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Referaat

De maatschappij (consumenten, producenten, retail en overheden) zijn zich steeds meer bewust van de
eventuele negatieve bijwerkingen die gewasbeschermingsmiddelen kunnen hebben op de gezondheid van mens,
dier en leefomgeving. Dit heeft er toe geleid dat het middelenpakket door Europese en nationale regelgeving is
ingeperkt en in de toekomst verder zal worden gereduceerd, mede onder druk door van eisen die worden gesteld
door retail en consument. Alternatieven zijn voorhanden in de vorm van biologische middelen en middelen van
natuurlijke oorsprong (extracten, stoffen), waarvan verwacht wordt dat de negatieve gevolgen op gezondheid en
milieu afwezig, of zeer gering zijn. Echter, er zijn vragen vanuit de praktijk of deze middelen voor alle gewassen
effectief zullen zijn en onder welke omstandigheden ze werkzaam zijn. Deze kennis is voor telers belangrijk

om een juiste keuze te kunnen maken om ziekten en plagen te beheersen in hun gewassen. Echter, het blijkt
dat fundamentele kennis ontbreekt om aan te geven hoe deze middelen ingrijpen op de inhoudsstoffen en het
microbioom van de plant, die een belangrijke rol spelen in de weerbaarheid tegen biotische stress factoren.

Abstract

Consumers, retail and governments are increasingly aware of the possible negative side effects that crop
protection products can have on human and animal health and on our living environment. This results in

an increasing limitation of the availability of pesticides due to European and national regulations and due to
requirements set by retail and consumers. Plant resilience, the natural ability of a plant to defend itself against
diseases and pests, is an important part of an integrated approach to prevent and/or control diseases and

pests in a residue-free manner. In this literature review, we show the potential of activating the plant’s natural
defenses based on results obtained in model crops, such as Arabidopsis and tomato, and show what has already
been translated into practice.
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Samenvatting

Consumenten, retail en overheden zijn zich steeds meer bewust van de eventuele negatieve nevenwerkingen
die gewasbeschermingsmiddelen kunnen hebben op de gezondheid van mens en dier en op onze leefomgeving.
Dit zorgt voor een toenemende beperking van het middelenpakket door Europese en nationale regelgeving en
door eisen die gesteld worden door retail en consument. Plantweerbaarheid, het natuurlijke vermogen van een
plant om zich te verdedigen tegen ziekten en plagen, is een belangrijk onderdeel van een geintegreerde aanpak
om ziekten en plagen te voorkomen en/of te bestrijden op een residue-vrije manier. In dit literatuuroverzicht
laten we zien wat het potentieel is van het aanschakelen van de natuurlijke afweer van de plant op basis van
resultaten behaald in modelgewassen, zoals arabidopsis en tomaat, en laten we zien wat hiervan al vertaald is
naar de praktijk.

Het aanschakelen van de natuurlijke afweer wordt geinitieerd door een elicitor. Dit is een stof die de plant
herkend en daarop deze reageert door het verhogen van de plantweerbaarheid. Dit kunnen chemische stoffen
zijn of stoffen van natuurlijke oorsprong. Twee belangrijke groepen zijn: 1. Analogen van de planthormonen
jasmonzuur en salicylzuur; 2. Polysaccharides: afbraakproducten van chitine, pectine of cellulose. Ook fungeren
sommige micro-organismen als elicitor, omdat de plant het micro-organisme zelf of een stof die deze uitscheidt
herkend. De vier belangrijkste geslachten waarin stammen met elicitor-functie voorkomen zijn: 1.Trichoderma
spp.; 2.Arbuscular mycorrhizal fungi; 3 Pseudomonas spp.; 4. Bacillus spp. Van elk van de genoemde elicitors
worden voorbeelden uit de literatuur gegeven en wordt aangegeven in welke commerciéle product deze
aanwezig zijn.

Plantweerbaarheid, plantinhoudsstoffen en het microbioom (de micro-organismen in en vlakbij de plant) zijn
drie factoren die niet los van elkaar kunnen gezien worden. Verhoging van de plantweerbaarheid heeft gevolgen
voor de samenstelling van de plantinhoudstoffen en het microbioom, maar ook andersom: veranderingen in
microbioom of plantinhoudsstoffen resulteren in veranderingen in de plantweerbaarheid.

Het zijn meestal secundaire metabolieten die ervoor zorgen dat ziekten en/of plagen zich minder snel kunnen
vermenigvuldigen op de plant, waardoor de infectie wordt vertraagd. Belangrijke groepen metabolieten wat
betreft plantweerbaarheid zijn terpenoiden, carotenoiden, alkaloiden, glucosinolaten and polyfenolen. Welke
stoffen binnen deze groepen verantwoordelijk zijn voor het verhogen van de plantweerbaarheid verschilt per
gewas en zelfs per ras. Op basis van onderzoek tot nu toe lijken de veranderingen in de samenstelling van het
metaboloom in verschillende gewassen hetzelfde patroon te volgen, maar er is meer onderzoek nodig, vooral in
niet-modelgewassen, om te weten hoe breed deze patronen aanwezig zijn in het plantenrijk.

Micro-organismen in een microbiéle gemeenschappen zijn met elkaar in evenwicht. Micro-organismen met
elicitor-werking kunnen zich alleen vestigen als deze onderdeel worden van dit evenwicht. Het toevoegen ‘goede’
micro-organismen is dus alleen succesvol onder specifieke omstandigheden. Over dit evenwicht en zijn relatie
met plantweerbaarheid is nog weinig bekend.
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1 Introduction

1.1 Need for this review

At the European level the admittance of chemically synthesized plant protection products to the market is
strongly regulated. In addition, there is an increasing demand by society for residue-free products. Therefore, in
crop production a shift is taking place from curative chemical to non-chemical preventive control of pests and
diseases. Growers need alternative strategies for plant health issues. Plant resilience is the natural potential

of a plant to defend itself against pests and diseases. Stimulating the plant’s natural defense potential instead
of directly acting on pests/pathogens is an important alternative reducingthe necessity of intervention

with chemical pesticides. In this regard the application of chemical and microbial elicitors, amongst others
biostimulants, may become essential, promoting plant growth in general as well as specifically activating natural
plant defenses.

