog tnv e&dptn-
oN TWV Napaywywv ané T xpAcn cuveeTL-
K@V (QUTONPOCTATEUTIKWY NPOIOVIWV Kat a-
(QPETEPOU TO AVTIOTOLXO0 KOOTOG GTNV TOpdTa
KaLog GAAEG KOAMEPYELEG.

Mpdodog Tou Epyou

To €pyo BeMOST &iavuel 1o tpito £10G NG
OUVOALKAG Tou BL1dpKELaG. XT0 XPOVIKO auto
Sidotnpa €xouv npayparonotnBei nelpdya-
10 epyactnpiou ota onoia d0KIPdoTNKE on-
HavTikog aplBpog HUKATWY Kat Baktnpiwv
HE TNV avddel&n apketwv noAAd unooxope-
VWV HIKPOOPYAVIOHWY EVAVTLQUTOQPAYWV €=
xBpwv Tng Topdrag. Meta&y autwv avadei-
x6nkav dUo PUKNTEG Kal €va BakTAplo, yia
Toug onoioug ouvexidetal n HEAETN TwV &-
HMAEKOHEVWY UNXAVICHWV. ZUYKEKPLHEVA
yivovtat avaAioelg Ekgppacng Twv yovidiwv
KOl CUGCWPEUGNG (PUTOOPHOVV, EVUHWV
KOt HETABOALTAV.
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EnunA€ov, oLnoAAG unooxdpevoL HIKpoop-
yaviopoi a&lodoynbnkav wg npog TG ent-
SpdaoeLg T0uG o€ PUOLKOUG XBPOUG TWV (Pu-
To@dywv, 6nwg eival apnaktkd £viopa Kat
akdpea, KaBwg Katnapaottoedn éviopa. Xe
e&EMEN Bpiokovtal nepdpata Beppoknni-
ou otd onoia peAetdral n enidpacn pikpo-
opYaviopwv He piiondtiopa otn duvapikin
TwV NANBUGH®Y OCNPAVTIKWY QUTOQAYWV -
XBpwv tng Topdrag. Me tnv oAokARpwaon Tou
€pyou, Népav Tou EVIoNLopoU PLIKpoopyavt-
GM®V Mou ennpedgouv apvnTikd Toug (uTo-
@dyouc exBpolgatnvtopdta, Baéxouv ava-
OexBei KaLEVWOELG PUTIKAG NPOEAEUCNG HE
anoteAecpankétnta otnv evioxuon tng -
Heong Katépeong duuvag NG Topdtag éva-
VILTWV €XBPIV TNG. [ |

Ynootipién ano o EA.IA.E.K.

Toepeuvnuké Epyo BeMOST unoctnpidetat
and to EAAnviké ‘18pupa “Epeuvag kat Kat-
votopiag (EA.IA.E.K.), oto nAaicto ing Apd-
ong «In MMpoknpugn epeuvnTkAV Epywv
EA.IA.E.K.ywatnv evioxuon twv peAdv AEN
Kat Epeuvnt@v/tpiddv kat tnv npopriBewa e-
peuvnukou e€onAiopol peydAng agiag» (a-
pLBuog Epyou: 50).

& EAIAEK

EAApemd Wpuea Epoweas & Korvomo o
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Spider mites perform worse on soil microbe-inoculated plants: from the
lab to the greenhouse

Maria L. Pappas, Konstantinos Samaras, Paraskevi Ntalia, George D. Broufas

Democritus University of Thrace, School of Agricultural and Forestry Sciences, Department of
Agricultural Development, Laboratory of Agricultural Entomology & Zoology, Orestiada, Greece
email: mpappa@agro.duth.gr

Abstract: Spider mites are key pests in several crops causing significant yield losses. Specifically, the two
spotted spider mite Tetranychus urticae, is a polyphagous pest which is usually controlled in Integrated
Pest Management (IPM) schemes with biological control i.e. the release of predators and application of
chemicals. In this context, beneficial soil microbes are applied as biofungicides or plant growth promoting
agents. Herein, we explored the plant-mediated effects of a series of beneficial soil fungi and bacteria on
spider mites infesting tomato plants aboveground. Experiments were conducted in the lab to assess short-
term effects on spider mite performance. Subsequently, promising microbes were assessed for their effects
on the population dynamics of the mites with greenhouse experiments. Our results show that inoculating
tomato plants with microbes can result in decreased spider mite performance both in the short- and the long-
term. Furthermore, biological control with the release of the zoophytophagous predator Macrolophus
pygmaeus resulted in a stronger reduction in the number of spider mites and eggs, in inoculated plants.
Overall, our study highlights the role of beneficial soil microbes in shaping plant-mite interactions to the
benefit of the plant.

Key words: microbes, performance, population dynamics, Tetranychus sp., tomato.

