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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 
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 Sánchez-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 (RNAi). 
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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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 (RLKs) 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 

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

1  Biological and Molecular Control Tools in Plant Defense
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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 Ca2+ and reactive oxygen species (ROS) or reac-
tive nitrogen species, ion efflux, protein phosphorylation, activation of Ca2+-
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, PTI 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 Ca2+ 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].

1  Biological and Molecular Control Tools in Plant Defense
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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 PTI 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 edr1 (ENHANCE 
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DISEASE RESISTANCE1), 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 edr1 can also 
express constitutively two MAPK kinases MPK3–MPK6 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 vtc1, which is impaired in the production of 

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, I3CA) 
or genetic inputs (for example, downregulation of NRT2.1, OPC3 or EDR1). When plant defenses 
go 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)
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ascorbic acid, also shows constitutive priming of PR1 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 β-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 H2O2, 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 MPK6 in primed plants that were 
rapidly phosphorylated once the challenge was present triggering much faster PR1, 
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 T. 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 sRNAs 
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 

1  Biological and Molecular Control Tools in Plant Defense



14

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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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 

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 dsRNA 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
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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].  It 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 MYC2 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, T. 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 PR1 [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 PR1 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 T. 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 T. 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. tenuis 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 Fo162 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 

M. L. Pappas et al.



21

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 (IBI1) 
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)4) 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 to induce 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), β-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 (dsRNAs, sRNAs) 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 dsRNA per 
hectare is required [279]. For laboratory experiments limited amounts of dsRNA 
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 dsRNA 
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 dsRNA 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 Sortin1 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 RNAi 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

Trichoderma harzianum T-22
TRIANUM-P®

KOPPERT
1 × 109 cfu/g

35

Trichoderma asperellum T34
Asperello® T34 Biocontrol®,

Biobest Group NV
1 × 109 cfu/g

35

Isaria fumosorosea Apopka 97
PreFeRal®,

Biobest Group NV
2 × 109 cfu/g

35

Plant strengthener

Acibenzolar-S-methyl BION 50 WG
Syngenta Hellas 5
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Table 1. Cont.

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

Tomato cv: Moneymaker

Fungi

Isaria fumosorosea Apopka 97
PreFeRal®,

Biobest Group NV
2 × 109 cfu/g

0.64

Trichoderma atroviride SC1
Vintec®,

Bi-PA NV/SA
1 × 1010 cfu/g

0.09

Trichoderma asperellum TV1
Xedavir,

Intrachem Hellas
1 × 107 cfu/g

350

Trichoderma asperellum T34
Asperello® T34 BiocontrolTM,

Biobest Group NV
1 × 109 cfu/g

3.50

Rhizoglomus irregulare QS69
Advantage,

INOQ GmbH
3.6 × 104 propagules/g

10

Funneliformis mossae Lab [34]
2 × 105 cfu/g 10

Rhizophagus irregularis Lab [34]
2 × 105 cfu/g 10

Rhizophagus irregularis (DAOM) 197198
DAOM

Agronutrition
5 × 104 cfu/mL

10 µL

Bacteria

Pseudomonas sp. DSMZ 13134
Proradix®,
Anthesis

6.6 × 1010 cfu/g
0.08

Bacillus amyloliquefaciens MBI600
Serifel®,

BASF Hellas
5.5 × 1010 cfu/g

0.32

Bacillus amyloliquefaciens FZB24
Taegro ®,
Syngenta

1 × 1010 cfu/g

0.24

Bacillus pumilus QST 2808
Sonata ®,

Bayer
1 × 109 cfu/gr

6.4

Bacillus amyloliquefaciens subsp. plantarum D747
Amylo-X®,

K&N Efthymiadis
2 × 1011 cfu/g

1.60

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(A1): 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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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).
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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 × 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 × 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 × 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 × 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 × 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 × 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
(Ø 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 α = 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, F.W., K.K.P., G.D.B. and
M.L.P.; Validation, K.S., S.M., T.A., F.W., K.K.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.F.; Resources, G.D.B., K.K.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,
K.S., M.K., F.W., K.K.P., 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.F.R.I.) 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).

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 of 13

Acknowledgments: We would like to thank Soraya França 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. J. 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, T.K.; Teboh, J.M.; Eze, P.N.; 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, P.R.; O’Connor, S.; Wackers, F.L.; Goulson, D. Neonicotinoid pesticide reduces bumble bee colony growth and queen
production. Science 2012, 336, 351–352. [CrossRef]

5. Bale, J.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.; Muñiz, 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.J.; Pozo, M.J.; Ton, J.; van Dam, N.M.; Conrath, U.
Recognizing Plant Defense Priming. Trends Plant Sci. 2016, 21, 818–822. [CrossRef]

11. Pieterse, C.M.J.; 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.J.; 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, J.J.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]
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ª
›· ·fi ÙÈ˜ ÌÂÁ·Ï‡ÙÂÚÂ˜ ÚÔÎÏ‹-
ÛÂÈ˜ ÛÙÔÓ ÙÔÌ¤· ÙË˜ ÁÂˆÚÁÈÎ‹˜
·Ú·ÁˆÁ‹˜ Â›Ó·È Ë ·Ó¿Ù˘ÍË ÂÓfi˜
·ÂÈÊfiÚÔ˘ ÌÔÓÙ¤ÏÔ˘ ·Ú·ÁˆÁ‹˜,

ÌÂÈˆÌ¤ÓˆÓ ÂÈÛÚÔÒÓ, Ô˘ ı· ÂÍ·ÛÊ·Ï›˙ÂÈ
ÙËÓ Î¿Ï˘„Ë ÙˆÓ ÂÈÛÈÙÈÛÙÈÎÒÓ ·Ó·ÁÎÒÓ Â-
Ófi˜ Ú·Á‰·›· ·˘Í·ÓfiÌÂÓÔ˘ ·ÓıÚÒÈÓÔ˘
ÏËı˘ÛÌÔ‡. 

™ÙÔ Ï·›ÛÈÔ ·˘Ùfi, ÛËÌ·ÓÙÈÎ‹ ·Ú¿ÌÂÙÚÔ ·-
ÔÙÂÏÂ› Ë ÚÔÎ·ÏÔ‡ÌÂÓË ·ÒÏÂÈ· ·Ú·Áˆ-
Á‹˜ ·fi Ê˘ÙÔÊ¿Á· Â›‰Ë Â¯ıÚÒÓ. °È· ÙËÓ ·-
ÓÙÈÌÂÙÒÈÛË ÙˆÓ Â¯ıÚÒÓ ÙˆÓ Î·ÏÏÈÂÚÁÂÈÒÓ,
Ë ̄ Ú‹ÛË ̄ ËÌÈÎÒÓ ·Ú·ÛÈÙÔÎÙfiÓˆÓ, ·Ú¿ ÙÈ˜
·ÚÓËÙÈÎ¤˜ ÂÈ‰Ú¿ÛÂÈ˜ ÙÔ˘˜ ÛÙÔ ÂÚÈ‚¿ÏÏÔÓ,
Û˘ÓÂ¯›˙ÂÈ Ó· ·ÔÙÂÏÂ› ÙÔ Ï¤ÔÓ ·ÔÙÂÏÂ-
ÛÌ·ÙÈÎfi Ì¤ÛÔ Ê˘ÙÔÚÔÛÙ·Û›·˜. øÛÙfiÛÔ, ÔÈ
··ÈÙ‹ÛÂÈ˜ ÙˆÓ Î·Ù·Ó·ÏˆÙÒÓ ÁÈ· ÙÚfiÊÈÌ·
˘„ËÏ‹˜ ÔÈfiÙËÙ·˜, ··ÏÏ·ÁÌ¤Ó· ·fi ˘Ô-
ÏÂ›ÌÌ·Ù· ÁÂˆÚÁÈÎÒÓ Ê˘ÙÔÚÔÛÙ·ÙÂ˘ÙÈÎÒÓ
ÚÔ˚fiÓÙˆÓ, Î·ıÈÛÙÔ‡Ó ·Ó·ÁÎ·›· ÙËÓ ·Ó¿-
Ù˘ÍË Û˘Á¯ÚfiÓˆÓ Û˘ÛÙËÌ¿ÙˆÓ ·Ú·ÁˆÁ‹˜
ÌÂÈˆÌ¤ÓˆÓ ÂÈÛÚÔÒÓ.

ΔÔ ÂÚÂ˘ÓËÙÈÎfi ¤ÚÁÔ BeMOST, ÌÂ Ù›ÙÏÔ
«øÊ¤ÏÈÌÔÈ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÔ› ÙË˜ ÚÈ˙fiÛÊ·È-
Ú·˜ ÁÈ· ÙËÓ ·ÓÙÈÌÂÙÒÈÛË ÛËÌ·ÓÙÈÎÒÓ Â-
¯ıÚÒÓ ÙË˜ ÙÔÌ¿Ù·˜», ÛÙÔ¯Â‡ÂÈ ÛÂ ÌÈ· Î·ÈÓÔ-
ÙfiÌÔ ÚÔÛ¤ÁÁÈÛË ‚ÈÔÏÔÁÈÎ‹˜ Ê˘ÙÔÚÔÛÙ·-
Û›·˜, ·ÍÈÔÔÈÒÓÙ·˜ ̂ Ê¤ÏÈÌÔ˘˜ ÌÈÎÚÔÔÚÁ·-
ÓÈÛÌÔ‡˜ ÁÈ· ÙËÓ ÚÔÛÙ·Û›· ÙˆÓ Î·ÏÏÈÂÚÁÂÈ-
ÒÓ ·fi Ê˘ÙÔÊ¿ÁÔ˘˜ Â¯ıÚÔ‡˜ Ì¤Ûˆ ÙË˜ Â-
ÓÂÚÁÔÔ›ËÛË˜ ÙË˜ ¿Ì˘Ó·˜ ÙˆÓ Ê˘ÙÒÓ.