1.2 Biostimulants: types and effects

Plant biostimulants contain organic or inorganic compounds(s) and/or micro-organisms whose function when
applied to plants or the rhizosphere is to stimulate natural processes to enhance/benefit nutrient uptake,
nutrient efficiency, tolerance to (a)biotic stress, and crop quality (EBIC definition). Commercialized biostimulants
or promising candidates are of very different natures, including humic and fulvic acids, proteins and amino
acids, biopolymers such as chitosan and chitin, plant and algal extracts, inorganic compounds, and beneficial
microorganisms (du Jardin, 2015).

Many of these products have in common to act through the stimulation of biological processes at the soil and/or
plant level. Thus, rather than intervening directly on an external biotic stress such as pest and disease attack,
many products act indirectly through the plant, stimulating natural plant defense and/or better absorption

of nutrients. They, therefore, are claimed to have a very wide range of effects such as increased relative
abundances of beneficial microorganisms on plants and roots, higher organic matter soil content and better soil
structure, increased plant nutrient availability and efficiency, enhanced physiological plant responses, such as
flowering as well as a better plant root development and higher plant production.

Biostimulants can be applied on many crops and soil types by soil drenches, seed coating, foliar spraying, or post-
harvest treatments. They are used in different agricultural sectors such as arable field crops, fruits, vegetables,
ornamental shrubs, flowers, and bulbs as well as pastures. Besides the agricultural context they are used for
lawns and sport fields.

Despite all the qualities biostimulants are claimed to have, their effect on plant resilience does not seem to be
consistent (IFOAM EU, Definition of and discussion of Biostimulants). Most of the knowledge gained on plant
resilience, has been obtained under controlled conditions from Arabidopsis thaliana, a model research plant.
Clearly, this is not representative for an agri- and horticultural environment. Therefore, some bioproducts now
on the market have shown no effects under laboratory conditions or field conditions. There is thus a mismatch
between the producers claims, the user’s expectations and the real effect of the product.

1.3 Determination of effectiveness by metabolome and
microbiome shifts

Resilience can be stimulated by the application of elicitors, such as biostimulants. These can work as elicitors in
two different ways.
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The first way is elicitation of the plant defenses resulting in the (elevated) production of specific secondary
metabolites. Secondary plant metabolites are substances that are not directly needed for plant growth,
development or reproduction, but to defend the plant against pests and diseases. These metabolites ensure that
pests or pathogens attacking the plant are weakened or disrupted, so that their development and/or damage is
limited.

The second way is through the interaction of the plant with beneficial microorganisms. Numerous and diverse
microorganisms live in very close interaction with plants. The total of the microbial community within the plant or
surrounding it forms the microbiome. Most of the microbiome lives in some form of dependence with the plant.
For these microorganisms it is important that the plant, as their host, survives pest and disease attacks. They,
therefore, have a direct interest in protection of their plant hosts. Microorganisms can have a direct effect on
pests and diseases by producing toxic substances, competition for nutrients and interruption of communication
between different groups of the microbiome (quorum sensing). They can also act as elicitors negatively affecting
pests and pathogens via the plant by influencing the production of secondary metabolites.

In most of the current scientific literature both these two ways are described independently from each other.
Their interaction and its impact on plant resilience is largely unknown. However, the metabolome of a plant and
the microbiome are closely interrelated (Fig. 1). Biochemical changes of the plant will give rise to other types of
microorganisms colonizing the plant. On the other hand, changes in the microbiome may lead to the production
of different secondary metabolites.

Figuur 1 The interaction between plant metabolome and plant microbiome and its effects on plant resilience.
1.4 Knowledge gaps

Practical knowledge gaps: when, where and how to apply elicitors

The choice of the right treatment location and circumstances as well as the timing of application play an important
role in achieving robust effects of biostimulants/elicitors. Lack of knowledge of these factors is the main reason
for reported biostimulant’s inefficiency.

The right moment: In which developmental plant stages are the secondary metabolites and beneficial
microorganisms needed for plant resilience and when should they thus be added? There may be large differences
in effectiveness by application to seeds, cuttings, seedlings, vegetative or generative plants. The question is also
whether a single administration is sufficient or whether it should be administered repeatedly.
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The right place: In order to be able to be efficient the secondary metabolites and beneficial microorganisms must
be present at the right place. In some cases, the microorganisms are endophytic, they colonize the interior of

the plant, in other cases they are residents of the rhizosphere where the microorganisms colonize the exterior

of the root. The question is where the microorganisms thrive best and how they can best colonize that niche.
Applications can thus be administered as soil/substrate or plant treatments. Alternatively, treatments can be
passed on to the young plant via seed or cutting treatments. Also, treatments of parent plant may be transferred
to the next generation through cuttings.

The right circumstances: Secondary metabolites involved in plant resilience can be increased in susceptible
plants by targeted management of environmental factors such as light quantity and quality. Microorganisms,
however, need a substrate to grow, and are dependent on environmental factors such as acidity, moisture, and
temperature. After administration of microorganisms there is usually a strong decrease in population densities
due to changes in these environmental factors. In addition, competition with endemic microorganisms may play
a role. One of the important questions in the proposed research is how to get a grip on these circumstances.
How much inoculum is needed for a successful microorganism establishment? How much inoculum is needed
to achieve activation of plant resilience? How can an actively growing population of beneficial microorganisms
within and around plants be ensured?

In the right composition: Each secondary metabolite as well as microorganism has its own function and niche

by which they can increase plant resilience. By increasing different secondary metabolites or by administering a
mixture of beneficial microorganisms a potentially more robust protection of plants may be obtained. Which types
of organic or inorganic compounds should be present simultaneously to achieve additive and/or synergistic effects
on plant resilience? Which types of microorganisms can be combined to achieve additive and/or synergistic
effects on plant resilience? Can compounds and microorganisms be combined to achieve additive and/or
synergistic effects on plant resilience?

Theoretical knowledge gaps: Interaction between plant metabolome and microbiome

Most of the studies on plant resilience are focusing either on the plant metabolome or the plant microbiome but
not on their interaction and its underlying mechanisms. While in metabolomics as well as microbiome studies a
beginning has been made to use untargeted analysis to enable analysis of a wide array of different metabolite and
microorganism groups genomic studies of both are often restricted to one of few specific sets of target genes.
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2 Scientific principles
2.1 The natural immune system of plants

Manipulating the plant's own immune system is seen as an important strategy for triggering plant defense
systems in a natural way increasing plant resilience. Previous research has shown that various elicitors

can induce resistance (Derkx et al. 2012). Induced resistance can directly lead to the activation of defense
mechanisms but can also sharpen plants to respond more strongly to an attack of a pest or disease. This
increased state of readiness, also known as 'potentiation' or 'priming’, only mobilizes immune responses when
there is actual danger and ensures that a plant is, as it were, immunized. Induced defenses often spread
systemically throughout the plant, protecting the plant against future attacks by pests and diseases. An
interesting side effect is that this form of resistance not only works against the original attacker but has a broad
spectrum of action.