Summary: Tomato is one of the most important vegetable crops worldwide. It is attacked by
several arthropod pests which are distributed worldwide on several vegetable and horticultural
crops with spider mites alone, causing more than 1 billion euro of damage in horti- and agriculture
yearly (Bolland et al. 1998). Although biological control against spider mites is well-developed in
other vegetable crops, these are still a severe threat in tomato and pesticides need to be frequently
applied eventually, leading to resistance development, environmental pollution, and health and
societal negative impacts (Van Leeuwen et al. 2010). Aiming at increasing the biocontrol toolbox
to sustainably suppress tomato pests, assessing the role of beneficial soil microbes against
aboveground pests is in line with European environmental and economic policies that request for
environmentally friendly strategies to combat pests and reduce chemical inputs to agricultural
cropping systems (EU 128/2009/EC 2009). Particularly, because beneficial soil microbes such as
plant growth promoting fungi, mycorrhizae and rhizobacteria are known to antagonize soil
pathogens, to improve plant growth, and to prime the plant immune system against future attackers
(Pineda et al., 2013; Pieterse et al., 2014; Finkel et al., 2017).

Towards this direction, we assessed a series of fungal and bacterial strains for their plant-
mediated effects on spider mite performance with lab experiments. Plants were inoculated with
the beneficial microbe and then infested with a standard number of pest individuals. Differences
in oviposition, and survival among microbe-inoculated and control plants were recorded. Each
beneficial microbe was applied in sterilized peat where tomato (cv. Moneymaker) plants in pots



had been growing. The plants were transplanted and after 2 days were inoculated with the microbe
under study. After another 21 days, the plants were infested with 45 T. urticae females per plant
for 4 days. Afterwards, survival as well as number of eggs laid were recorded. According to the
analyses of the results, we concluded on the microbes Bacillus amyloliquefaciens QST763 and
Trichoderma harzianum T-22 to proceed with the greenhouse experiments on the population
dynamics of spider mites since both were shown to perform very well with regard to their plant
protection capabilities. Each beneficial microbe was applied in peat where tomato plants in pots
had been growing. In these experiments, an additional treatment of combined application of
beneficial microbes and a natural enemy (M. pygmaeus) was included. The plants were
transplanted in the greenhouse and after 2 days were inoculated with the microbes. After another
21 days, the plants were infested with spider mites (10 females/plant). Two weeks later, we
released four M. pygmaeus females per plant and after one week we sampled plants to record the
population dynamics of both the herbivore and the predator for another six weeks. At each
sampling point, the number of mites and eggs on each plant were recorded, as well as the number
of live predators (adults and nymphs). The results confirmed the significant effects of tomato
inoculation with T. harzianum T-22 and B. amyloliquefaciens QST713, as depicted by the gradual
decrease in spider mite populations. In addition, we recorded an increase in the number of the
predators that was also shown to result in lower number of spider mite eggs and individuals when
plants were inoculated with the microbes.

: The research work is supported by the Hellenic Foundation for Research
H F R I and Innovation (H.F.R.I.) under the “First Call for H.F.R.I. Research
\ Helek Fownaton for Projects to support Faculty members and Researchers and the procurement

Research & Innovation

of high-cost research equipment grant” (Project Number: 50).
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Abstract: Unable to run away from their enemies, plants are continuously challenged by biotic
stressors. Besides herbivorous arthropods and pathogenic microorganisms, plant interactors
also include beneficial organisms such as predators and microbes that can be promising
biocontrol agents. Beneficial soil microbes in particular are known to elicit plant responses and
therefore may be capable of protecting plants against herbivores. Similarly, beneficial
arthropods such as zoophytophagous predators have been shown to elicit defense-related
responses in plants impacting herbivores indirectly, via their phytophagy. On the other hand,
beneficial soil microbes showing intimate relationships with plants may not only affect
herbivores but also their natural enemies through the induction of plant defenses. Here, I explore
promising opportunities for controlling pests on the basis of our current knowledge on
parameters that determine plant defense. I specifically refer to soil microbes and
zoophytophagous predators and address their use as plant ‘vaccination’ agents to prime plants
against future attackers. Research on plant-arthropod-microbe interactions is relatively poor but
necessary to identify beneficial interactions and further develop biocontrol strategies for
sustainable crop production.

Key words: biological control, microbes, tomato, plant defense, predators

Extended Summary: Plants employ sophisticated mechanisms to defend themselves against
herbivorous arthropods. These involve the expression of direct defenses such as toxins and anti-
digestive proteins as well as indirect defenses via the emission of plant volatiles to attract the
natural enemies of pests (Karban and Baldwin, 1997; Dicke and Baldwin, 2010). Defense
induction can occur after exposure of plants to herbivores but also, when plants are exposed to
beneficial non-pathogenic organisms such as root-colonizing microbes for example, plant
growth fungi, mycorrhizae and rhizobacteria which are known to antagonize soil pathogens, to
improve plant growth, and to prime the plant immune system against future attackers (Pineda
et al., 2013; Pieterse et al., 2014; Finkel et al., 2017). Importantly, other beneficial organisms
such as mirid zoophytophagous predators have been shown to induce plant defenses in ways
similar to pure herbivores (Pérez-Hedo et al., 2022). Studying such beneficial plant-arthropod-
microbe interactions could result in the development of sustainable plant protection tools and
strategies for the suppression of key arthropod pests of plants.