ºÔÚ¤·˜ ˘ÏÔÔ›ËÛË˜ ÙÔ˘ ¤ÚÁÔ˘ Â›Ó·È ÙÔ
¢ËÌÔÎÚ›ÙÂÈÔ ¶·ÓÂÈÛÙ‹ÌÈÔ £Ú¿ÎË˜, ÌÂ Û˘-
ÓÂÚÁ·˙fiÌÂÓÔ˘˜ ÊÔÚÂ›˜ ÙÔ ¶·ÓÂÈÛÙ‹ÌÈÔ

£ÂÛÛ·Ï›·˜, ÙÔ University of Hohenheim Î·È
ÙÔ German Centre for Integrative Biodi-
versity Research (iDiv).

ÕÌ˘Ó· ÙˆÓ Ê˘ÙÒÓ

Δ· Ê˘Ù¿ ·ÓÙÈ‰ÚÔ‡Ó ÛÙËÓ ÙÚÔÊÈÎ‹ ‰Ú·ÛÙË-
ÚÈfiÙËÙ· Ê˘ÙÔÊ¿ÁˆÓ Â¯ıÚÒÓ ÙÔ˘˜ Ì¤Ûˆ ÙË˜
ÂÓÂÚÁÔÔ›ËÛË˜ ¿ÌÂÛˆÓ Î·È ¤ÌÌÂÛˆÓ ÌË¯·-
ÓÈÛÌÒÓ ¿Ì˘Ó·˜. ¶ÔÏÏÔ› ·fi ÙÔ˘˜ ·Ú·¿Óˆ
ÌË¯·ÓÈÛÌÔ‡˜ ÍÂÎÈÓÔ‡Ó ÌÂ ÙËÓ ·Ó·ÁÓÒÚÈÛË
ÙÔ˘ Â¯ıÚÔ‡ Î·È ÙË ÛËÌ·ÙÔ‰fiÙËÛË ÙË˜ ¿Ì˘-
Ó·˜, Ô‰ËÁÒÓÙ·˜, ÁÈ· ·Ú¿‰ÂÈÁÌ·, ÛÙËÓ ·-
Ú·ÁˆÁ‹ ·Ì˘ÓÙÈÎÒÓ ÂÓÒÛÂˆÓ Ô˘ ÂËÚÂ¿-
˙Ô˘Ó ·ÚÓËÙÈÎ¿ ÙÔÓ Ê˘ÙÔÊ¿ÁÔ Â¯ıÚfi.

ŒÓ·˜ ÛËÌ·ÓÙÈÎfi˜ ·ÚÈıÌfi˜ ÌÈÎÚÔÔÚÁ·ÓÈ-
ÛÌÒÓ ÙË˜ ÚÈ˙fiÛÊ·ÈÚ·˜ Â›Ó·È ÁÓˆÛÙfi fiÙÈ ¤-
¯Ô˘Ó ÙËÓ ÈÎ·ÓfiÙËÙ· Ó· ·ÓÙ·ÁˆÓ›˙ÔÓÙ·È ·-
ıÔÁfiÓÔ˘˜ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÔ‡˜ ÙÔ˘ Â‰¿ÊÔ˘˜,
Ó· ‚ÂÏÙÈÒÓÔ˘Ó ÙËÓ ·Ó¿Ù˘ÍË ÙˆÓ Ê˘ÙÒÓ Î·È
Ó· ÂÓÈÛ¯‡Ô˘Ó ÙÔ ·ÓÔÛÔÔÈËÙÈÎfi Û‡ÛÙËÌ·
ÙˆÓ Ê˘ÙÒÓ ¤Ó·ÓÙÈ ÌÂÏÏÔÓÙÈÎÒÓ ÚÔÛ‚ÔÏÒÓ.
∂Ó‰È·Ê¤ÚÔÓ ·ÚÔ˘ÛÈ¿˙ÂÈ ÙÔ ÁÂÁÔÓfi˜ fiÙÈ ÔÚÈ-
ÛÌ¤ÓÔÈ ̂ Ê¤ÏÈÌÔÈ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÔ› ÙË˜ ÚÈ˙fi-
ÛÊ·ÈÚ·˜ –fiˆ˜ Â›Ó·È Ì˘ÎfiÚÚÈ˙Â˜, ÂÓ‰ÔÊ˘-
ÙÈÎÔ› Ì‡ÎËÙÂ˜ Î·È ÚÈ˙Ô‚·ÎÙ‹ÚÈ· Ô˘ ÚÔ¿-

ÁÔ˘Ó ÙËÓ ·Ó¿Ù˘ÍË ÙˆÓ Ê˘ÙÒÓ– ÚÔÎ·ÏÔ‡Ó
ÛÙ· Ê˘Ù¿ ÙËÓ Â·ÁˆÁ‹ ·ÔÎÚ›ÛÂˆÓ ¿Ì˘Ó·˜
·ÚfiÌÔÈˆÓ ÌÂ ·˘Ù¤˜ Ô˘ ·Ó·Ù‡ÛÛÔ˘Ó ¤Ó·-
ÓÙÈ ÙˆÓ Â¯ıÚÒÓ ÙÔ˘˜.

øÛÙfiÛÔ, ¤ˆ˜ Û‹ÌÂÚ·, ¤¯Ô˘ÌÂ ÌfiÓÔ ÂÚÈÔ-
ÚÈÛÌ¤Ó· Î·È ·ÔÛ·ÛÌ·ÙÈÎ¿ ‰Â‰ÔÌ¤Ó· Û¯Â-
ÙÈÎ¿ ÌÂ ÙÈ˜ ÂÈ‰Ú¿ÛÂÈ˜ ˆÊ¤ÏÈÌˆÓ ÌÈÎÚÔÔÚ-
Á·ÓÈÛÌÒÓ ÛÙËÓ Â·ÁfiÌÂÓË ¿Ì˘Ó· ¤Ó·ÓÙÈ Ê˘-
ÙÔÊ¿ÁˆÓ Â¯ıÚÒÓ ÛÂ Î·ÏÏÈÂÚÁÔ‡ÌÂÓ· Ê˘ÙÈ-
Î¿ Â›‰Ë. ∂ÈÏ¤ÔÓ, ÔÈ ÁÓÒÛÂÈ˜ Ì·˜ Û¯ÂÙÈÎ¿
ÌÂ ÙÔ˘˜ Ú˘ıÌÈÛÙÈÎÔ‡˜ ÌË¯·ÓÈÛÌÔ‡˜, ÛÙÔ˘˜
ÔÔ›Ô˘˜ ‚·Û›˙ÔÓÙ·È ·˘Ù¤˜ ÔÈ ·ÏÏËÏÂÈ‰Ú¿-
ÛÂÈ˜, Â›Ó·È ÂÚÈÔÚÈÛÌ¤ÓÂ˜.

∞ÓÙÈÎÂ›ÌÂÓÔ ÙÔ˘ ¤ÚÁÔ˘ 

ΔÔ ÂÚÂ˘ÓËÙÈÎfi ¤ÚÁÔ BeMOST ÚÔˆıÂ› ÙËÓ
Î·Ù·ÓfiËÛË ÙˆÓ ÔÏ‡ÏÔÎˆÓ ¿ÌÂÛˆÓ Î·È
¤ÌÌÂÛˆÓ ‚ÈÔÙÈÎÒÓ ·ÏÏËÏÂÈ‰Ú¿ÛÂˆÓ Ô˘
Û¯ÂÙ›˙ÔÓÙ·È ÌÂ ÙËÓ Â·ÁˆÁ‹ ·ÔÎÚ›ÛÂˆÓ ¿-
Ì˘Ó·˜ ÙˆÓ Ê˘ÙÒÓ ÛÂ Ì›· ·fi ÙÈ˜ ÛËÌ·ÓÙÈÎfi-
ÙÂÚÂ˜ Î·ÏÏÈ¤ÚÁÂÈÂ˜ Ï·¯·ÓÈÎÒÓ (ÙfiÛÔ ÛÂ Â˘-
Úˆ·˚Îfi fiÛÔ Î·È ÛÂ ·ÁÎfiÛÌÈÔ Â›Â‰Ô),
ÙËÓ ÙÔÌ¿Ù·.