2.1.1 Induced defense: signal transduction routes

The immune system of plants is an extremely complex biological system and consists of a network of different
defense mechanisms that is triggered by molecular pest and disease recognition patterns which activate specific
plant hormones. With the help of these signal hormones, plants can then coordinate their defense very precisely
against the relevant attackers. the following plant hormones appear to play a major role in the regulation of
plant defense: salicylic acid (SA) and jasmonic acid (JA) and to a lesser extent ethylene (ET). The involvement of
these specific hormones determines the type of defense that is ultimately formed and bring different metabolic
cascades into play.

Via the salicylic acid route, a plant builds up an increased resistance to attackers who live exclusively on living
material, the so-called biotrophic pathogens, such as mildew. Jasmonic acid, on the other hand, often initiates
defense mechanisms against necrotrophic pathogens, like Botrytis, living on dead material, as well as against
herbivorous insects. These defense components often appear to be conserved in different plant families and play
an important role in the generic defense processes of plants (Kogel & Langen, 2005). The main mechanisms

in induced resistance involved are the induced systemic resistance (ISR) and the systemic acquired resistance
(SAR) (Choudhary et al. 2007).

2.1.2 Systemic resistance

Systemic acquired resistance (SAR) can be caused by pathogens and is accompanied by a hypersensitivity
reaction, the hypersensitive response, followed by the development of necrotic lesions (French & Telgen). A local
infection can then generate a systemic signal that not only defends the damaged cells or leaf, but the entire
plant. SAR is characterized by accumulation of the plant hormone SA as well as the accumulation of pathogen-
related proteins (PR proteins) that can inhibit the growth of pathogens (Edreva, 2005). These proteins are non-
pathogen-specific and can be divided into many different classes including glucanases, chitinases, proteinases and
peroxidases.

A similar mechanism, phenotypically like SAR, can be triggered by certain non-pathogenic, root- colonizing
bacteria, and is referred to as induced systemic resistance (ISR). ISR differs from SAR in that it does not cause
necrotic lesions in the plant. Resistance to insects and necrotrophic pathogens is mainly observed after induction
of ISR. This is based on various signal transduction systems. Unlike SAR, ISR is not associated with the induction
of PR proteins (Durant & Dong, 2004) and is independent of SA. The signal transduction of ISR is dependent on
the hormones JA and ET. Although there are indications that SAR and ISR can be switched on simultaneously to
enhance the resistance response (van Wees et al. 2000; Durant & Dong, 2004), these two mechanisms seem to
be antagonistic in most cases counteracting each other.
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2.2 Chemical induction of resistance mechanisms

One of the first applications of chemical elicitors to enhance plant resilience is from 1974, describing a polyacrylic
derivative generating resistance to both the tobacco mosaic virus (TMV) and the tobacco necrosis virus (TNV) by
activating the PR1 gene (Bektas & Eulgem, 2015). Many compounds are known to activate the intrinsic resilience
of the plant. These so-called elicitors can be both natural and synthetic. In Table 2 an overview of chemical
elicitors activating systemic induced plant defenses is given. They comprise functional analogues of plant
hormones, polysaccharides, organic acids, vitamins, and inorganic components such as phosphate and silicate.
Below the main three groups comprising of JA and SA analogues as well as polysaccharides are described
providing examples of increased resilience for different agri- and horticultural crops.

Elicitors are applied as soil drenches or by plant sprays. Treatment of seed has the advantage that only a small
volume of the active substance needs to be used. Tree injections represent another form of applied target
precision (Berger & Laurent, 2019). In addition, elicitors are used as post-harvest treatments to promote shelf
life (Huang et al. 2000; Chen et al. 2017) preventing fruit rot (Terry & Joyce, 2004; Romanazzi et al. 2016).

2.2.1 Salicylic acid analogues

Salicylic acid plays an important role in SAR (Grant and Lamb, 2006). The disadvantage of SA is that application
is often accompanied by concentration-dependent phytotoxicity. The clear majority of known synthetic elicitors
are derived structural analogs that induce the SA signal molecule ( Annex 1 Table 2A). Well known SA derivatives
include acetyl salicylic acid (ASA: aspirin), halogenated derivatives (Conrath et al. 1995; Silverman et al. 2005),
imprenatin and glycoconjugates (Cui et al. 2014). However, the glycoconjugate SA hydrazine does not appear to
induce the expression of PR- as SAR marker genes but the expression of JA-marker genes (Cui et al. 2014). In
addition to SA agonists, which mimic SA at the molecular level, there are other synthetic elicitors that can trigger
transcriptional and physiological responses that are independent of SA accumulation.

Thiadiazole, isothiazole and pyrazole derivatives

Benzo (1,2,3) thiadiazole-7-carbothioic acid S-methyl ester (BTH) also known asacibenzolar-S-methyl (ASM)
belongs to the chemical group benzothiadiazole. ASM is a functional analogue of SA and is known as the
commercial formulations Actigard®, Bion®, Blockade®, Insimmo® or Boost®. This chemical is one of the most
described elicitors with numerous publications describing its use in a wide range of plant species against fungal,
bacterial and viral diseases as well as against some insects and nematodes (Bektas & Eulgem, 2015; Zhou &
Wang, 2018). Induced defenses have been evaluated in more than 120 pathogen systems, mostly in the form
of leaf sprays but also as soil drenches (Francis et al. 2009) and seed treatments (Buzi et al. 2004; Toksoz et al.
2009; Ramasamy et al. 2015). Treatment of melon seeds with BTH offered seedling protection against the fungal
pathogen Didymella bryoniae (Buzi et al. 2004), but it appeared that spraying of melon leaves was ineffective
(Ishii et al. 1999). Interestingly, the use of ASM as a leaf spray in broad bean or pea also offered protection
against the root parasitic plant Orobanche crenata (Pérez-de-Luque et al. 2004; Sillero et al. 2012).