In this context, a number of case studies are presented focusing on the application of
beneficial soil microbes and their plant-mediated effects on aboveground herbivores, as well as
their effects on natural enemies of pests. Particularly, interactions between mirid predators,
plants and microbes are studied to identify promising ones for biological pest control. For
example, spider mites are shown to perform worse on tomato plants inoculated with the
beneficial endophytic fungus, Fusarium solani strain K (FsK) via the alteration of tomato
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defense responses against spider mites (Pappas et al., 2018). In addition, the attraction of FsK-
inoculated tomato plants to the mirid predator Macrolophus pygmaeus was enhanced compared
to non-inoculated plants, while the mirid predator Nesidiocoris tenuis induced less necrotic
rings via feeding on FsK-inoculated tomato plants (Garantonakis et al., 2018; Pappas et al.,
2018). Finally, research gaps are explored to identify opportunities for the development of
sustainable pest control tools via for example, the application of plant defense elicitors,
metabolites or peptides to directly affect pest populations or the behavior of their natural
enemies. Understanding the chemical and molecular mechanisms involved in successful plant-
microbe-arthropod interactions is crucial for the development of environmentally friendly
alternatives to chemical control.

The research work is supported by the Hellenic Foundation for Research
‘ H F R | and Innovation (H.F.R.I.) under the “First Call for H.F.R.I. Research
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Abstract: Plants have evolved sophisticated mechanisms to defend themselves against
herbivory. One such mechanism is the release of volatiles by infested plants which inform
natural enemies about the presence of prey, eventually resulting in pest suppression. Plant-
predator interactions can be affected by beneficial microbes living belowground as they are
known to enhance the resistance of plants against pests. Nevertheless, the plant-mediated
effects of soil microbes on the performance of natural enemies have not been widely studied.
Here we studied whether beneficial soil microbes affect the biology and behavior of
aboveground predators and parasitoids. We recorded the survival, offspring production, prey
consumption/parasitism, as well as the behavioral responses of two mirids, a phytoseiid
predator and a parasitoid as affected by the inoculation of tomato plants with beneficial
microbes. Our results highlight the variable effects of microbes on natural enemies depending
on the microbe, the herbivore and the natural enemy species studied.

Key words: biological control, microbes, natural enemies, plant defense, tomato

Extended Summary: Plants interact with various pathogenic and beneficial organisms that are
found above- or belowground. To defend themselves against harmful organisms, such as
herbivorous arthropods, plants employ a series of constitutive and inducible defences which
target directly the pest or indirectly by attracting natural enemies (Karban and Baldwin, 1997;
Schaller, 2008). The latter can be facilitated by the release of volatiles that inform predators
about prey availability on infested plants (Kessler and Baldwin, 2001; Dicke et al., 2010),
therefore increasing the numbers of natural enemies landing on plants to feed on pests and
suppress their populations. On the other hand, beneficial interactions between plants and
predators may be facilitated by organisms living belowground such as beneficial microbes.
These are of particular interest as they are known to enhance plant responses against pathogens
and herbivorous pests (Pineda et al., 2013; Pieterse et al., 2014; Finkel et al., 2017).
Nevertheless, their impact on the ability of plants to attract predators has not been widely
studied.

In the present study, we assessed the plant-mediated effects of two beneficial microbes,
the fungus Trichoderma harzianum T22 and the bacterium Bacillus amyloliquefaciens QST713
on the performance and behavior of the zoophytophagous predators Macrolophus pygmaeus
and Nesidiocoris tenuis, the predatory mite Amblyseius swirskii and the parasitoid Encarsia
formosa in tomato. We hypothesized that the tested microbes would alter tomato plant-mediated
responses and thus affect the performance of the natural enemies aboveground. Three to four
weeks old experimental plants were grown from seeds that were surface-sterilized and sown in
pots, each containing sterilized peat. Microbe inoculation was performed at the recommended
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dose for field application two days after transplantation. After 2 weeks, plants were infested
with herbivore individuals and after one week, individuals each predator (M. pygmaeus,
N. tenuis and A. swirskii) were transferred on the plants for a period of 5 and 14 days,
respectively and their survival and nymph production were recorded on inoculated plants as
compared to non-inoculated plants. In addition, the effects of plant inoculation with microbes
on the predation of M. pygmaeus, N. tenuis, and A. swirskii on different species of herbivorous
pests, as well as the parasitism efficiency of E. formosa were studied. Finally, we performed
olfactometer experiments giving a choice to the natural enemies between all different
combinations of plants infested with different herbivores and inoculated with soil microbes or
not.