™ÙÔ ¤ÚÁÔ ÂÚÈÏ·Ì‚¿ÓÔÓÙ·È ÂÈ˙‹ÌÈ· Â›‰Ë
Â¯ıÚÒÓ ÙË˜ ÙÔÌ¿Ù·˜, fiˆ˜ Â›Ó·È Ô ÎÔÈÓfi˜ ÙÂ-
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ΔÔ ÂÚÂ˘ÓËÙÈÎfi ¤ÚÁÔ
BeMOST ·Ó·Ù‡ÛÛÂÈ 
ÌÈ· Î·ÈÓÔÙfiÌ· ÛÙÚ·ÙËÁÈÎ‹
ÁÈ· ÙËÓ ·ÓÙÈÌÂÙÒÈÛË
Ê˘ÙÔÊ¿ÁˆÓ Â¯ıÚÒÓ 
ÙË˜ ÙÔÌ¿Ù·˜

ÕÚıÚÔ ÙË˜ ª·Ú›·˜ §. ¶·¿,
·Ó·ÏËÚÒÙÚÈ·˜ Î·ıËÁ‹ÙÚÈ·˜ 
ÙÔ˘ ¢ËÌÔÎÚ›ÙÂÈÔ˘ ¶·ÓÂÈÛÙËÌ›Ô˘
£Ú¿ÎË˜, ÂÈÛÙËÌÔÓÈÎ‹˜
˘Â‡ı˘ÓË˜ ÙÔ˘ ¤ÚÁÔ˘ BeMOST

MÈÎÚÔÔÚÁ·ÓÈÛÌÔ› ‚ÂÏÙÈÒÓÔ˘Ó
ÙËÓ ¿Ì˘Ó· ÙË˜ ÙÔÌ¿Ù·˜
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ÙÚ¿Ó˘¯Ô˜ (Tetranychus urticae), ÙÔ ÏÂÈ‰fi-
ÙÂÚÔ (Tuta absoluta), Ô ·ÏÂ˘ÚÒ‰Ë˜
(Trialeurodes vaporariorum), Ô ıÚ›·˜
(Frankliniella occidentalis) Î·È Ë ·Ê›‰·
(Myzus persicae). ∂ÈÏ¤ÔÓ, ÌÂÏÂÙÒÓÙ·È ÔÈ
ÂÈ‰Ú¿ÛÂÈ˜ ˘ÔÛ¯fiÌÂÓˆÓ ÌÈÎÚÔÔÚÁ·ÓÈ-
ÛÌÒÓ ÛÙÔ˘˜ Ê˘ÛÈÎÔ‡˜ ÙÔ˘˜ Â¯ıÚÔ‡˜, fiˆ˜
ÛÂ ·Ú·ÎÙÈÎ¿ Î·È ·Ú·ÛÈÙÔÂÈ‰‹.

√È Î‡ÚÈÔÈ ÛÎÔÔ› ÙÔ˘ ¤ÚÁÔ˘ Â›Ó·È Ë ‰ÈÂÚÂ‡-
ÓËÛË ÙÔ˘ ‚·ıÌÔ‡ ÛÙÔÓ ÔÔ›Ô Ë ÂÓÂÚÁÔÔ›Ë-
ÛË ÙˆÓ ÌË¯·ÓÈÛÌÒÓ ¿Ì˘Ó·˜ ÙˆÓ Ê˘ÙÒÓ ·fi
ˆÊ¤ÏÈÌÔ˘˜ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÔ‡˜ ÙË˜ ÚÈ˙fi-
ÛÊ·ÈÚ·˜ ÌÔÚÂ› Ó· ÂËÚÂ¿ÛÂÈ Ê˘ÙÔÊ¿Á· Â›-
‰Ë ·ÚıÚÔfi‰ˆÓ, ÙÔ˘˜ Ê˘ÛÈÎÔ‡˜ ÙÔ˘˜ Â-
¯ıÚÔ‡˜, Î·ıÒ˜ Î·È ÙËÓ ·fi‰ÔÛË ÙˆÓ Ê˘ÙÒÓ
ÌÂ ÂÈÚ¿Ì·Ù· ÂÚÁ·ÛÙËÚ›Ô˘ Î·È ıÂÚÌÔÎË›-
Ô˘, ÁÈ· ÙË ‚ÂÏÙ›ˆÛË ÙË˜ ‚ÈÔÏÔÁÈÎ‹˜ ·ÓÙÈÌÂ-
ÙÒÈÛË˜ Â¯ıÚÒÓ ÙˆÓ Î·ÏÏÈÂÚÁÂÈÒÓ.

∂È‰ÈÎfiÙÂÚÔÈ ÛÙfi¯ÔÈ ÙÔ˘ ¤ÚÁÔ˘ Â›Ó·È: ·) Ô Â-
ÓÙÔÈÛÌfi˜ ̂ Ê¤ÏÈÌˆÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ ÙË˜
ÚÈ˙fiÛÊ·ÈÚ·˜ Ô˘ Â¿ÁÔ˘Ó ÙËÓ ·ÓÙÔ¯‹ ÙË˜
ÙÔÌ¿Ù·˜ ÛÂ ÂÈ˙‹ÌÈÔ˘˜ Ê˘ÙÔÊ¿ÁÔ˘˜ Â-
¯ıÚÔ‡˜, ‚) Ë Î·Ù·ÓfiËÛË ÛÂ ÌÔÚÈ·Îfi Î·È ‚ÈÔ-
¯ËÌÈÎfi Â›Â‰Ô ÙˆÓ ÌË¯·ÓÈÛÌÒÓ Ô˘ Â-
ÌÏ¤ÎÔÓÙ·È ÛÙÈ˜ ·ÏÏËÏÂÈ‰Ú¿ÛÂÈ˜ Ê˘ÙÒÓ,
ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ Î·È Ê˘ÙÔÊ¿ÁˆÓ Â¯ıÚÒÓ,
Î·È Á) Ë ·Ó¿Ù˘ÍË Ó¤ˆÓ ÛÙÚ·ÙËÁÈÎÒÓ ‚ÈÔÏÔ-
ÁÈÎ‹˜ ·ÓÙÈÌÂÙÒÈÛË˜ Â¯ıÚÒÓ ÙˆÓ Î·ÏÏÈÂÚ-
ÁÂÈÒÓ ÌÂ ÙËÓ ·ÍÈÔÔ›ËÛË Î·Ù¿ÏÏËÏˆÓ ÛÙÂÏÂ-
¯ÒÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ ÙË˜ ÚÈ˙fiÛÊ·ÈÚ·˜.

√Ê¤ÏË Î·È Î·ÈÓÔÙÔÌ›·

∏ ÂÓÂÚÁÔÔ›ËÛË ÙÔ˘ ·Ì˘ÓÙÈÎÔ‡ Û˘ÛÙ‹Ì·-
ÙÔ˜ ÙˆÓ Ê˘ÙÒÓ ·fi ̂ Ê¤ÏÈÌÔ˘˜ ÌÈÎÚÔÔÚÁ·-
ÓÈÛÌÔ‡˜ ÙË˜ ÚÈ˙fiÛÊ·ÈÚ·˜ ·ÔÙÂÏÂ› Î·ÈÓÔ-
ÙfiÌÔ ÛÙÚ·ÙËÁÈÎ‹ ÛÙË ‚ÈÔÏÔÁÈÎ‹ ·ÓÙÈÌÂÙÒ-
ÈÛË Ê˘ÙÔÊ¿ÁˆÓ Â¯ıÚÒÓ. √ÚÈÛÌ¤ÓÔÈ ÌfiÓÔ
ÌÈÎÚÔÔÚÁ·ÓÈÛÌÔ› ‰È·Ù›ıÂÓÙ·È Û‹ÌÂÚ· ÛÂ Â-
ÌÔÚÈÎ‹ ÎÏ›Ì·Î·, Î˘Ú›ˆ˜ ̂ ˜ Ú˘ıÌÈÛÙ¤˜ ÙË˜
·Ó¿Ù˘ÍË˜ ÙˆÓ Ê˘ÙÒÓ ‹ ‚ÈÔÌ˘ÎËÙÔÎÙfiÓ·,
ÂÓÒ ÔÈ ÁÓÒÛÂÈ˜ Ì·˜ Û¯ÂÙÈÎ¿ ÌÂ ÙÈ˜ ÂÈ‰Ú¿-
ÛÂÈ˜ ÙÔ˘˜ ÛÂ Ê˘ÙÔÊ¿ÁÔ˘˜ Â¯ıÚÔ‡˜ Â›Ó·È Â-
ÚÈÔÚÈÛÌ¤ÓÂ˜. 

ΔÔ BeMOST ·ÍÈÔÏÔÁÂ› ÙËÓ ·ÔÙÂÏÂÛÌ·ÙÈ-
ÎfiÙËÙ· ÂÈÏÂÁÌ¤ÓˆÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ ÛÙÔÓ
¤ÏÂÁ¯Ô ÛËÌ·ÓÙÈÎÒÓ Â¯ıÚÒÓ, ı¤ÙÔÓÙ·˜ ÙÈ˜
‚¿ÛÂÈ˜ ÁÈ· ÙËÓ ·Ó¿Ù˘ÍË Ó¤ˆÓ ÚÔ˚fiÓÙˆÓ Î·È
ÙËÓ ·Ó¿‰ÂÈÍË ÛËÌ·ÓÙÈÎÒÓ ¿ÁÓˆÛÙˆÓ ‰Ú¿ÛÂ-
ˆÓ ÂÌÔÚÈÎÒÓ ÌÈÎÚÔ‚È·ÎÒÓ ÛÎÂ˘·ÛÌ¿ÙˆÓ
ÛÙËÓ ·‡ÍËÛË ÙË˜ ·ÓÙÔ¯‹˜ ÙˆÓ Ê˘ÙÒÓ ¤Ó·ÓÙÈ
Â¯ıÚÒÓ, fiˆ˜ Î·È ÂÓÒÛÂˆÓ Î·È ÁÔÓÈ‰›ˆÓ
Ô˘ Û¯ÂÙ›˙ÔÓÙ·È ÌÂ ÙËÓ Â·ÁfiÌÂÓË ·fi ÌÈ-
ÎÚÔÔÚÁ·ÓÈÛÌÔ‡˜ ·˘ÍËÌ¤ÓË ·ÓÙÔ¯‹ ÙˆÓ Ê˘-
ÙÒÓ ÛÂ Ê˘ÙÔÊ¿ÁÔ˘˜ Â¯ıÚÔ‡˜.