Another well-known synthetic elicitor is Probenazole (PBZ). This elicitor is commercially available under the
name Oryzemate and has been used in the field for more than 30 years to protect against fungal disease such as
rice blast (Magnaporthe oryzae) and corn leaf blight (Cochliobolus heterostrophus). Probenazole as well as the
active metabolite 1.2 benzothiadiazole-1.1 dioxide (BIT) induce SAR by increasing the activity of defense-related
enzymes such as peroxidase, polyphenol oxidase and PAL (Iwata et al. 2001; Yoshioka et al. 2001). In the
search for isodiazole derivatives, besides the well- known acibenzolar S-methyl, second generation substances
have also been commercialized, including Tiadinil (V-GET® in Japan) and isotianil (Stout® in Japan and China)
against rice blast. In addition to rice, isotianil has also been reported to protect wheat and pumpkin against
powdery mildew, as well as cucumber and strawberry against anthracnose, Chinese cabbage against Alternaria,
and peach against shot hole disease (Ogawa et al. 2011). The underlying mechanisms of action are not yet clear
(Maienfisch & Edmunds, 2017). Structure-activity relationship studies are conducted with chlorine-
substituted derivatives of SA and fluorine-containing BTH molecules both potent SAR inducers (Conrath et al.
1995; Fan etal. 2009; Duetal. 2011; Chang et al. 2017; Shietal. 2019).
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Isonicotinic acid derivatives

Isonicotinic acid (INA) was identified as an elicitor inducing resistance to the fungus Colletotrichum lagenarium
in cucumber (Metraux et al. 1991). INA is considered a functional analogue of SA (Delaney et al. 1994; Vernooij
etal. 1995). Like SA, INA can inhibit the activity of the enzymes catalase (CAT) and ascorbate peroxidase (APX)
and induces the accumulation of reactive oxygen species (ROS) accumulation. Although INA has not been
placed on the market due to its high phytotoxicity (Oostendorp et al. 2001), it is considered a useful tool to
study mechanisms of induced resistance. INA induces resistance to pathogens in various host plants, including
Arabidopsis, tobacco, pear, pepper, rice, cucumber and beans.

2.2.2 Jasmonic acid analogues

While SA mediates defenses against biotrophic pathogens jasmonates mainly activate defenses against
necrotrophic pathogens and herbivorous insects (Campos et al. 2014; Wasternack & Hause, 2013). JA can either
be metabolized to its airborne methylester, methyl-jasmonate (MelA), or conjugated to L- isoleucine producing
the biologically active form JA-isoleucine (JA-Ile) (Pieterse et al. 2012). Treating plants with synthetic jasmonic
acid (JA) induces a defensive response similar to herbivore attack andis a potential strategy for integrated

pest management (Annex 1 Table 2B). It has been suggested that the coordinated activation of the metabolic
pathways mediated by JAs provides resistance to biotic stress conditions. JA is an important class of elicitors which
is regarded as an integral signal for the biosynthesis of many secondary plant metabolites including alkaloids
(Haider et al. 2000; Wasternack & Hause, 2013; Memelink et al. 2001), flavonoids (Fliegmann et al. 2003),
terpenoids and phenylpropanoids (Thakur et al. 2019). In addition to inducing direct defenses, JA is also capable
of regulating the expression of indirect induced defenses attracting predator and parasitoids of insect herbivores
(Kappers et al. 2011). The bacterial phytotoxin coronatine produced by Pseudomonas spp. is a natural structural
and functional mimic of JA-Ile and elicits similar responses as JA, which facilitates growth of the bacterium by
weakening the plant host (Uppalapati et al. 2005). A more potent mimic of coronatine, coronalon was shown

to induce various stress-responsive genes as well as the synthesis and accumulation of secondary metabolites,
including defense-related compounds (Schuler et al. 2004). In addition, several other synthetic mimics have been
studied and shown to induce JA signaling and defense responses in (Svoboda & Boland, 2010).

2.2.3 Polysaccharides: chitin, pectin and cellulose derivatives

Poly- or oligosaccharides from cell walls induce resistance through chemical and mechanical barriers, whereby
oligomers are often more effective than polymers (Abouraicha et al. 2015). Polysaccharides from seaweeds,
including ulvans, alginates, fucans, laminarin and carrageenan and their derived oligosaccharides, cause the
activation of SA, JA and/or ET. Table 2C (Annex 1) mainly focuses on chitosan and champost induced resistance.
The activation of these signaling hormones leads to an increase in the expression of PR proteins with antifungal
and antibacterial activities as well as an increased expression of immune enzymes that participate in the
synthesis of phenylpropanoid compounds, terpenes, terpenoids and alkaloids. All these secondary metabolites
are known for their negative effects against insects and pathogens (Vera et al. 2011). Polysaccharides for
induction of the plantimmune system are also commercially produced from seashells. A much-described and
extensively investigated elicitor is chitosan. A combination of oligochitosan and oligopectate (COS-OGA) is
commercially used as FADO® as a fungicide against powdery mildew in field and under glass ornamentals.
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The addition of suppressive compost as a bio-formulation is widely used for controlling plant diseases (Aviles
etal. 2011). Among such compost amendments are spent mushroom substrates (Champost). Spent mushroom
compost is the primary residual compost waste generated by the mushroom production industry and, therefore,
perfectly fits in a bio-based economy. Interestingly, their use has not only been associated with reductions in soil-
borne diseases but may also prove to be effective against foliar diseases (Yohalem et al. 1994). The majority of
studies emphasize the exploitation of antibiotic producing microorganisms present in soil mushroom substrates
upon compost application (Yohalem et al. 1994, Cronin et al. 1996, Viji et al. 2003, Choi et al. 2007). Other
putative mechanisms of suppression of such composts are (1) improving plant nutrition; (2) enhancement of
beneficial micro- organisms; (3) parasitism by micro-organisms and (4) induced resistance by elicitors (Hadar &
Papadopoulou 2012). Mycelia of mushrooms are abundant sources of elicitors, which, upon recognition by a plant,
may enhance resistance to pathogen attack by inducing SAR.

2.3 Microbial induction of resistance mechanisms

Microorganisms, next to their direct effect on plant pests and diseases can also function as elicitors for the
activation of plant defense. In Annex 1 Table 3 an overview of microbial elicitors activating systemic induced
plant defenses is given. Below the main four groups consisting of Trichoderma, Pseudomonas and Bacillus are
described providing examples of increased resilience for different agri- and horticultural crops.