Our results show that tomato inoculation with soil microbes can affect its indirect defenses
provided by natural enemies, with survival, offspring production, and prey consumption or
parasitism being significantly affected, depending on the microbe and species of prey.
Furthermore, tomato inoculation with microbes can enhance the attractiveness of the plants to
natural enemies as compared to non-inoculated plants. In this context, we are currently
analyzing the volatile blend emitted from the headspace of inoculated plants and testing specific
volatile compounds for their effects on the behavior of natural enemies. Furthermore, we are
assessing the effects of microbes on the performance of natural enemies under greenhouse
conditions.

The research work is supported by the Hellenic Foundation for Research
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of high-cost research equipment grant” (Project Number: 50).
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Plant-mediated effects of beneficial soil microbes against arthropod pests

Soultana Mourtiadou, Theodoros Arampatzis, Myrsini Kakagianni, Maria Feka, Kalliope
Papadopoulou, George Broufas & Maria L. Pappas

Rooted and unable to flee, plants often interact with both arthropods and microbes. Besides
pathogens that cause diseases in crops, plant interactors also include beneficial microbes. Certain
soil microbes in particular are known for their ability to improve plant growth, antagonize
pathogens and prime plants against future attacks via the elicitation of plant defense responses.
Hence, they might also be capable of protecting plants against herbivores and serve as promising
biological control agents in Integrated Pest Management programs. The aim of the present study
was to assess the plant-mediated effects of several commercial and lab-owned microbial strains
against tomato pests such as spider mites, whiteflies and aphids. We found that herbivore
performance can be substantially hampered on microbe-inoculated plants as compared to
uncolonized plants. Furthermore, we assessed the impact of microbe inoculation on plant
performance. Our results will help in understanding tomato-arthropod-microbe interactions, also
in developing biocontrol strategies for sustainable pest control.

The research work was supported by the Hellenic Foundation for Research and Innovation (H.F.R.1.)
under the “First Call for H.F.R.l. Research Projects to support Faculty members and Researchers
and the procurement of high-cost research equipment grant” (Project Number: 50).



The hidden role of beneficial soil microbes against spider mites, whiteflies and thrips in tomato

Konstantinos Samaras, Paraskevi Ntalia, Soultana Mourtiadou, Theodoros Arampatzis, George
Broufas & Maria L. Pappas*

Plant-growth promoting fungi and rhizobacteria have shown potential in protecting plants against
pathogens. Nevertheless, our knowledge on their effects against herbivorous pests remains
largely unknown. We assessed the plant-mediated effects of soil microbes against tomato pests,
specifically the mite Tetranychus urticae, the whitefly Trialeurodes vaporariorum and the thrips
Frankliniella occidentalis. Context-dependency was addressed by recording the effects of
microbes in different tomato cultivars. We show that herbivore performance can be affected by
soil microbes and that variation can be recorded among cultivars. Overall, we highlight the role of
soil microbes as biocontrol agents in suppressing herbivore populations in tomato, possibly via
the induction of plant defenses.

The research project was supported by the Hellenic Foundation for Research and Innovation
(H.F.R.l.) under the “l1st Call for H.F.R.l. Research Projects to support Faculty Members &
Researchers and the Procurement of High-and the procurement of high-cost research equipment
grant” (Project Number: 50).



Beneficial soil microbes to enhance tomato resistance against arthropod pests
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Soil-borne beneficial microbes have been recognized for their ability to improve plant growth, antagonize
pathogens and prime plant immunity against future attackers. Among root-colonizing microbes, plant-
growth promoting fungi and rhizobacteria have shown potential in protecting plants not only against
pathogens but also aboveground herbivores via the elicitation of systemic defense responses.
Nevertheless, current knowledge on the effects of beneficial soil microbes against certain herbivorous
pests such as key pests of tomato remains limited. In this study, we present a synthesis of our findings on
the impact of a series of soil fungi and bacteria on enhancing direct resistance against key tomato pests,
namely the two-spotted spider mite, greenhouse whitefly, green peach aphid, western flowers thrips and
tomato stem borer. Biological control with the use of predatory insects and mites represents an effective
alternative to chemicals. Here, we also explore the effects of soil microbes on indirect tomato resistance
to herbivorous pests. Tomato inoculation with microbes is shown to differentially affect the studied
herbivores as well as their natural enemies. Our results highlight the potential of beneficial soil microbes
in pest control and the necessity to understand the molecular and chemical mechanisms underlying their
plant-mediated effects.