∏ ̄ Ú‹ÛË ̂ Ê¤ÏÈÌˆÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ Ô˘
‚ÂÏÙÈÒÓÔ˘Ó ÙËÓ ·Ó¿Ù˘ÍË Î·È ÂÓÈÛ¯‡Ô˘Ó
ÙÔ˘˜ ÌË¯·ÓÈÛÌÔ‡˜ ¿Ì˘Ó·˜ ÙˆÓ Ê˘ÙÒÓ ı·
Û˘Ì‚¿ÏÂÈ ÛÙË ‚ÂÏÙ›ˆÛË ÙË˜ ‚ÈÔÏÔÁÈÎ‹˜ Î·-

Ù·ÔÏ¤ÌËÛË˜ Â¯ıÚÒÓ ÌÂÁ¿ÏË˜ ÔÈÎÔÓÔÌÈÎ‹˜
ÛËÌ·Û›·˜, ÌÂÈÒÓÔÓÙ·˜ ·ÊÂÓfi˜ ÙËÓ ÂÍ¿ÚÙË-
ÛË ÙˆÓ ·Ú·ÁˆÁÒÓ ·fi ÙË ¯Ú‹ÛË Û˘ÓıÂÙÈ-
ÎÒÓ Ê˘ÙÔÚÔÛÙ·ÙÂ˘ÙÈÎÒÓ ÚÔ˚fiÓÙˆÓ Î·È ·-
ÊÂÙ¤ÚÔ˘ ÙÔ ·ÓÙ›ÛÙÔÈ¯Ô ÎfiÛÙÔ˜ ÛÙËÓ ÙÔÌ¿Ù·
Î·È ÛÂ ¿ÏÏÂ˜ Î·ÏÏÈ¤ÚÁÂÈÂ˜.

¶ÚfiÔ‰Ô˜ ÙÔ˘ ¤ÚÁÔ˘

ΔÔ ¤ÚÁÔ BeMOST ‰È·Ó‡ÂÈ ÙÔ ÙÚ›ÙÔ ¤ÙÔ˜ ÙË˜
Û˘ÓÔÏÈÎ‹˜ ÙÔ˘ ‰È¿ÚÎÂÈ·˜. ™ÙÔ ̄ ÚÔÓÈÎfi ·˘Ùfi
‰È¿ÛÙËÌ· ¤¯Ô˘Ó Ú·ÁÌ·ÙÔÔÈËıÂ› ÂÈÚ¿Ì·-
Ù· ÂÚÁ·ÛÙËÚ›Ô˘ ÛÙ· ÔÔ›· ‰ÔÎÈÌ¿ÛÙËÎÂ ÛË-
Ì·ÓÙÈÎfi˜ ·ÚÈıÌfi˜ Ì˘Î‹ÙˆÓ Î·È ‚·ÎÙËÚ›ˆÓ
ÌÂ ÙËÓ ·Ó¿‰ÂÈÍË ·ÚÎÂÙÒÓ ÔÏÏ¿ ̆ ÔÛ¯fiÌÂ-
ÓˆÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ ¤Ó·ÓÙÈ Ê˘ÙÔÊ¿ÁˆÓ Â-
¯ıÚÒÓ ÙË˜ ÙÔÌ¿Ù·˜. ªÂÙ·Í‡ ·˘ÙÒÓ ·Ó·‰Â›-
¯ıËÎ·Ó ‰‡Ô Ì‡ÎËÙÂ˜ Î·È ¤Ó· ‚·ÎÙ‹ÚÈÔ, ÁÈ·
ÙÔ˘˜ ÔÔ›Ô˘˜ Û˘ÓÂ¯›˙ÂÙ·È Ë ÌÂÏ¤ÙË ÙˆÓ Â-
ÌÏÂÎfiÌÂÓˆÓ ÌË¯·ÓÈÛÌÒÓ. ™˘ÁÎÂÎÚÈÌ¤Ó·
Á›ÓÔÓÙ·È ·Ó·Ï‡ÛÂÈ˜ ¤ÎÊÚ·ÛË˜ ÙˆÓ ÁÔÓÈ‰›ˆÓ
Î·È Û˘ÛÛÒÚÂ˘ÛË˜ Ê˘ÙÔÔÚÌÔÓÒÓ, ÂÓ˙‡ÌˆÓ
Î·È ÌÂÙ·‚ÔÏÈÙÒÓ. 

∂ÈÏ¤ÔÓ, ÔÈ ÔÏÏ¿ ̆ ÔÛ¯fiÌÂÓÔÈ ÌÈÎÚÔÔÚ-
Á·ÓÈÛÌÔ› ·ÍÈÔÏÔÁ‹ıËÎ·Ó ˆ˜ ÚÔ˜ ÙÈ˜ ÂÈ-
‰Ú¿ÛÂÈ˜ ÙÔ˘˜ ÛÂ Ê˘ÛÈÎÔ‡˜ Â¯ıÚÔ‡˜ ÙˆÓ Ê˘-
ÙÔÊ¿ÁˆÓ, fiˆ˜ Â›Ó·È ·Ú·ÎÙÈÎ¿ ¤ÓÙÔÌ· Î·È
·Î¿ÚÂ·, Î·ıÒ˜ Î·È ·Ú·ÛÈÙÔÂÈ‰‹ ¤ÓÙÔÌ·. ™Â
ÂÍ¤ÏÈÍË ‚Ú›ÛÎÔÓÙ·È ÂÈÚ¿Ì·Ù· ıÂÚÌÔÎË›-
Ô˘ ÛÙ· ÔÔ›· ÌÂÏÂÙ¿Ù·È Ë Â›‰Ú·ÛË ÌÈÎÚÔ-
ÔÚÁ·ÓÈÛÌÒÓ ÌÂ ÚÈ˙ÔfiÙÈÛÌ· ÛÙË ‰˘Ó·ÌÈÎ‹
ÙˆÓ ÏËı˘ÛÌÒÓ ÛËÌ·ÓÙÈÎÒÓ Ê˘ÙÔÊ¿ÁˆÓ Â-
¯ıÚÒÓ ÙË˜ ÙÔÌ¿Ù·˜. ªÂ ÙËÓ ÔÏÔÎÏ‹ÚˆÛË ÙÔ˘
¤ÚÁÔ˘, ¤Ú·Ó ÙÔ˘ ÂÓÙÔÈÛÌÔ‡ ÌÈÎÚÔÔÚÁ·ÓÈ-
ÛÌÒÓ Ô˘ ÂËÚÂ¿˙Ô˘Ó ·ÚÓËÙÈÎ¿ ÙÔ˘˜ Ê˘ÙÔ-
Ê¿ÁÔ˘˜ Â¯ıÚÔ‡˜ ÛÙËÓ ÙÔÌ¿Ù·, ı· ¤¯Ô˘Ó ·Ó·-
‰ÂÈ¯ıÂ› Î·È ÂÓÒÛÂÈ˜ Ê˘ÙÈÎ‹˜ ÚÔ¤ÏÂ˘ÛË˜ ÌÂ
·ÔÙÂÏÂÛÌ·ÙÈÎfiÙËÙ· ÛÙËÓ ÂÓ›Û¯˘ÛË ÙË˜ ¿-
ÌÂÛË˜ Î·È ¤ÌÌÂÛË˜ ¿Ì˘Ó·˜ ÙË˜ ÙÔÌ¿Ù·˜ ¤Ó·-
ÓÙÈ ÙˆÓ Â¯ıÚÒÓ ÙË˜. 
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ΔÔ ÂÚÂ˘ÓËÙÈÎfi ¤ÚÁÔ BeMOST ̆ ÔÛÙËÚ›˙ÂÙ·È
·fi ÙÔ ∂ÏÏËÓÈÎfi ÿ‰Ú˘Ì· ŒÚÂ˘Ó·˜ Î·È ∫·È-
ÓÔÙÔÌ›·˜ (∂§.π¢.∂.∫.), ÛÙÔ Ï·›ÛÈÔ ÙË˜ ¢Ú¿-
ÛË˜ «1Ë ¶ÚÔÎ‹Ú˘ÍË ÂÚÂ˘ÓËÙÈÎÒÓ ¤ÚÁˆÓ
∂§.π¢.∂.∫. ÁÈ· ÙËÓ ÂÓ›Û¯˘ÛË ÙˆÓ ÌÂÏÒÓ ¢∂¶
Î·È ∂ÚÂ˘ÓËÙÒÓ/ÙÚÈÒÓ Î·È ÙËÓ ÚÔÌ‹ıÂÈ· Â-
ÚÂ˘ÓËÙÈÎÔ‡ ÂÍÔÏÈÛÌÔ‡ ÌÂÁ¿ÏË˜ ·Í›·˜» (·-
ÚÈıÌfi˜ ¤ÚÁÔ˘: 50). 

ÀÔÛÙ‹ÚÈÍË ·fi ÙÔ ∂§.π¢.∂.∫.