2.3.1 Trichoderma spp.

Trichoderma spp are fungi present in a wide range of soil types (Nusaibah & Musah, 2019). They colonize the
roots of most plant species to establish a symbiotic relationship with the host plant. Most of them are known to
enhance plant production but also to protect plants against a wide range of pathogens such as Pythium spp.,
Rhizoctonia spp., Fusarium spp., Sclerotinia, powdery mildew and Botrytis cinerea amongst others. This can be a
direct effect through synthesizing antibiotic compounds or cell wall degrading enzymes. Indirectly, Trichoderma
spp. acts through activation of the induced systemic resistance involving both JA/ET and SA without production
of PR-related proteins (Vinale et al. 2007; Tucci et al. 2010). Amongst Trichoderma species Trichoderma
harzianum T22, is a strain widely used for improving plant nutrition and plant resistance to biotic stresses. This
strain is commercially available as Trianum G® and Trianum P®.

2.3.2 Arbuscular mycorrhizal fungi

Arbuscular mycorrhizal fungi are ubiquitously found in soils and are obligate symbionts colonizing plant roots.
More than 80% of all the plants on earth, including the majority of crops, form a symbiosis with those fungi.
They provide plants with an enhanced uptake of nutrients and as well as resistance against various biotic and
abiotic stresses in exchange of plant carbohydrates and lipids. Arbuscular mycorrhizal fungi induce plant defense
in aboveground plant tissues against necrotrophic pathogens and generalist chewing insects (Pozo et al. 2008).
Mycorrhiza-induced resistance is mainly based on priming. Arbuscular mycorrhizal fungi have been shown to be
efficient against apple cancer Neonectriaditissima (Berdeni et al. 2018), white head disease (Gaeumannomyces
graminis var. tritici) in barley (Castellanos-Morales et al. 2011) as well as the nematodes Radopholus similis
and Pratylenchus coffeae in banana (Elsen et al. 2018). Arbuscular mycorrhizal fungi are commercialized as
Symbivit®, Ectovit®, and Rhodvit® amongst others.
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2.3.3 Pseudomonas spp.

Beneficial Pseudomonas bacteria are rhizobacteria promoting plant growth and defending plants against
pathogens too. Compared to pathogenic strains of Pseudomonas, beneficial ones can circumvent plant defense
mechanisms to colonize plant roots (Stringlis et al. 2018a). Pseudomonas simiae WCS417, a widely used
strain to study induced plant defense, was initially isolated from the rhizosphere of wheat. This rhizobacteria
has a direct effect on soil borne pathogens through competition for space and nutrients, especially iron. In
addition, root colonization with P. simiae triggers plant defense priming, activating SA independent defence
signalling through ISR. This leads to an accelerated defense response in the case of pest or pathogen attack.
Induced defense after treatment with P. simiae hasbeen shown against Fusarium oxysporum and downy
mildew (Hyaloperonospora arabidopsidis) in tomato, Fusarium wilt disease in carnation, as well as against
Botrytis cinerea and the herbivore Mamestra brassicae in Arabidopsis. Pseudomonas syringae, a pathogenic
Pseudomonas bacterium, when applied in low non-pathogenic concentrations induced resistance against
western flower thrips in tomato increased production of the JA analogue coronatine leading to an accumulation of
secondary phenolicmetabolites (Chen et al. 2018).

2.3.4 Bacillus spp.

The genus Bacillus contains very diverse bacteria that can be pathogens or plant growth promoting rhizobacteria
colonizing the root surface of many plants. These bacteria form spores that can survive in the soil for a long
period. Within this genus, B. amoliquefaciens, B. anthracis, B. cereus, B. pumilus and

B. subtilis are known to be beneficial for plants. As such they can act directly against pathogens through synthesis
of antibiotic compounds, cell wall degrading enzymes or antioxidants. Indirectly they act through induction

of plant defense (Hashem et al. 2019). Bacillus subtilis strains for example induce SA and JA defense related
responses, and as such the synthesis of phenols, enzymes and PR proteins. Bacillus spp. have been shown to be
efficient against Potato blight (Phytophthora infestans) (Caulier et al. 2018), powdery mildew in melons (Garcia-
Gutiérrez et al. 2013) and root-knot nematodes activity in tomato (Adam et al. 2014). Bacillus spp. is used as a
commercial fungicides such as Serenade® ASO.

2.4 Plant resilience and metabolomics

Secondary metabolites are substances that are often formed via complex metabolic pathways in plant leaves,
fruits and roots. Their total number is estimated at 200,000. Secondary plant metabolites are substances that
are not directly needed for its growth, development or reproduction, but play important roles in improvement of
disease and herbivore resistance. This chemical form of defense can be constitutively present or induced after
pest or pathogen attack. They can be chemically classified into different families such as terpenoids, carotenoids,
alkaloids, glucosinolates and polyphenols. Secondary metabolites represent a large and varied reservoir of plant
compounds. They can have a direct effect on pests and pathogens acute toxicity but, may also affect them
through physiological and behavioural sublethal effects such as reduced fecundity, malformations and delayed
development (Mouden et al. 2017).

Enhancement of phenolic metabolism of plants has been often connected with induced resistance and may, in
addition to defenses, enhance the quality and suitability of plant food storage for post-harvest application. One
of the most studied classes in this regard are the phenylpropanoid-derived metabolites are flavonoids which may
have many complex roles in plant-insect interactions (Harborne, 2001; Simmonds, 2001). Phenols were involved
in plant resistance to western flower thrips in chrysanthemum (Leiss et al. 2009) and carrot (Leiss et al. 2013)
while terpenes and alkaloids were involved in tomato (Escobar-Bravo et al. 2017; Mirnezhad et al. 2010). Genetic
markers of thrips damage partly based on terpene volatiles were identified in tomato (Bac-Molenaar