The research project was supported by the Hellenic Foundation for Research and Innovation (H.F.R.l.)
under the “1st Call for H.F.R.l. Research Projects to support Faculty Members & Researchers and the
Procurement of High-and the procurement of high-cost research equipment grant” (Project Number: 50).
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O1 opyaviopoi pe TOUug OTToIOUG Ta QUTA AAANAeTMI®OpoUV TTEPIAQUBAVOUV PAKPO- KOl
MIKPOOPYQVIOUOUG TTOU BpiokovTal OTO UTTEPYEI0O R TO UTTOyEIo TuRua Toug. lMa va
apuveouv évavti Twv eMRBAABWY yia autd OpyaviouwY, OTTWG Ta UTOPAYa apBpdTToda, Ta
QUTA €XOUV AvVATITULEI JNXAVIOPOUG TTOU OTOXEUOUV QQEVOG OTOV VO OTTOKPOUCOUV TOUG
EXOPOUGC TOUG, QPETEPOU VA TTPOCEAKUCOUV ONPEeUTEG. TO TEAEUTAIO ETTITUYXAVETAI PE TNV
¢€KAUON TITNTIKWV EVWOEWV TTOU ONAWVOUV Tnv Trapoucdia aTopwyv TnG Asiag oTta
TTPooRePANUEVA QUTA, auédvovTag Tov apiBud Twv QUOIKWVY £XBPWYV TTOU TTPOCEAKUOVTAI
O€ AQUTA TTPOKEIMEVOU VA TPAPOUV UE TOUG QUTOPAYOUG £XOPOUG Kal va KOTAOTEIAOUV TOUG
TTANBUOPOUG Toug. ATTO TNV AAAN TTAEUPd, o WPENINEG AAANAETIOPAOEIG HETAEU QUTWV Kal
OPTTOKTIKWY MTTOPEI VO  ETTNPEACTOUV QATTO  MIKPOOPYavIoPoUS TnG pi¢doeaipag. Ol
OpPYQVIOUOi auToi TTapouaialouy IDIAITEPO evOIAPEPOV KABWG gival yvwoTo OTI EVIOXUOUV TIG
QTTOKPIOEIC TWV QUTWYV &vavTl TTaBoyovwy JIKPOOPYAVIOUWY Kal QUTOPAYWY £XBpwV.
QoT1600, ol €mMOPACEIS TOUG OTNV IKAVOTNTA TWV QUTWV VA TTPOCEAKUOUV APTTOKTIKA OEV
£xel OlepeuvnOei o€ peydlo BaBud. ZTnv epyacia auTr], TTAPOUCIAOUUE TA ATTOTEAEOUATA
TTEIPAUATWY OAQAKTOUETPOU TTOU TTPAYHATOTTOINONKAV PE QUOIKOUG £XOPOUG, CUYKEKPIPEVA
evAAIKa dToua TwWV APTTOKTIKWY eVTOPwWY Macrolophus pygmaeus Rambur (Hemiptera:
Miridae) kai Nesidiocoris tenuis Reuter (Hemiptera: Miridae), Tou akdpewg Amblyseius
swirskii Athias-Henriot (Acari: Phytoseiidae) kal Tou Trapacitogldoug Encarsia formosa
Gahan (Hymenoptera: Aphelinidae) ota otroia 666nke n €mAoyr avaueoa o€ OAoUG Toug
JIAPOPETIKOUG CoUVOUACHOUG PUTWV TTOU €ixav TTPooBANBei pe @uToPAayoug £xOpoug Kai
gixav euPoMNIaoTEi 1 OXI e ETTIAEYPEVOUG WPEANIUOUG PIKPOOPYAVIOUOUGS TNG PICOCOAIPAG.
AT Ta atroTeEAEopaTa @aivetal 0TI, N EAKUCTIKOTATA EUBOANIQOUEVWV PE PIKPOOPYAVIOUOUG
QUTWV TopATag TTapaAAdoel avaloya Pe TO €id0G TOOO TOU UTOPAYOU OO0 KAl TOU QUOIKOU
eXOpoU. ZUVOAIKA, Ta ATTOTEAEOUATA WOG PTTOPEI va gival XpRoiya oTnv avamTuén Vewv
QEIPOPWY EPYOAEIWV QVTIMETWTTIONG €XOPWV TwV KAAIEPYEIWV Kal AVADEIKVUOUV TNV
avAaykn n MEAETN TWV OAANAETTIOPACEWY EVIOUWV-QUTWYV VA TOTTOBETOUVTAI OTO EUPUTEPO
TTAQic10 TNG BIOKOIVOTNTAG.

AEgeig-kAe1d1d: PBakTipla, BIOAOYIKF) KATATTOAEUNON, MUKNTEG, QUOIKOI €XOPOI, QUTIKN
auuva

To epeuvnTIKO €pyo UTTOOTNPIXTNKE aTO TO EAANVIKO
) 16pupa ‘Epeuvag kail Kaivotopiag (EA.IA.E.K.) oTo 1TAqiolo
,@ EAIAEK NG Apdong «1n TpokApugn epeuvnNTIKWVY  EPywV
prens i e, EAJAEK. yia TRV evioxuon Twv  peAwv  AEN  kai
Epeuvntwv/tpiwv  kKal TRV TTpounBsia  gpeuvnTiKoU