ΔÔ ¤ÚÁÔ BeMOST
·Ó·Ì¤ÓÂÙ·È Ó· ·Ó·‰Â›ÍÂÈ
ÌÈÎÚÔÔÚÁ·ÓÈÛÌÔ‡˜ Ô˘
ÂÓÈÛ¯‡Ô˘Ó ÙËÓ ¿Ì˘Ó· 
ÙË˜ ÙÔÌ¿Ù·˜ ¤Ó·ÓÙÈ
Ê˘ÙÔÊ¿ÁˆÓ Â¯ıÚÒÓ

∞ÂÈÎfiÓÈÛË ÙÔ˘ ÂÚÂ˘ÓËÙÈÎÔ‡ ¤ÚÁÔ˘ BeMOST

∞ƒπ™Δ∂ƒ∞: ¶ÂÈÚ·Ì·ÙÈÎ¿ Ê˘Ù¿ ÙÔÌ¿Ù·˜. ¢∂•π∞: º˘Ù¿ ÙÔÌ¿Ù·˜ ÌÂ ¤ÓÙÔÓË ÚÔÛ‚ÔÏ‹ ·fi ÙÂÙÚ¿Ó˘¯Ô.
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ÙÚ¿Ó˘¯Ô˜ (Tetranychus urticae), ÙÔ ÏÂÈ‰fi-
ÙÂÚÔ (Tuta absoluta), Ô ·ÏÂ˘ÚÒ‰Ë˜
(Trialeurodes vaporariorum), Ô ıÚ›·˜
(Frankliniella occidentalis) Î·È Ë ·Ê›‰·
(Myzus persicae). ∂ÈÏ¤ÔÓ, ÌÂÏÂÙÒÓÙ·È ÔÈ
ÂÈ‰Ú¿ÛÂÈ˜ ˘ÔÛ¯fiÌÂÓˆÓ ÌÈÎÚÔÔÚÁ·ÓÈ-
ÛÌÒÓ ÛÙÔ˘˜ Ê˘ÛÈÎÔ‡˜ ÙÔ˘˜ Â¯ıÚÔ‡˜, fiˆ˜
ÛÂ ·Ú·ÎÙÈÎ¿ Î·È ·Ú·ÛÈÙÔÂÈ‰‹.

√È Î‡ÚÈÔÈ ÛÎÔÔ› ÙÔ˘ ¤ÚÁÔ˘ Â›Ó·È Ë ‰ÈÂÚÂ‡-
ÓËÛË ÙÔ˘ ‚·ıÌÔ‡ ÛÙÔÓ ÔÔ›Ô Ë ÂÓÂÚÁÔÔ›Ë-
ÛË ÙˆÓ ÌË¯·ÓÈÛÌÒÓ ¿Ì˘Ó·˜ ÙˆÓ Ê˘ÙÒÓ ·fi
ˆÊ¤ÏÈÌÔ˘˜ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÔ‡˜ ÙË˜ ÚÈ˙fi-
ÛÊ·ÈÚ·˜ ÌÔÚÂ› Ó· ÂËÚÂ¿ÛÂÈ Ê˘ÙÔÊ¿Á· Â›-
‰Ë ·ÚıÚÔfi‰ˆÓ, ÙÔ˘˜ Ê˘ÛÈÎÔ‡˜ ÙÔ˘˜ Â-
¯ıÚÔ‡˜, Î·ıÒ˜ Î·È ÙËÓ ·fi‰ÔÛË ÙˆÓ Ê˘ÙÒÓ
ÌÂ ÂÈÚ¿Ì·Ù· ÂÚÁ·ÛÙËÚ›Ô˘ Î·È ıÂÚÌÔÎË›-
Ô˘, ÁÈ· ÙË ‚ÂÏÙ›ˆÛË ÙË˜ ‚ÈÔÏÔÁÈÎ‹˜ ·ÓÙÈÌÂ-
ÙÒÈÛË˜ Â¯ıÚÒÓ ÙˆÓ Î·ÏÏÈÂÚÁÂÈÒÓ.

∂È‰ÈÎfiÙÂÚÔÈ ÛÙfi¯ÔÈ ÙÔ˘ ¤ÚÁÔ˘ Â›Ó·È: ·) Ô Â-
ÓÙÔÈÛÌfi˜ ̂ Ê¤ÏÈÌˆÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ ÙË˜
ÚÈ˙fiÛÊ·ÈÚ·˜ Ô˘ Â¿ÁÔ˘Ó ÙËÓ ·ÓÙÔ¯‹ ÙË˜
ÙÔÌ¿Ù·˜ ÛÂ ÂÈ˙‹ÌÈÔ˘˜ Ê˘ÙÔÊ¿ÁÔ˘˜ Â-
¯ıÚÔ‡˜, ‚) Ë Î·Ù·ÓfiËÛË ÛÂ ÌÔÚÈ·Îfi Î·È ‚ÈÔ-
¯ËÌÈÎfi Â›Â‰Ô ÙˆÓ ÌË¯·ÓÈÛÌÒÓ Ô˘ Â-
ÌÏ¤ÎÔÓÙ·È ÛÙÈ˜ ·ÏÏËÏÂÈ‰Ú¿ÛÂÈ˜ Ê˘ÙÒÓ,
ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ Î·È Ê˘ÙÔÊ¿ÁˆÓ Â¯ıÚÒÓ,
Î·È Á) Ë ·Ó¿Ù˘ÍË Ó¤ˆÓ ÛÙÚ·ÙËÁÈÎÒÓ ‚ÈÔÏÔ-
ÁÈÎ‹˜ ·ÓÙÈÌÂÙÒÈÛË˜ Â¯ıÚÒÓ ÙˆÓ Î·ÏÏÈÂÚ-
ÁÂÈÒÓ ÌÂ ÙËÓ ·ÍÈÔÔ›ËÛË Î·Ù¿ÏÏËÏˆÓ ÛÙÂÏÂ-
¯ÒÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ ÙË˜ ÚÈ˙fiÛÊ·ÈÚ·˜.

√Ê¤ÏË Î·È Î·ÈÓÔÙÔÌ›·

∏ ÂÓÂÚÁÔÔ›ËÛË ÙÔ˘ ·Ì˘ÓÙÈÎÔ‡ Û˘ÛÙ‹Ì·-
ÙÔ˜ ÙˆÓ Ê˘ÙÒÓ ·fi ̂ Ê¤ÏÈÌÔ˘˜ ÌÈÎÚÔÔÚÁ·-
ÓÈÛÌÔ‡˜ ÙË˜ ÚÈ˙fiÛÊ·ÈÚ·˜ ·ÔÙÂÏÂ› Î·ÈÓÔ-
ÙfiÌÔ ÛÙÚ·ÙËÁÈÎ‹ ÛÙË ‚ÈÔÏÔÁÈÎ‹ ·ÓÙÈÌÂÙÒ-
ÈÛË Ê˘ÙÔÊ¿ÁˆÓ Â¯ıÚÒÓ. √ÚÈÛÌ¤ÓÔÈ ÌfiÓÔ
ÌÈÎÚÔÔÚÁ·ÓÈÛÌÔ› ‰È·Ù›ıÂÓÙ·È Û‹ÌÂÚ· ÛÂ Â-
ÌÔÚÈÎ‹ ÎÏ›Ì·Î·, Î˘Ú›ˆ˜ ̂ ˜ Ú˘ıÌÈÛÙ¤˜ ÙË˜
·Ó¿Ù˘ÍË˜ ÙˆÓ Ê˘ÙÒÓ ‹ ‚ÈÔÌ˘ÎËÙÔÎÙfiÓ·,
ÂÓÒ ÔÈ ÁÓÒÛÂÈ˜ Ì·˜ Û¯ÂÙÈÎ¿ ÌÂ ÙÈ˜ ÂÈ‰Ú¿-
ÛÂÈ˜ ÙÔ˘˜ ÛÂ Ê˘ÙÔÊ¿ÁÔ˘˜ Â¯ıÚÔ‡˜ Â›Ó·È Â-
ÚÈÔÚÈÛÌ¤ÓÂ˜. 

ΔÔ BeMOST ·ÍÈÔÏÔÁÂ› ÙËÓ ·ÔÙÂÏÂÛÌ·ÙÈ-
ÎfiÙËÙ· ÂÈÏÂÁÌ¤ÓˆÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ ÛÙÔÓ
¤ÏÂÁ¯Ô ÛËÌ·ÓÙÈÎÒÓ Â¯ıÚÒÓ, ı¤ÙÔÓÙ·˜ ÙÈ˜
‚¿ÛÂÈ˜ ÁÈ· ÙËÓ ·Ó¿Ù˘ÍË Ó¤ˆÓ ÚÔ˚fiÓÙˆÓ Î·È
ÙËÓ ·Ó¿‰ÂÈÍË ÛËÌ·ÓÙÈÎÒÓ ¿ÁÓˆÛÙˆÓ ‰Ú¿ÛÂ-
ˆÓ ÂÌÔÚÈÎÒÓ ÌÈÎÚÔ‚È·ÎÒÓ ÛÎÂ˘·ÛÌ¿ÙˆÓ
ÛÙËÓ ·‡ÍËÛË ÙË˜ ·ÓÙÔ¯‹˜ ÙˆÓ Ê˘ÙÒÓ ¤Ó·ÓÙÈ
Â¯ıÚÒÓ, fiˆ˜ Î·È ÂÓÒÛÂˆÓ Î·È ÁÔÓÈ‰›ˆÓ
Ô˘ Û¯ÂÙ›˙ÔÓÙ·È ÌÂ ÙËÓ Â·ÁfiÌÂÓË ·fi ÌÈ-
ÎÚÔÔÚÁ·ÓÈÛÌÔ‡˜ ·˘ÍËÌ¤ÓË ·ÓÙÔ¯‹ ÙˆÓ Ê˘-
ÙÒÓ ÛÂ Ê˘ÙÔÊ¿ÁÔ˘˜ Â¯ıÚÔ‡˜.