etal. 2019). Treatments with UV-B (Escobar-Bravo et al. 2018; 2019) as well as Pseudomonas syringae (Chen
etal. 2018) led to increased production of phenols resulting in significant decreases of thrips damage. Induction
of plant secondary metabolite accumulation is not limited to certain types of metabolites, but includes a wide
variety including terpenoids, flavonoids, glucosinolates, alkaloids, and phenylpropanoids plus many other types of
secondary metabolites in most plants (Zhao et al. 2005; Thakur et al. 2019).
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Elicitors are well known modulators of plant defense responses and often share very similar defense profiles at
the metabolic level, suggesting that defense mechanisms follow the principles of parsimony (Mayer et al. 2004).
Consequently, metabolite profile patterns can provide a holistic signature of the physiological state under study
as well as deeper knowledge of specific biochemical processes. Most researchers studying environmental or
genetic effects on secondary metabolite production however, tend to focus on a class of compounds for practical
reasons. Analyzing several groups of secondary compounds of various chemical properties is often time-
consuming and requires the use of different extraction procedures and chromatographic methods. Therefore, the
study of chemical host plant resistance has for technical reasons been restricted to the identification of single
compounds, applying specific chemical analyses adapted to the compound in question. Recent developments

in the research of plant metabolomes makes it possible to get a more complete overview of the secondary
metabolite present in a plant. As such metabolomics allows the simultaneous detection of a wide array different
chemical compound groups related to plant defense (Leiss et al. 2011; Macel et al. 2010).

While induced plant defense mechanisms are conserved among plan families secondary plant metabolites

for plant defense can be specific to certain taxonomic plant families (Table 1). For instance, glucosinolates are
characteristic secondary metabolites found in the Brassicaceae family. They are toxic compounds against insect
herbivorous pests which can be induced by insect attacks. The Rosaceae family is relatively rich in a class of
inducible disease resistance proteins called nucleotide binding site leucine-rich repeats (NBS-LRR). In the
Solanaceae, many defense related miRNA are conserved and have conserved target genes amongst potato,
tomato and pepper. In addition, systemin, a polypeptide possessing hormone-like activity that amplifies the
jasmonic acid signal, is characteristic of the Solanaceae. Sesquiterpene lactones can be found in Cactaceae,
Solanaceae, Araceae, and the Euphorbiaceae but in terms of quantity and diversity they are the most prevalent
in the Asteraceae. They are defensive secondary metabolites regulated by JA serving as antifeedants against
herbivore but also display antimicrobial activity. However, some secondary metabolites for plant defence are
conserved amongst families: for instance, within the phenylalanine derived phytoalexins, pisatin, gliceollin I and
medicarpin are found in the Fabaceae while sakuranetin and 3-deoxyanthocyanidin are found in the Poaceae.
Within the anthranilate-derived secondary metabolites, indole and benzoxazinone glucosides are found in the
Poaceae while indol-3-ylmethyl glucosinolate and 4-methoxy-13G are found in the Brassicaceae.

2.5 Plant resilience and the microbiome

During their life cycle, plants coexist and interact with a multitude of microorganisms, the microbiome. The
microorganisms are present within the plant organs like the endophytes, or on the plant or root surface. The
microbiome is involved in plant germination development, growth and productivity. It allows the plant to adapt
to various abiotic and biotic stresses and, therefore, plays a crucial role in plant resistance to pests and diseases.
The microorganisms constituting the plant microbiome can be grouped into three categories: “The good”:
microorganisms beneficial for the plant, making it more resilient to attackers, improving plant nutrition, and
stimulating plant growth. “The Evil”: pathogenic microorganisms parasitizing the plant and finally “the Ugly”:
microorganisms constituting a health hazard for humans or animals. Metabarcoding and next generation
sequencing techniques allow to explore and identify the different components of the plant microbiome. At the
phylum level the microbiome mainly comprises of the bacteria Proteobacteria, Actinobacteria, Bacteroidetes
and Firmicutes, while the Ascomycota and Basidiomycota constitute the major fungal components. Most of
the beneficial microorganisms of the microbiome belong to the bacterial genera Bacillus, Pseudomonas and
Rhizobium and to the fungal genera Trichoderma and Mycorrhiza.

The structure of the plant microbiome is mostly dependent on the plant genotype, the root system, the soil

type and seasonal changes (Liu et al. 2019). At the root level, plant exudates constitute a major nutrient source
for the microbiome. Those exudates attract both surrounding beneficial microorganisms as well as pathogens.
Infection by pathogens and non-pathogens occurs often simultaneously. However, the plant is able to recognize
and react to both types of microorganisms. Infection of a plant by a pathogen or non-pathogen microorganism
activates the induced defense pathways ISR and SAR, leading to enhancement of various secondary metabolites
in the plant and its rhizosphere. This can in turn affect the plant microbiome composition. Scopoletin, released

as a root exudate by Arabidopsis, upon activation of induced plant defenses, had a negative effect on the fungal
pathogens Fusarium oxysporum and Verticillium dahliae in-vitro but had only little or no effects on the growth of
the beneficial bacteria
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P. simiae WCS417 and Pseudomonas capeferrum WCS358. A resilient plant producing exudates in response to
the activation of the JA and SA pathway has thus the ability to shape its own microbiome (Sasse et al. 2018)
Mendes et al. (2018), showed that common bean cultivars displaying a higher resistance to Fusarium oxysporum
contained a higher relative abundance of beneficial microorganisms in its microbiome. Also cotton cultivars
resistant to Verticillium dahliae (Wei et al. 2019) and sugar beets infected with Rhizocotonia solani (Chapelle
etal. 2016) showed a higher number of beneficial microorganisms. Berendsen et al. (2018), reported that
Arabidopsis with infected downy mildew leaves actively recruited three bacterial taxa in the rhizosphere:
Microbacterium, Stenotrophomonas, and Xanthomonas spp. These had a direct effect against the downy mildew
but also induced plant defense mechanism.

As stated by Rolfe et al. (2019), the plant is “crying for help”: when under attack by a pest or pathogen plant
induced defense mechanisms are activated, leading to a change of metabolic compounds with a negative effect
on pathogenic- but no or a positive effect on beneficial microorganisms. There is thus a close interaction between
plant microbiome, plant metabolome and plant resilience. This could be used for enhancement of natural plant
defense crop protection increasing the relative abundance of beneficial microorganisms. This could be achieved
via inoculation or by creating a favourable plant and root environment for colonization.

WPR-1043 | 17



18 | wprr-1043



3

Conclusions

The mechanism of action of induced defences to biotic stress is mainly studied in detail in Arabidopsis,
tomato and rice, but in many other crops from different plant families it is shown that the same plant
hormones play a role in plant resilience

Analogues of the plant hormones jasmonic acid and salicylic acid and several polysaccharides are important
elicitors that prime resistance mechanisms against biotic stress.

