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ABSTRACT: Induction of plant defense(s) against pathogen challenge(s) has been the object of progressively more intense
research in the past two decades. Insights on mechanisms of systemic acquired resistance (SAR) and similar, alternative
processes, as well as on problems encountered on moving to their practical application in open field, have been carefully pursued
and, as far as possible, defined. In reviewing the number of research works published in metabolomic, genetic, biochemical, and
crop protection correlated disciplines, the following outline has been adopted: 1, introduction to the processes currently
considered as models of the innate immunity; 2, primary signals, such as salicylic acid (SA), jasmonic acid (JA), and abscisic acid
(ABA), involved with different roles in the above-mentioned processes; 3, long-distance signals, identified from petiole exudates
as mobile signaling metabolites during expressed resistance; 4, exogenous inducers, including the most significant chemicals
known to stimulate the plant resistance induction and originated from both synthetic and natural sources; 5, fungicides shown to
act as stimulators of SAR in addition to their biocidal action; 6, elusive mechanism of priming, reporting on the most recent
working hypotheses on the pretranscriptional ways through which treated plants may express resistance upon pathogen attack
and how this resistance can be transmitted to the next generation; 7, fitness costs and benefits of SAR so far reported from field
application of induced resistance; 8, factors affecting efficacy of induced resistance in the open field, indicating that forces,
unrevealed under controlled conditions, may be operative in the field; 9, concluding remarks address the efforts required to apply

the strategy of crop resistance induction according to the rules of integrated pest management.
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Bl INTRODUCTION

After the original observation by Ross that plants may acquire a
sort of unspecific, systemic immunity following a preliminary
localized infection, the related process, known as systemic
acquired resistance (SAR), has been thoroughly investigated." A
number of studies, covering phytopathological, chemical and
biochemical, genetic and genomic, molecular, and agronomic
sciences, have contributively assembled and continue to reveal
an impressive volume of facts and information, including a
successfully potential way of exploiting the phenomenological
process in crop protection. Models aimed to suggest and
understand how the process of SAR may develop, in either its
innate or evolved expression, as well as in its chemically
induced potency, have been frequently published.”™ Recent
reviews, in addition to the modes of action, also deal with the
effectiveness of induced resistance under field conditions.®™®
Despite all of these thorough investigations, a molecular basis
of SAR is still far from being clearly formulated. Although being
the most investigated model of plant-induced resistance, it
represents just one of the multifunctional defense mechanisms
of plants. The number of facts emerging in recent decades
allows, in fact, the consideration of SAR as one of the players in
a multifaceted defense system inducible in plants according to
distinct pathways, characterized by different signals, metabo-
lites, and genes. SAR is then defined as the process depending
on salicylic acid and involving the transduction protein NPR1
to develop a defense response. A second process, called induced
systemic resistance (ISR), is induced by symbionts and
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orchestrates a pathway depending on other hormones, such
as jasmonate and ethylene. A third mechanism of defense, the
so-called fB-aminobutyric acid-induced resistance (BABA-IR),
has emerged in the past decade through the discovery that
BABA exogenous application can activate multiple immune
responses by potentiating SA-inducible defenses and priming
for pathogen-induced callose deposition, independent of
salicylic acid (SA) and jasmonic acid (JA). However, priming
for callose deposition requires intact biosynthesis and
perception of abscisic acid (ABA).” These mechanisms are
interconnected and contribute to create a network of defenses
controlled by the plant’s innate immune system that may, more
properly, be included in the generic term of induced resistance,
of which SAR represents the best known, but not the only,
process involved in response to pathogen challenges.

To account for a general view of innate immunity, several
models assume that early (or basal) plant defenses are triggered
by suitable pattern recognition receptors (PRRs) that recognize
pathogen/microbe-associated molecular patterns (PAMPs/
MAMPs)."® Pathogen evolution would have overcome this
line of defense by means of secreted effectors that suppress the
so-called pathogen-triggered immunity (PTI). As a counter-
attack, plants would have developed R proteins that recognize
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specific effectors originating the effector-triggered immunity
(ETL, formerly called R-gene-based or vertical immunity). The
resulting effects would recall the gene-for-gene concept and
conform with the hypersensitive response (HR) and the entire
development of SAR.'" The responses to pathogen attack may
be preactivated (alerted) or regulated by a number of signals
and triggered by endogenous or synthetic inducers.

B SIGNALS AND ENDOGENOUS INDUCERS

Primary Signals. Associated with a burst of reactive oxygen
species (ROS), the early responses of plants to pathogens
orchestrate a number of reactions, metabolites, and genes,
strictly involved in defenses. The low molecular weight
compounds that typically accumulate in infected tissues,
sometimes named hormones, are generically classified as
signals. The growing number of signals rising in the current
literature makes their correct placement in a developing
network uncertain and changeable. To avoid an arbitrary
arrangement of sequential events, they will be reported in the
order they have been discovered (Figure 1).

PRIMARY SIGNALS
0 “™COOH
OH 0 /I

Jasmonic acid
JA (Jasmonic Acid)

(o]

SA (Salicylic Acid)

ABA (Abscisc Acid)

Figure 1. Induced resistance primary signals. SA is strictly required for
systemic acquired resistance (SAR) activation; JA, besides being a
signal in plant responses to wounds and damages caused by herbivores,
is mainly involved in induced resistance (ISR) by rhizobacteria and
other symbionts, often in tandem with ethylene; ABA intact pathway is
required for BABA-IR.