∏ ̄ Ú‹ÛË ̂ Ê¤ÏÈÌˆÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ Ô˘
‚ÂÏÙÈÒÓÔ˘Ó ÙËÓ ·Ó¿Ù˘ÍË Î·È ÂÓÈÛ¯‡Ô˘Ó
ÙÔ˘˜ ÌË¯·ÓÈÛÌÔ‡˜ ¿Ì˘Ó·˜ ÙˆÓ Ê˘ÙÒÓ ı·
Û˘Ì‚¿ÏÂÈ ÛÙË ‚ÂÏÙ›ˆÛË ÙË˜ ‚ÈÔÏÔÁÈÎ‹˜ Î·-

Ù·ÔÏ¤ÌËÛË˜ Â¯ıÚÒÓ ÌÂÁ¿ÏË˜ ÔÈÎÔÓÔÌÈÎ‹˜
ÛËÌ·Û›·˜, ÌÂÈÒÓÔÓÙ·˜ ·ÊÂÓfi˜ ÙËÓ ÂÍ¿ÚÙË-
ÛË ÙˆÓ ·Ú·ÁˆÁÒÓ ·fi ÙË ¯Ú‹ÛË Û˘ÓıÂÙÈ-
ÎÒÓ Ê˘ÙÔÚÔÛÙ·ÙÂ˘ÙÈÎÒÓ ÚÔ˚fiÓÙˆÓ Î·È ·-
ÊÂÙ¤ÚÔ˘ ÙÔ ·ÓÙ›ÛÙÔÈ¯Ô ÎfiÛÙÔ˜ ÛÙËÓ ÙÔÌ¿Ù·
Î·È ÛÂ ¿ÏÏÂ˜ Î·ÏÏÈ¤ÚÁÂÈÂ˜.

¶ÚfiÔ‰Ô˜ ÙÔ˘ ¤ÚÁÔ˘

ΔÔ ¤ÚÁÔ BeMOST ‰È·Ó‡ÂÈ ÙÔ ÙÚ›ÙÔ ¤ÙÔ˜ ÙË˜
Û˘ÓÔÏÈÎ‹˜ ÙÔ˘ ‰È¿ÚÎÂÈ·˜. ™ÙÔ ̄ ÚÔÓÈÎfi ·˘Ùfi
‰È¿ÛÙËÌ· ¤¯Ô˘Ó Ú·ÁÌ·ÙÔÔÈËıÂ› ÂÈÚ¿Ì·-
Ù· ÂÚÁ·ÛÙËÚ›Ô˘ ÛÙ· ÔÔ›· ‰ÔÎÈÌ¿ÛÙËÎÂ ÛË-
Ì·ÓÙÈÎfi˜ ·ÚÈıÌfi˜ Ì˘Î‹ÙˆÓ Î·È ‚·ÎÙËÚ›ˆÓ
ÌÂ ÙËÓ ·Ó¿‰ÂÈÍË ·ÚÎÂÙÒÓ ÔÏÏ¿ ̆ ÔÛ¯fiÌÂ-
ÓˆÓ ÌÈÎÚÔÔÚÁ·ÓÈÛÌÒÓ ¤Ó·ÓÙÈ Ê˘ÙÔÊ¿ÁˆÓ Â-
¯ıÚÒÓ ÙË˜ ÙÔÌ¿Ù·˜. ªÂÙ·Í‡ ·˘ÙÒÓ ·Ó·‰Â›-
¯ıËÎ·Ó ‰‡Ô Ì‡ÎËÙÂ˜ Î·È ¤Ó· ‚·ÎÙ‹ÚÈÔ, ÁÈ·
ÙÔ˘˜ ÔÔ›Ô˘˜ Û˘ÓÂ¯›˙ÂÙ·È Ë ÌÂÏ¤ÙË ÙˆÓ Â-
ÌÏÂÎfiÌÂÓˆÓ ÌË¯·ÓÈÛÌÒÓ. ™˘ÁÎÂÎÚÈÌ¤Ó·
Á›ÓÔÓÙ·È ·Ó·Ï‡ÛÂÈ˜ ¤ÎÊÚ·ÛË˜ ÙˆÓ ÁÔÓÈ‰›ˆÓ
Î·È Û˘ÛÛÒÚÂ˘ÛË˜ Ê˘ÙÔÔÚÌÔÓÒÓ, ÂÓ˙‡ÌˆÓ
Î·È ÌÂÙ·‚ÔÏÈÙÒÓ. 

∂ÈÏ¤ÔÓ, ÔÈ ÔÏÏ¿ ̆ ÔÛ¯fiÌÂÓÔÈ ÌÈÎÚÔÔÚ-
Á·ÓÈÛÌÔ› ·ÍÈÔÏÔÁ‹ıËÎ·Ó ˆ˜ ÚÔ˜ ÙÈ˜ ÂÈ-
‰Ú¿ÛÂÈ˜ ÙÔ˘˜ ÛÂ Ê˘ÛÈÎÔ‡˜ Â¯ıÚÔ‡˜ ÙˆÓ Ê˘-
ÙÔÊ¿ÁˆÓ, fiˆ˜ Â›Ó·È ·Ú·ÎÙÈÎ¿ ¤ÓÙÔÌ· Î·È
·Î¿ÚÂ·, Î·ıÒ˜ Î·È ·Ú·ÛÈÙÔÂÈ‰‹ ¤ÓÙÔÌ·. ™Â
ÂÍ¤ÏÈÍË ‚Ú›ÛÎÔÓÙ·È ÂÈÚ¿Ì·Ù· ıÂÚÌÔÎË›-
Ô˘ ÛÙ· ÔÔ›· ÌÂÏÂÙ¿Ù·È Ë Â›‰Ú·ÛË ÌÈÎÚÔ-
ÔÚÁ·ÓÈÛÌÒÓ ÌÂ ÚÈ˙ÔfiÙÈÛÌ· ÛÙË ‰˘Ó·ÌÈÎ‹
ÙˆÓ ÏËı˘ÛÌÒÓ ÛËÌ·ÓÙÈÎÒÓ Ê˘ÙÔÊ¿ÁˆÓ Â-
¯ıÚÒÓ ÙË˜ ÙÔÌ¿Ù·˜. ªÂ ÙËÓ ÔÏÔÎÏ‹ÚˆÛË ÙÔ˘
¤ÚÁÔ˘, ¤Ú·Ó ÙÔ˘ ÂÓÙÔÈÛÌÔ‡ ÌÈÎÚÔÔÚÁ·ÓÈ-
ÛÌÒÓ Ô˘ ÂËÚÂ¿˙Ô˘Ó ·ÚÓËÙÈÎ¿ ÙÔ˘˜ Ê˘ÙÔ-
Ê¿ÁÔ˘˜ Â¯ıÚÔ‡˜ ÛÙËÓ ÙÔÌ¿Ù·, ı· ¤¯Ô˘Ó ·Ó·-
‰ÂÈ¯ıÂ› Î·È ÂÓÒÛÂÈ˜ Ê˘ÙÈÎ‹˜ ÚÔ¤ÏÂ˘ÛË˜ ÌÂ
·ÔÙÂÏÂÛÌ·ÙÈÎfiÙËÙ· ÛÙËÓ ÂÓ›Û¯˘ÛË ÙË˜ ¿-
ÌÂÛË˜ Î·È ¤ÌÌÂÛË˜ ¿Ì˘Ó·˜ ÙË˜ ÙÔÌ¿Ù·˜ ¤Ó·-
ÓÙÈ ÙˆÓ Â¯ıÚÒÓ ÙË˜. 

π√À§π√™ - ∞À°√À™Δ√™ 2022  | AGROTEC Magazine 49

ΔÔ ÂÚÂ˘ÓËÙÈÎfi ¤ÚÁÔ BeMOST ̆ ÔÛÙËÚ›˙ÂÙ·È
·fi ÙÔ ∂ÏÏËÓÈÎfi ÿ‰Ú˘Ì· ŒÚÂ˘Ó·˜ Î·È ∫·È-
ÓÔÙÔÌ›·˜ (∂§.π¢.∂.∫.), ÛÙÔ Ï·›ÛÈÔ ÙË˜ ¢Ú¿-
ÛË˜ «1Ë ¶ÚÔÎ‹Ú˘ÍË ÂÚÂ˘ÓËÙÈÎÒÓ ¤ÚÁˆÓ
∂§.π¢.∂.∫. ÁÈ· ÙËÓ ÂÓ›Û¯˘ÛË ÙˆÓ ÌÂÏÒÓ ¢∂¶
Î·È ∂ÚÂ˘ÓËÙÒÓ/ÙÚÈÒÓ Î·È ÙËÓ ÚÔÌ‹ıÂÈ· Â-
ÚÂ˘ÓËÙÈÎÔ‡ ÂÍÔÏÈÛÌÔ‡ ÌÂÁ¿ÏË˜ ·Í›·˜» (·-
ÚÈıÌfi˜ ¤ÚÁÔ˘: 50). 

ÀÔÛÙ‹ÚÈÍË ·fi ÙÔ ∂§.π¢.∂.∫.