Microbes can also have an elicitor function. The four main genera containing strains with elicitor function are:
1.Trichoderma spp.; 2.Arbuscular mycorrhizal fungi; 3 Pseudomonas spp.; 4. Bacillus spp.

Important groups of metabolites with regard to plant resilience are terpenoids, carotenoids, alkaloids,
glucosinolates and polyphenols.

Plant resilience, plant metabolites and the microbiome (the micro-organisms in and near the plant) are
three factors that cannot be seen in isolation from each other. Increasing plant resistance has consequences
for the composition of the plant components and the microbiome, but also vice versa: changes in the
microbiome or plant components result in changes in plant resistance.
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Plantweerbaarheid is het natuurlijke vermogen van een plant om zich te verdedigen tegen ziekten en plagen.
De plant zelf heeft verdedigingsmechanismen om zich te kunnen weren tegen vraat en aantasting, vergelijkbaar
met het immuunsysteem van mens en dier, en deze eigenschappen zijn vastgelegd in het genoom van de plant.
Vaak zijn deze eigenschappen niet bekend en door selectieve veredeling op specifieke kwaliteitsmerkers kan het
zijn dat een deel van deze eigenschappen verloren zijn gegaan. Vanuit fundamenteel onderzoek in Arabidopsis
thaliana (zandraket) is gebleken dat er planthormoon-gereguleerde routes zijn die weerbaarheid aanschakelen.
Bepaalde onderdelen van belagende schimmels, bacterién of insecten schakelen deze routes aan en wordt er
vervolgens een scala aan genen aangeschakeld in de plant die er voor zorgen dat aantasting wordt beperkt.
Het zijn meestal secundaire metabolieten, zoals afweerstoffen, die ervoor zorgen dat ziekten en/of plagen zich
minder snel kunnen vermenigvuldigen op de plant, waardoor de infectie wordt vertraagd. Belangrijke groepen
metabolieten wat betreft plantweerbaarheid zijn terpenoiden, alkaloiden, glucosinolaten and fenolen. Welke
stoffen binnen deze groepen verantwoordelijk zijn voor het verhogen van de plantweerbaarheid verschilt per
gewas. Zandraket behoort tot de familie van de koolachtige planten en het zou kunnen zijn dat alle koolachtige
gewassen vergelijkbare routes hebben om weerbaarheid aan te schakelen. Maar, in de landbouw worden ook
gewassen van andere plantenfamilies geteeld en het is nog onvoldoende bekend of deze gewassen, die niet

tot de familie van koolachtige planten behoren, ook dezelfde routes hebben om weerbaarheid tegen ziekte en
plaagveroorzakers te induceren. De vertaalslag van fundamenteel onderzoek (lees onderzoek in zandraket)
naar de belangrijkste gewassen die geteeld worden in de praktijk moet nog worden gemaakt. Als deze routes
bekend zijn, is het duidelijk te maken op welke wijze biologische middelen ingrijpen op de weerbaarheid van
deze planten. Vertaalslag van fundamenteel onderzoek naar de vragen vanuit de praktijk moet nog worden
gemaakt. Weerbaarheid is op dit moment nog een abstract begrip voor telers, terwijl er in de praktijk behoefte
bestaat om weerbaarheid te kunnen regelen, bijvoorbeeld door bepaalde teeltmaatregelen, cultivarkeuze of
plantbehandelingen.

Voor het aanschakelen van weerbaarheid zijn dus stoffen nodig die planten herkennen als een ‘aanval door ziekte
of plaagveroorzakers’, zoals afbraakproducten van chitine, pectine of cellulose. Deze stoffen worden elicitors
genoemd. Daarnaast kunnen het ook de planthormonen zelf zijn die de weerbaarheidsroutes aanschakelen

zoals jasmonzuur en salicylzuur, of stoffen die chemisch erg veel lijken op deze planthormonen, de zogenaamde
analogen. Dergelijke stoffen zijn aanwezig in stoffen en extracten van natuurlijke oorsprong. Daarnaast kunnen
ook micro-organismen stoffen produceren en uitscheiden die plantweerbaarheid stimuleren. Onder deze groepen
van micro-organismen zijn soorten die dikwijls in de praktijk al als biologische bestrijders worden ingezet, zoals
bepaalde schimmelsoorten die behoren tot de groepen van Trichoderma soorten en Arbusculaire mycorrhiza
schimmels, maar ook bacteriesoorten zoals behorend tot de geslachten van Pseudomonas en Bacillus. Om kennis
te kunnen vertalen vanuit het fundamentele onderzoek, gedaan op zandraket, naar praktijkkennis met gangbare
teeltgewassen zijn deze stoffen, extracten en micro-organismen belangrijk om vast te kunnen stellen op welke
wijze weerbaarheid wordt geinduceerd in deze gewassen.

Dan is er nog het plantmicrobioom dat een rol speelt bij weerbaarheid tegen biotisch stressfactoren. Tot het
plantmicrobioom behoren micro-organismen die samenleven met planten. Deze micro-organismen leven op
bladeren (epifyten) of in wortels, stengels en bladeren (endofyten) en in de overgangszone van bodem en
wortel, in de zogenaamde rhizosfeer. Micro-organismen uit de bodem komen via de rhizosfeer in contact met
planten en veel soorten die leven als endofyt in planten komen uit de bodem. Daarnaast zijn er ook soorten die
niet van buitenaf komen, maar via het zaad worden overgedragen naar de volgende generaties van planten.
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De bodem speelt een belangrijke rol als reservoir van micro-organismen die uiteindelijk het plantmicrobioom
gaan vormen. Vandaar dat bodem en plantmicrobiomen door microbiologen vaak als één doorlopend geheel
wordt gezien. Het plantmicrobioom moet worden gezien als een verdedigingsschild tegen binnenkomende
pathogenen, vaak schimmels, oémyceten en bacterién. Hoe veelzijdiger dit schild, des te lastiger het voor deze
ziekteverwekkers wordt om binnen te dringen. Een grote microbiéle diversiteit in bodem en plant wordt dikwijls
als ‘gunstig’ geinterpreteerd door onderzoekers in weerbaarheid tegen biotische stressfactoren. Echter, er is nog
veel onbekend over de microbiéle levensgemeenschappen in bodems en planten. Een één op één vertaalslag

van bodem en plant microbiéle diversiteit naar weerbaarheid is op dit moment nog niet te maken. De plant kan
‘zijn” microbioom aanpassen. Dit gebeurt via uitscheiding van eenvoudige stoffen zoals suikers, aminozuren en
organische zuren via de wortels, wortelexudatie genoemd. Micro-organismen uit de bodem worden aangetrokken
door wortelexudaten en gebruiken deze stoffen om te groeien in de rhizosfeer en zich te vestigen op of in de
wortel. Wanneer een plant wordt aangevallen door een belager, dan verandert de plant de samenstelling van

het wortelexudaat, waardoor de plant kan sturen op ‘nuttige’ micro-organismen uit de bodem die de plant
ondersteunen bij weerbaarheid.