€€OTTAIOMOU peYAANng agiac» (Ap1IBuog ‘Epyou: 50).
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Na va apuvBouv Evavil Twv QUTOPAYWYV €XOpWwV TOUug, T QUTA £XOUV QVOTITUEEI
TTOAUTTAOKOUG  PNXaVIOPOUG TTou  TTEpIAaUBAvouV pia oelpd atrd TTPOUTTAPXOUCES Kal
ETTAYWHMEVEG AMUVTIKEG ATTOKPIOEIG. H éKAUON TITNTIKWV EVWOEWV Eival Pia TETOIO ATTOKPION
TTOU OTOXEUEl OTNV TIPOCEAKUCH QUOIKWY €xBpwv o€ TTpooPeBAnuéva QuTa yia Tnv
aveupeon Agiag. QoT1d00, AAEG ATTOKPICEIS TWV QUTWY, OTTWG QUTEG TTOU ETTAYWVTAI OTTO
WEENPOUG UIKPOOPYAVIOPOUG TNG pICOc@aIpag UTTopEl va cival emPBAABEIC yia Toug
QUOIKOUG £xBpoUG, €AV yia TTapadelypa Ta QuTa dev gival o€ BEon va «avayvwpioouv» Ta
WOEENIa apBpdTToda aTTd TOUG QPUTOPAYOUG £XOPOUG 1 €AV TA APTTOKTIKA KATAVOAWVOUV
AaTopa Agiag TTou avaTrTuooovTal 0€ QUTA OTa OTToia €X0OUV £TTaXOEi OI unXaviouoi duuvag.
2TnVv gpyacia autr], ¢eTdoape KaTd TTOOOV WQPEAIPOI JIKPOOPYAVIOHOI TNG piIdopaipag Ba
MTTOpOUCQV VA ETTNPEACOUV XAPAKTNPIOTIKA TNG BIOAOYIOG QPTTAKTIKWY KOl TTAPACITOEIOWV.
MNa Tov OKOTO auTd, KaTaypAwaue TNV €mIRiwon Kal TNV TTapaywyr] ammoyovwy Twv
apTrakTIKWV Macrolophus pygmaeus Rambur (Hemiptera: Miridae), Nesidiocoris tenuis
Reuter (Hemiptera: Miridae) ka1t Amblyseius swirskii Athias-Henriot (Acari: Phytoseiidae)
o€ QUTA TToU E€ixav €PBOAIaOTEl i OXI ME MIKPOPYAVIOUOUG TnG pIfO0o®aIpag Kal OTn
ouvéExela TTPOoPANBel 1 OxI HE  DIOQPOPETIKOUG QUTOPAYOUS e€xBpoug. EmmTAéov,
aglohoynoaue TNV KAatavaAwon Asiag  ammd  Ta APTTOKTIKA, KOBWG KAl Tnv
ATTOTEAECHATIKOTNTA  TTAPACITIONOU  Tou Encarsia formosa Gahan (Hymenoptera:
Aphelinidae). Ta ammoteAéopatd pag deixvouv OTI, o1 €TOPACEIS TOU €UBOAIACHOU QUTWV
TOMATOG ME MIKPOPYAVICHOUG TNG pIfO0PaIpas OTOUG QUOIKOUG €XOpous TTapaAAdoouv
METAEU TwV BIOPOPETIKWYV £I0WV, avaAoya PE TO €idOG TOOO TOU PIKPOOPYAVIOUOU OCO Kal
TOU QUTOQAYOU. ZUVOAIKA, UTTOYPAMMICOUME Tn onuacia TNG MEAETNG TWV ETTIOPACEWV
MIKPOOPYQVIOUWYV TNG PICO0QAIPAG OE QUOIKOUG £XOPOUG yia TOV EVTOTTIONO QAEIPOPWV
EPYAAEIWV AVTIMETWTTIONG TWV EXOPWV TWV KAANIEPYEIWV.

AEgeiIg-kA&1d1d: apBpdTTOda, OPTTAKTIKA, BIOAOYIKA KATATTOAEUNON, HIKPOOPYAVIOUOI,
QUTIKN Guuva, ToPATa
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Emidpaoeig WPEAINWY HIKPOOPYAVIOUWYV TNG PI{OC@AIPAS CE PUTOPAYOUS £XOpOUG

M. A. NANNA"Y, K. ZAMAPAZ', M. NTAAIA', M. ®EKA?,
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lMavemorruio ©pdkng, MNavralidou 193, 68200, Opeoridda
2Epyacotripio BiotexvoAoyiac @urwyv kai lNepidArovrog, Tunua Bioxnueic kar BiotexvoAoyiag, lMNavemiorruio
Ocooaliag, BiomoAig, 41500 Népioa
*e-mail: mpappa@agro.duth.gr