ΔÔ ¤ÚÁÔ BeMOST
·Ó·Ì¤ÓÂÙ·È Ó· ·Ó·‰Â›ÍÂÈ
ÌÈÎÚÔÔÚÁ·ÓÈÛÌÔ‡˜ Ô˘
ÂÓÈÛ¯‡Ô˘Ó ÙËÓ ¿Ì˘Ó· 
ÙË˜ ÙÔÌ¿Ù·˜ ¤Ó·ÓÙÈ
Ê˘ÙÔÊ¿ÁˆÓ Â¯ıÚÒÓ

∞ÂÈÎfiÓÈÛË ÙÔ˘ ÂÚÂ˘ÓËÙÈÎÔ‡ ¤ÚÁÔ˘ BeMOST

∞ƒπ™Δ∂ƒ∞: ¶ÂÈÚ·Ì·ÙÈÎ¿ Ê˘Ù¿ ÙÔÌ¿Ù·˜. ¢∂•π∞: º˘Ù¿ ÙÔÌ¿Ù·˜ ÌÂ ¤ÓÙÔÓË ÚÔÛ‚ÔÏ‹ ·fi ÙÂÙÚ¿Ó˘¯Ô.
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Spider mites perform worse on soil microbe-inoculated plants: from the 
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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 
and Innovation (H.F.R.I.) under the “First Call for H.F.R.I. Research 
Projects to support Faculty members and Researchers and the procurement 
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. 
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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. 
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Plant-mediated effects of beneficial soil microbes against arthropod pests 
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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.I.) 
under the “First Call for H.F.R.I. 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 
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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.I.) 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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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.I.) 

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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Οι οργανισμοί με τους οποίους τα φυτά αλληλεπιδρούν περιλαμβάνουν μακρο- και 
μικροοργανισμούς που βρίσκονται στο υπέργειο ή το υπόγειο τμήμα τους. Για να 
αμυνθούν έναντι των επιβλαβών για αυτά οργανισμών, όπως τα φυτοφάγα αρθρόποδα, τα 
φυτά έχουν αναπτύξει μηχανισμούς που στοχεύουν αφενός στον να αποκρούσουν τους 
εχθρούς τους, αφετέρου να προσελκύσουν θηρευτές. Το τελευταίο επιτυγχάνεται με την 
έκλυση πτητικών ενώσεων που δηλώνουν την παρουσία ατόμων της λείας στα 
προσβεβλημένα φυτά, αυξάνοντας τον αριθμό των φυσικών εχθρών που προσελκύονται 
σε αυτά προκειμένου να τραφούν με τους φυτοφάγους εχθρούς και να καταστείλουν τους 
πληθυσμούς τους. Από την άλλη πλευρά, οι ωφέλιμες αλληλεπιδράσεις μεταξύ φυτών και 
αρπακτικών μπορεί να επηρεαστούν από μικροοργανισμούς της ριζόσφαιρας. Οι 
οργανισμοί αυτοί παρουσιάζουν ιδιαίτερο ενδιαφέρον καθώς είναι γνωστό ότι ενισχύουν τις 
αποκρίσεις των φυτών έναντι παθογόνων μικροοργανισμών και φυτοφάγων εχθρών. 
Ωστόσο, οι επιδράσεις τους στην ικανότητα των φυτών να προσελκύουν αρπακτικά δεν 
έχει διερευνηθεί σε μεγάλο βαθμό. Στην εργασία αυτή, παρουσιάζουμε τα αποτελέσματα 
πειραμάτων ολφακτομέτρου που πραγματοποιήθηκαν με φυσικούς εχθρούς, συγκεκριμένα 
ενήλικα άτομα των αρπακτικών εντόμων Macrolophus pygmaeus Rambur (Hemiptera: 
Miridae) και Nesidiocoris tenuis Reuter (Hemiptera: Miridae), του ακάρεως Amblyseius 
swirskii Athias-Henriot (Acari: Phytoseiidae) και του παρασιτοειδούς Encarsia formosa 
Gahan (Hymenoptera: Aphelinidae) στα οποία δόθηκε η επιλογή ανάμεσα σε όλους τους 
διαφορετικούς συνδυασμούς φυτών που είχαν προσβληθεί με φυτοφάγους εχθρούς και 
είχαν εμβολιαστεί ή όχι με επιλεγμένους ωφέλιμους μικροοργανισμούς της ριζόσφαιρας. 
Από τα αποτελέσματα φαίνεται ότι, η ελκυστικότητα εμβολιασμένων με μικροοργανισμούς 
φυτών τομάτας παραλλάσει ανάλογα με το είδος τόσο του φυτοφάγου όσο και του φυσικού 
εχθρού. Συνολικά, τα αποτελέσματά μας μπορεί να είναι χρήσιμα στην ανάπτυξη νεών 
αειφόρων εργαλείων αντιμετώπισης εχθρών των καλλιεργειών και αναδεικνύουν την 
ανάγκη η μελέτη των αλληλεπιδράσεων εντόμων-φυτών να τοποθετούνται στο ευρύτερο 
πλαίσιο της βιοκοινότητας. 
 
 
Λέξεις-κλειδιά: βακτήρια, βιολογική καταπολέμηση, μύκητες, φυσικοί εχθροί, φυτική 
άμυνα 
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Για να αμυνθούν έναντι των φυτοφάγων εχθρών τους, τα φυτά έχουν αναπτύξει 
πολύπλοκους μηχανισμούς που περιλαμβάνουν μια σειρά από προϋπάρχουσες και 
επαγώμενες αμυντικές αποκρίσεις. Η έκλυση πτητικών ενώσεων είναι μία τέτοια απόκριση 
που στοχεύει στην προσέλκυση φυσικών εχθρών σε προσβεβλημένα φυτά για την 
ανεύρεση λείας. Ωστόσο, άλλες αποκρίσεις των φυτών, όπως αυτές που επάγωνται από 
ωφέλιμους μικροοργανισμούς της ριζόσφαιρας μπορεί να είναι επιβλαβείς για τους 
φυσικούς εχθρούς, εάν για παράδειγμα τα φυτά δεν είναι σε θέση να «αναγνωρίσουν» τα 
ωφέλιμα αρθρόποδα από τους φυτοφάγους εχθρούς ή εάν τα αρπακτικά καταναλώνουν 
άτομα λείας που αναπτύσσονται σε φυτά στα οποία έχουν επαχθεί οι μηχανισμοί άμυνας. 
Στην εργασία αυτή, εξετάσαμε κατά πόσον ωφέλιμοι μικροοργανισμοί της ριζόσφαιρας θα 
μπορούσαν να επηρεάσουν χαρακτηριστικά της βιολογίας αρπακτικών και παρασιτοειδών. 
Για τον σκοπό αυτό, καταγράψαμε την επιβίωση και την παραγωγή απογόνων των 
αρπακτικών Macrolophus pygmaeus Rambur (Hemiptera: Miridae), Nesidiocoris tenuis 
Reuter (Hemiptera: Miridae) και Amblyseius swirskii Athias-Henriot (Acari: Phytoseiidae) 
σε φυτά που είχαν εμβολιαστεί ή όχι με μικροργανισμούς της ριζόσφαιρας και στη 
συνέχεια προσβληθεί ή όχι με διαφορετικούς φυτοφάγους εχθρούς. Επιπλέον, 
αξιολογήσαμε την κατανάλωση λείας από τα αρπακτικά, καθώς και την 
αποτελεσματικότητα παρασιτισμού του Encarsia formosa Gahan (Hymenoptera: 
Aphelinidae). Τα αποτελέσματά μας δείχνουν ότι, οι επιδράσεις του εμβολιασμού φυτών 
τομάτας με μικροργανισμούς της ριζόσφαιρας στους φυσικούς εχθρούς παραλλάσουν 
μεταξύ των διαφορετικών ειδών, ανάλογα με το είδος τόσο του μικροοργανισμού όσο και 
του φυτοφάγου. Συνολικά, υπογραμμίζουμε τη σημασία της μελέτης των επιδράσεων 
μικροοργανισμών της ριζόσφαιρας σε φυσικούς εχθρούς για τον εντοπισμό αειφόρων 
εργαλείων αντιμετώπισης των εχθρών των καλλιεργειών. 
 
 
Λέξεις-κλειδιά: αρθρόποδα, αρπακτικά, βιολογική καταπολέμηση, μικροοργανισμοί, 
φυτική άμυνα, τομάτα 
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Η αφίδα Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae) αποτελεί σημαντικό εχθρό 
της φακής και φορέα επιζήμιων φυτοπαθογόνων ιών. Η ανάπτυξη ποικιλιών με αντοχή 
στην Α. pisum θα μπορούσε να αποτελέσει σημαντικό εργαλείο φυτοπροστασίας που θα 
εξασφάλιζε τη μείωση του βαθμού εξάρτησης από τη χρήση της χημικής καταπολέμησης. 
Στο πλαίσιο αυτό, αξιολογήθηκε σε εργαστηριακές συνθήκες η αντοχή τριών εγχώριων 
πληθυσμών (ILL-590, FLIP 03-24L και FLIP 02-1L) φακής (Lens culinaris Medik.) με στόχο 
την αποτύπωση της ενδογενούς παραλλακτικότητας ως προς την εκδήλωση αντοχής 
τύπου αντιβίωσης σε έναν πληθυσμό της αφίδας Α. pisum. Οι βιοδοκιμές περιλάμβαναν 
την αποτύπωση της επίδρασης των διαφορετικών πληθυσμών φακής στη δυναμική 
αύξησης των πληθυσμών της αφίδας. Από την ανάλυση των αποτελεσμάτων 
διαπιστώθηκε διαφοροποίηση μεταξύ των πληθυσμών που αξιολογήθηκαν. Η μικρότερη 
τιμή ενδογενούς ταχύτητας αύξησης του πληθυσμού της αφίδας καταγράφηκε στον 
πληθυσμό FLIP 03-24L. Μετά από επιλογή ατομικών φυτών από τον πληθυσμό FLIP 03-
24L επί 3 γενεές σε συνθήκες αγρού και κριτήριο την υψηλή απόδοση, προέκυψαν οκτώ 
υψηλοαποδοτικές απογονικές σειρές. Σε επόμενη ομάδα πειραμάτων, στις απογονικές 
σειρές 3ης γενεάς αξιολογήθηκε η φαινοτυπική εκδήλωση της αντοχής, τύπου αντιβίωσης, 
έναντι της Α. pisum. Ως δείκτες της αντοχής χρησιμοποιήθηκαν οι τιμές της ενδογενούς 
ταχύτητας αύξησης και η αύξηση της βιομάζας των πληθυσμών της αφίδας. Από την 
ανάλυση των αποτελεσμάτων προκύπτει η ανάγκη συνδυαστικής εκτίμησης της αντοχής 
του τύπου αντιβίωσης και ανοχής για την κατάταξη των διαφορετικών απογονικών σειρών 
φακής ως προς τη συνολική αντοχή τους στην Α. pisum. Τα στοιχεία αυτά μπορεί να είναι 
χρήσιμα στην ολοκληρωμένη διαχείριση των πληθυσμών των αφίδων στην καλλιέργεια της 
φακής.  
 