In de interacties tussen micro-organismen en planten speelt de genetica van de plant een belangrijke rol.
Planten bezitten overerfbare eigenschappen die belangrijk zijn voor de samenwerking met micro-organismen.
Dit is ook de reden dat verschillende cultivars van hetzelfde gewas anders kunnen reageren op micro-
organismen. Deze eigenschappen zijn nog nauwelijks onderzocht, maar zouden voor telers een belangrijk
handvat kunnen zijn om weerbaarheid, op basis van microbioomsamenstelling, te kunnen sturen. Om effectief
te zijn in weerbaarheid tegen biotische stressfactoren moet het microbioom in kunnen grijpen in de verschillende
routes voor weerbaarheid die aanwezig zijn in planten. Om deze reden veronderstellen wij dat het microbioom
ingrijpt in metabole processen in planten, maar andersom ook, dat de metabole samenstelling van planten
bepalend zijn voor de samenstelling van het microbioom. Het microbioom en metaboloom van iedere plant is dus
aan elkaar verbonden.

Onderzoek naar de microbiéle en metabole samenstelling van planten is de laatste jaren sterk verbeterd door
nieuwe, snelle en grootschalige doorstroom technologieén. Hierdoor zijn wetenschappers beter in staat om
complexe analyses op planten te verrichten. Naar verwachting zullen deze technologieén tot grote doorbraken
leiden in de opheldering van biologische en chemische processen in planten. Inzet van deze moderne
technologieén zullen daarom zeker tot nieuwe inzichten kunnen leiden in de weerbaarheid tegen biotische
stressfactoren in planten.

Samengevat zijn de belangrijkste punten uit dit verslag:

e Eris veel fundamentele kennis over weerbaarheid tegen biotische stressfactoren bij de modelplant zandraket
(Arabidopsis), maar de vertaalslag naar landbouwgewassen moet nog worden gemaakt.

* De mechanismen van weerbaarheid zal binnen een plantengroep (bijvoorbeeld koolachtige gewassen) veel op
elkaar lijken, maar dat hoeft niet het geval te zijn voor gewassen die buiten deze groep vallen.

e Metabole routes in planten die leiden tot verhoogde weerbaarheid kan worden aangeschakeld door stoffen die
aanwezig zijn in plantengroei-bevorderende middelen, zoals stoffen en extracten van natuurlijke oorsprong en
bepaalde groepen van micro-organismen.

e Het microbioom van de plant ondersteund weerbaarheid, maar werkingsmechanismen zijn op dit moment nog
nauwelijks bekend.
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Consumers, retail and governments are increasingly aware of the possible negative side effects that crop
protection products can have on human and animal health and on our living environment. This results in

an increasing limitation of the availability of pesticides due to European and national regulations and due to
requirements set by retail and consumers. Plant resilience, the natural ability of a plant to defend itself against
diseases and pests, is an important part of an integrated approach to prevent and/or control diseases and

pests in a residue-free manner. In this literature review, we show the potential of activating the plant’s natural
defenses based on results obtained in model crops, such as Arabidopsis and tomato, and show what has already
been translated into practice.

The activation of the natural defenses is initiated by an elicitor. This is a substance that the plant recognizes and
responds to by increasing plant resilience. These can be chemical substances or substances of natural origin. Two
important groups are: 1. Analogues of the plant hormones jasmonic acid and salicylic acid; 2. Polysaccharides:
breakdown products of chitin, pectin or cellulose. Also, some micro-organisms act as elicitors, because the plant
recognizes the micro-organism itself or a substance that it secretes. The four main genera containing strains with
elicitor function are: 1.Trichoderma spp.; 2.Arbuscular mycorrhizal fungi; 3 Pseudomonas spp.; 4. Bacillus spp.
Examples from the literature are given of each of the mentioned elicitors and it is indicated in which commercial
product they are present.

Plant resilience, plant metabolites and the microbiome (the micro-organisms in and near the plant) are three
factors that cannot be seen in isolation from each other. Increasing plant resistance has consequences for the
composition of the plant components and the microbiome, but also vice versa: changes in the microbiome or
plant components result in changes in plant resistance.

Usually secondary metabolites slow down the spread of diseases and/or pests in the crop. Important groups
of metabolites with regard to plant resistance are terpenoids, carotenoids, alkaloids, glucosinolates and
polyphenols. Which substances within these groups are responsible for increasing plant resistance differs per
crop and even per variety. Based on research to date, changes in metabolome composition in different crops
appear to follow the same pattern, but more research is needed, especially in non-model crops, to understand
how wide these patterns are across the plant kingdom.

Microorganisms in a microbial community are in equilibrium with each other. Microorganisms with elicitor action
can only settle if they become part of this equilibrium. Adding ‘good’ micro-organisms is therefore only successful
under specific circumstances. Little is known about this balance and its relationship with plant resistance.
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De missie van Wageningen University & Research is ‘To explore the potential of
nature to improve the quality of life’. Binnen Wageningen University & Research
bundelen Wageningen University en gespecialiseerde onderzoeksinstituten van
Stichting Wageningen Research hun krachten om bij te dragen aan de oplossing
van belangrijke vragen in het domein van gezonde voeding en leefomgeving. Met
ongeveer 30 vestigingen, 6.800 medewerkers (6.000 fte) en 12.900 studenten
behoort Wageningen University & Research wereldwijd tot de aansprekende
kennisinstellingen binnen haar domein. De integrale benadering van de
vraagstukken en de samenwerking tussen verschillende disciplines vormen het hart
van de unieke Wageningen aanpak.