Ta euTtd cuyxvda KaAoUVTal VO AVTIMETWTTIOOUV BIOTIKOUG OTPECOYOVOUG TTAPAYOVTEG, JETALU
QUTWV QUTOPAYa apBpdTToda Kal TTaBOoYOVOUG HIKPOOPYaVIOUOUG. QoTd00, aAANAETIOpOUV
Kal ME  WQEEANIJOUG OpPYyaviIOPoUG OTTWG  APTTOKTIKA EVIOPA KAl PIKPOOPYAVIOUOUG.
2 UYKEKPIPEVA, OPIOUEVA HIKPOOPYAVIOUOI TNG PICOC@AIPAG €ival yWwOTOI yia TNV IKavoTnTa
TOUG va BeATILOVOUV TNV AVATITUEN Twv QUTWYV, va avrtaywvifovralr TTaBoydva kai va
TIPOETOINACOUV TA QUTA EvaVTI JEAAOVTIKWYV TTPOKANCEWY JECW TNG ETTAYWYNG ATTOKPICEWYV
QUTIKAG Guuvag. ETTopévwg, TTapouciddouy evOlagEéPoV yia XPrRon OTn QUTOTTPOOTACIA WG
TTOPAYOVTEG PBIOAOYIKNG KATATTOAEUNONG O TTPOYPAUMOTA OAOKANPWHEVNG dlaxeipiong
eXOpwWV. Z& AuTrv TNV gpyacia, agloAoynoaue TIG ETTIOPACEIG HECW TOU QUTOU WIS OEIPAG
WOEENPJWY PUKATWVY Kal BakTnpiwv NG pifooceaipag Evavtl KUPpIwV eXOpwy TNG TOUATOG
TTOU AVAKOUV O€ OIOQOPETIKEG CUVTEXVIEG KAl TUTTOUG DIATPOPNG, OTTWG Ta €idn Tetranychus
urticae Koch (Acari: Tetranychidae), Trialeurodes vaporariorum (Westwood) (Hemiptera:
Aleyrodidae), Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), Tuta
absoluta (Meyrick) (Lepidoptera: Gelechiidae) kar Myzus persicae (Sulzer) (Hemiptera:
Aphididae). Zuykekpipéva, £yIve KaTaypagr] XApoKTNPEIoTIKWY TNG PloAoyiag, 6TTwG n
eMPBiwon, n TaxuTNTa AvATITUENG KAl N WOTTapaywyr avaAoywg Tou €idog Tou exBpou o€
eMBOAIaOPEVA QUTA O€ CUYKPION KE TA QUTA TOU PApTUpa. ETITTAéoV, £yive KaTaypagn Twv
EMOPACEWV  ETTIAEYPEVWV  UIKPOOPYAVIOPWY O€ OIOQOPETIKEG TTOIKIAiEG ToudTag. Ta
atroTeAEOPATA pag Ogixvouv OTl, 0 €UBOANICCUOG QUTWYV e DIOPOPETIKA BakTnplakd Kai
MUKNTIOKG OTEAEXN €TTNPEACEI TOUG TTANBUCUOUG TwV QUTOPAYWYV £XBPWYV PHECW TOU QUTOU.
QoT1600, KATAYPAWAUE ONUAVTIKA TTAPAAANAKTIKOTATA O€ QUTEG TIG ETTIOPACEIS avAAoya UE
TOUG MIKPOOPYQVIOWOUG KABWG Kal Ta €idn QUTOQAYwWV TTOU WEAETBNKAV. 2ZUVOAIKA, N
gpyacia pag avadeikvuel TOV pOAO TWV HIKPOOPYAVIOUWY TNG PICOCOAIPAS WG TTAPAYOVTWYV
BIOAOYIKNG KATATTOAEUNONG OTNV KATAOTOAN TwV TTANBUCUWY QUTOPAYWYV £XOpwv, TTIBava
MEOW TNG ETTAYWYNAG ATTOKPICEWY AUUVAG TWV QUTWV.

Aégeig-kKAe181d: apBpoTToda, BakTAPIA, BIOAOYIKN KATATTOAEUNON, MUKNTEG, QUTIKA duuva,
ToudTa
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Beneficial soil microbe-mediated tomato responses against spider mites

Maria L. Pappasl*, Marianna Avramidou?, Konstantinos Samaras!, Paraskevi Ntalia®, Myrsini
Kakagianni?, Kalliope Papadopoulou? & George Broufas?
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Democritus University of Thrace, Orestiada, Greece

2Laboratory of Plant and Environmental Biotechnology, Department of Biochemistry and
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Soil microbes are known to be capable of protecting plants against herbivores via the elicitation
of plant defense responses. However, little is known on their effects in shaping plant-mite
interactions. Herein, we assessed the effects of several fungal and bacterial strains on the
performance of the spider mite Tetranychus urticae (TSSM). TSSM performance was shown to be
negatively affected on inoculated plants. We also evaluated the role of the most promising
microbes in altering gene expression in response to TSSM and found evidence for the induction
of defenses in inoculated plants. Our results highlight the potential of soil microbes against mites
in sustainable crop production.