 
Λέξεις-κλειδιά: αντιβίωση, αντιξένωση, φακή, Acyrthosiphon pisum 
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Περίληψη 

Τα Αυχενόρρυγχα (Hemiptera: Auchenorrhyncha) αποτελούν μια εκ των 5 
σημαντικότερων τάξεων των εντόμων, από οικονομικής άποψης. Από τα 42.000 
περιγεγραμμένα είδη, τα 2/3 ανήκουν στην σειρά Cicadomorpha και το υπόλοιπο 1/3 
στα Fulgormopha.Οι έμμεσες ζημίες των Cicadomorpha στα φυτά μέσω της μετάδοσης 
παθογόνων έχουν σοβαρές οικονομικές επιπτώσεις στις καλλιέργειες. Πιο 
αντιπροσωπευτικό παράδειγμα μετάδοσης παθογόνου στην Ευρώπη τα τελευταία 
χρόνια ,αυτό του βακτηρίου Xyllela fastidiosa (Wells et al.) (Xanthomonodales ; 
Xanthomonodaceae) , που προκαλεί το σύνδρομο ταχείας παρακμής της ελιάς 
(OQDS). Το βακτήριο μεταδίδεται κατ’ αποκλειστικότητα με έντομα και στην Ευρώπη 
με αποτελεσματικότερους φορείς τα αφροφόρα είδη (Hemiptera: Auchenorrhyncha: 
Aphrophoridae). Πριν την ταυτοποίηση της ασθένειας την περιοχή της Παλαιαρκτικής, 
σημαντικές οικολογικές παράμετροι των ειδών αυτών δεν ήταν μελετημένες εις βάθος. 
Η παρούσα μελέτη έχει ως στόχο την διερεύνηση της οικολογίας και των προτιμήσεων 
των δυνητικών φορέων με έμφαση στα είδη της οικογένειας Aphrophoridae, εντός 
περιβάλλοντος ελαιώνα. 

Για τον λόγο αυτό διενεργήθησαν δειγματοληψίες με εντομολογική απόχη στον 
ελαιώνα του Γεωπονικού Πανεπιστημίου Αθηνών. Τα δείγματα που συλλέχθησαν από 
την κόμη των ελαιόδεντρων, την αυτοφυή βλάστηση και τους εναλλακτικούς ξυλώδεις 
ξενιστές θανατώθηκαν σε αιθυλική αιθανόλη 95% . Εν συνεχεία, αφού αποκόπηκαν 
και διαυγάσθηκαν τα γεννητικά όργανα των άρρενων ατόμων, ταξινομήθηκαν 
συστηματικά. Παράλληλα για την διερεύνηση των οσφρητικών προτιμήσεων ενήλικα 
Aphrophoridae συνελήφθησαν και τοποθετήθηκαν σε ολφακτόμετρο τεσσάρων 
επιλογών όπου και διαπιστώθηκε η τροφική τους προτίμηση. Τα αποτελέσματα έδειξαν 
σημαντικές διαφορές στην προτίμηση των Aphrophoridae ανά ηλικιακό στάδιο για 
ορισμένους φυτικούς  ξενιστές, οι οποίες θα αναπτυχθούν λεπτομερώς στην 
παρουσίαση, ενώ θα γίνει λεπτομερής συζήτηση επ' αυτών. 

 
Λέξεις-κλειδιά: Αυχενόρρυγχα, ελιά, Aphrophoridae, αυτοφυή, οικολογία, 
ολφακτόμετρο. 
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Τα φυτά συχνά καλούνται να αντιμετωπίσουν βιοτικούς στρεσογόνους παράγοντες, μεταξύ 
αυτών φυτοφάγα αρθρόποδα και παθογόνους μικροοργανισμούς. Ωστόσο, αλληλεπιδρούν 
και με ωφέλιμους οργανισμούς όπως αρπακτικά έντομα και μικροοργανισμούς. 
Συγκεκριμένα, ορισμένα μικροοργανισμοί της ριζόσφαιρας είναι γνωστοί για την ικανότητά 
τους να βελτιώνουν την ανάπτυξη των φυτών, να ανταγωνίζονται παθογόνα και να 
προετοιμάζουν τα φυτά έναντι μελλοντικών προκλήσεων μέσω της επαγωγής αποκρίσεων 
φυτικής άμυνας. Επομένως, παρουσιάζουν ενδιαφέρον για χρήση στη φυτοπροστασία ως 
παράγοντες βιολογικής καταπολέμησης σε προγράμματα ολοκληρωμένης διαχείρισης 
εχθρών. Σε αυτήν την εργασία, αξιολογήσαμε τις επιδράσεις μέσω του φυτού μιας σειράς 
ωφέλιμων μυκήτων και βακτηρίων της ριζόσφαιρας έναντι κύριων εχθρών της τομάτας 
που ανήκουν σε διαφορετικές συντεχνίες και τύπους διατροφής, όπως τα είδη Tetranychus 
urticae Koch (Acari: Tetranychidae), Trialeurodes vaporariorum (Westwood) (Hemiptera: 
Aleyrodidae), Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), Tuta 
absoluta (Meyrick) (Lepidoptera: Gelechiidae) και Myzus persicae (Sulzer) (Hemiptera: 
Aphididae). Συγκεκριμένα, έγινε καταγραφή χαρακτηριστικών της βιολογίας, όπως η 
επιβίωση, η ταχύτητα ανάπτυξης και η ωοπαραγωγή αναλόγως του είδος του εχθρού σε 
εμβολιασμένα φυτά σε σύγκριση με τα φυτά του μάρτυρα. Επιπλέον, έγινε καταγραφή των 
επιδράσεων επιλεγμένων μικροοργανισμών σε διαφορετικές ποικιλίες τομάτας. Τα 
αποτελέσματά μας δείχνουν ότι, ο εμβολιασμός φυτών με διαφορετικά βακτηριακά και 
μυκητιακά στελέχη επηρεάζει τους πληθυσμούς των φυτοφάγων εχθρών μέσω του φυτού. 
Ωστόσο, καταγράψαμε σημαντική παραλλακτικότητα σε αυτές τις επιδράσεις ανάλογα με 
τους μικροοργανισμούς καθώς και τα είδη φυτοφάγων που μελετήθηκαν. Συνολικά, η 
εργασία μας αναδεικνύει τον ρόλο των μικροοργανισμών της ριζόσφαιρας ως παραγόντων 
βιολογικής καταπολέμησης στην καταστολή των πληθυσμών φυτοφάγων εχθρών, πιθανά 
μέσω της επαγωγής αποκρίσεων άμυνας των φυτών. 
 
Λέξεις-κλειδιά: αρθρόποδα, βακτήρια, βιολογική καταπολέμηση, μύκητες, φυτική άμυνα, 
τομάτα 
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Beneficial soil microbe‐mediated tomato responses against spider mites 
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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. 
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Beneficial soil microorganisms can boost plant defences increasing their resistance to herbivores. Our 
research has revealed the contribu�on of arbuscular mycorrhizal fungi to improve plant direct and indirect 
defences against chewing herbivores in tomato. Mycorrhizal coloniza�on in tomato reduced the 
performance of the generalist chewer Spodoptera exigua and the specialist leafminer Tuta absoluta. The 
reduc�on was associated to a primed accumula�on of an�herbivore metabolites in challenged leaves 
including alkaloids and polyamine conjugates. Moreover, the vola�le blends in mycorrhizal and non 
mycorrhizal plants differ, and enhanced atrac�on 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 produc�on condi�ons evidenced the 
robustness of the effects, the compa�bility with other biocontrol methods, and accordingly, the poten�al 
of mycorrhiza induced resistance to be incorporated in current Integrated Pest Management Programs. 
 
KKeeyywwoorrddss:: Tuta absoluta, tomato, primed defenses, Nesidiocoris tenuis, HIPVs, mul�trophic  
interac�ons 
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Plants are con�nuously challenged by bio�c 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 
atacks via plant defense elicita�on. 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 interac�ons which enhance tomato resistance against 
key pests. Our results iden�fied 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 differen�ally affected by tomato inocula�on with these microbes. 
 
The research project was supported by the Hellenic Foundation for Research and Innovation (H.F.R.I.) 
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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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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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. 
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