The research project is supported by the Hellenic Foundation for Research and Innovation (H.F.R.1.)
under the “1st Call for H.F.R.l. Research Projects to support Faculty Members & Researchers and
the Procurement of High-and the procurement of high-cost research equipment grant” (Project
Number: 50).
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0OC131. Induced resistance by arbuscular mycorrhizal fungi in tomato: a new tool for integrated pest
management programs
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°Department of Biology, Biochemistry and Natural Sciencies, Universitat Jaume I, Castellén, Spain

*Corresponding author: mjpozo@eez.csic.es

Beneficial soil microorganisms can boost plant defences increasing their resistance to herbivores. Our
research has revealed the contribution of arbuscular mycorrhizal fungi to improve plant direct and indirect
defences against chewing herbivores in tomato. Mycorrhizal colonization in tomato reduced the
performance of the generalist chewer Spodoptera exigua and the specialist leafminer Tuta absoluta. The
reduction was associated to a primed accumulation of antiherbivore metabolites in challenged leaves
including alkaloids and polyamine conjugates. Moreover, the volatile blends in mycorrhizal and non
mycorrhizal plants differ, and enhanced attraction of natural enemies of the pests-commonly used in
biocontrol programs- have been observed in challenged mycorrhizal plants. Comparisons across different
experimental scales from controlled lab set-ups to commercial production conditions evidenced the
robustness of the effects, the compatibility with other biocontrol methods, and accordingly, the potential
of mycorrhiza induced resistance to be incorporated in current Integrated Pest Management Programs.

Keywords: Tuta absoluta, tomato, primed defenses, Nesidiocoris tenuis, HIPVs, multitrophic
interactions

0C132. Beneficial microbes to optimize pest control in sustainable tomato production
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Plants are continuously challenged by biotic stressors such as herbivorous arthropods and pathogenic
microbes. Nevertheless, plants also interact with beneficial organisms such as certain soil microbes which
are known for their ability to improve plant growth, antagonize pathogens and prime plants against future
attacks via plant defense elicitation. In this work, we hypothesized that beneficial soil microbes can protect
plants also against herbivores hence, serve as biological control agents in Integrated Pest Management
programs. We assessed the plant-mediated effects of a series of beneficial soil fungi and bacteria against
key pests of tomato namely, Tetranychus urticae, Trialeurodes vaporariorum, Frankliniella occidentalis, Tuta
absoluta and Myzus persicae, and their natural enemies, and studied the molecular and chemical
mechanisms underlying beneficial microbe-tomato interactions which enhance tomato resistance against
key pests. Our results identified promising bacterial and fungal strains with efficacy against tomato pests via
the plant, as well as specific molecular and chemical components of tomato direct and indirect defense that
were differentially affected by tomato inoculation with these microbes.

The research project was supported by the Hellenic Foundation for Research and Innovation (H.F.R.1.)
under the “1st Call for H.F.R.I. Research Projects to support Faculty Members & Researchers and the

Procurement of High-and the procurement of high-cost research equipment grant” (Project Number: 50).
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0C133. The multifaceted nature of the modulation of plant responses to insect herbivory by beneficial
microbes
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IDept. Terrestrial Ecology, Netherlands Institute of Ecology (NIOO-KNAW), Droevendaalsesteeg 10, 6708
PB Wageningen, The Netherlands

*Corresponding author: a.biere@nioo.knaw.nl

Inoculation of plants with beneficial microbes is increasingly recognized as a powerful tool to enhance plant
defense against insect pests. Arbuscular Mycorrhizal (AM) fungi can sensitize the plant’s immune system,
resulting in priming of defences against leaf-chewing insects. However, meta-analyses show that effects of
AM fungi on plant defense range from increased resistance to increased susceptibility. We present two
studies in ribwort plantain (Plantago lanceolata) showing that such contrasting effects may reflect
ontogenetic changes during plant life, and unexpected ways in which AMF interfere with plant responses
to herbivory.First, we show that the direction of effects of AMF on the leaf chewing insect Mamestra
brassicae shifts during plant ontogeny. In young plants, AMF enhances leaf nutritional quality, increasing
the insect’s efficiency of conversion of ingested food (ECI). However, as plants age, effects of induction of
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Plant-mediated effects of beneficial soil microbes on herbivore populations in the greenhouse
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Maria L. Pappas, Konstantinos Samaras, Paraskevi Ntalia & George Broufas

Laboratory of Agricultural Entomology and Zoology, Department of Agricultural Development, Democritus University of Thrace, Orestiada, Greece

Plants have evolved sophisticated mechanisms to defend themselves against their enemies. Besides the latter,
they also interact with beneficial organisms such as soil microbes and zoophytophagous predators which are
known to prime plants against future attacks via plant defense elicitation. In this work, we assessed the plant-
mediated effects of two beneficial soil microbes, namely Trichoderma harzianum T22 and Bacillus
amyloliquefaciens QST713, shown previously to negatively affect herbivore performance in the lab, on the
population dynamics of the two spotted spider mite Tetranychus urticae and the whitefly Trialeurodes
vaporariorum with greenhouse experiments. Our results show that inoculating tomato plants with microbes
can result in decreased herbivore performance in the greenhouse. Furthermore, biological control with the
release of mirid predators was not affected by microbial inoculation of the plants. Overall, our study highlights
the added value of beneficial soil microbes in pest control as well as their compatibility with natural enemies.

The research project was supported by the Hellenic Foundation for
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