Salicylic Acid (SA). SA is the best-known signal, proven to
be essential to express SAR in most plants either in the
pathogen-inoculated leaves or in all distal ones, even if it may
require being translocated in the form of methyl ester.'> As
soon as activated in response to the stress produced by the
infection, the synthesis of SA, normally occurring by
hydroxylation of benzoic acid, is undertaken by the chorismate
route via an isochorismate synthase (ICS). The chemical
properties of SA are suitable to render it a player in a number of
reactions and interactions with enzymes and molecular species
playing important roles in SAR."> However, its major function
has been generally established to be the induction of PR-1
genes expression, involving the essential mediation of the
NPR1 protein. Recent investigations showed that the
oligomeric form of NPRI, present in the cytoplasm, is
disassembled and translocated to the nucleus, where the
monomer NPR1 promotes efficient expression of defense genes
(PR1) following a pathogen challenge or under SA induction.
However, in the absence of infection or in uninduced state, no
spurious activation of responsive genes occurs because NPR1
and TGA transcription factors do not interact with each other
and PRI is not expressed."* According to a recent study on its
mediation, NPR1 has been circumstantially shown to bind SA
through a coordination with the transition metal Cu: this is
assumed to make a bridge involving two oxygen atoms from
hydroxyl and carboxyl groups of SA and two sulfur atoms of
Cys 521 and Cys 529 of the protein (Figure 2). The complex
was taking place with an estimated low apparent dissociation

cu
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Figure 2. Possible mechanism through which NPR1 promotes the
expression of PR-1 genes. Using truncated parts of the protein, NPR1
has been shown to bind SA through a coordination with the transition
metal Cu involving two oxygen atoms from hydroxyl and carboxyl
groups of SA and two sulfur atoms of Cys 521 and Cys 529 of the
protein. This binding would enhable NPRI to interact with the
transcriptional factor TGA2 leading to the expression of defense genes
(PR-1). The cofactor NIMI1 (noninducible immunity 1) is a negative
regulator of defense inhibiting gene expression through association
with the NPR1-TGA complex. Adapted from Wu et al.'®

constant K; = 1.4 X 1077 M (140 nM). This binding would
cause a conformational change in the dimer form of NPRI,
releasing the C-terminal transactivational domain from the
autoinhibitory N-terminal one and so enabling the NPRI
transcriptional domain to activate the expression of defense
genes (PR—I).15

However, the binding between SA and NPRI is still a matter
of debate and requires further structural analyses, as very
recently suggested in a review by Fu and Dong.®

As said above, NPR1 is stored in the cytoplasm as an
oligomer to prevent unwanted SAR activation in the absence of
pathogen challenge. However, another function of oligomers is
to maintain NPR1 homeostasis when the monomers are
transported to the nucleus during SAR induction and there
continuously degraded through the 26S proteasome pathway.'®
NPRI degradation occurs both in absence of SA and/or in the
presence of high levels of this hormone, that is, during
pathogen attack, and is mediated by two NPRI paralogues,
NPR3 and NPR4, that are SA receptors with different binding
affinities.'”"® SA promotes the interaction of NPR1—NPR3 and
disrupts that between NPR4 and NPR1, thus controlling NPR1
levels (Figure 3). In particular, in a very early stage of infection
by a pathogen triggering ETI, high SA levels facilitate NPR3-
mediated degradation of NPRI in the challenged cell, leading
to HR. This degradation necessarily occurs before NPR1 can
regulate its target genes. Instead, in neighboring cells SA
concentration is not sufficient to maintain NPR3—NPRI1
interaction but enough to separate NPR4 from NPRI1. This
leads to NPR1 accumulation that prevents cell death and allows
SAR establishment.*'®

To further complicate things, NPR1, besides interacting with
the transcription factors of TGA family, also binds other
cofactors (noninducible immunity 1 (NIM1)) that are negative
regulators of defense.'"” Among the three Arabidopsis NIMINSs,
NIMINI and NIMIN2 interact with the C-terminal region of
NPR1, whereas NIMIN3 binds to the N-terminus of NPRI. It
has been suggested that NIMIN1 inhibits gene expression not
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Figure 3. In response to the infection, the synthesis of salicylic acid (SA), normally occurring by hydroxylation of benzoic acid, is undertaken by the
chorismate route through the isochorismate cleavage (ICS) in chloroplasts. Accumulation of SA in the cell changes the redox state, thus allowing
oligomeric NPR-1 to disassemble and to migrate into the nucleus where its concentration is controlled by SA levels and the SA receptor proteins
NPR-3 and NPR-4. When SA levels are high (ie., in the cell directly contacted by pathogen effector) NPR-3 remains linked to NPR-1 and the
complex is then degraded by the 26S proteasome, leading to PCD. On the contrary, intermediate SA levels (i.e., in the neighboring cells) do not
allow interactions between NPR-1 and NPR-4; thus, free NPR-1 can interact with the transcription factor TGA2, promoting the transcription of PR
genes and the synthesis of PR proteins. These are secreted in the attempt to impair pathogen survival. Long-distance mobile signals are also
produced, including methyl salicylate (MeSA), gl};cerol—fi—phosphate (G3P), abietane diterpenoid dehydroabietinal (DA), and azelaic acid (AZA).

Adapted in a simplified form from Fu and Dong.

through direct promoter binding but rather through association
with the NPR1-TGA complex.”

SA and the related SAR have been generally associated with
defenses against biotrophic or hemibiotrophic pathogens. By
contrast, resistance against necrotrophs has been more
frequently credited as being mediated by JA, often in tandem
with ethylene (ET).>!

Jasmonic Acid. JA and SA are known to orchestrate
distinct pathways/networks with cross-talk between one
another that may convey antagonistic or synergistic or additive
messages. JA is also a signal involved in plant responses to
wounds and damage caused by herbivores, in some way
reminiscent of those triggered by necrotizing pathogens.

Again, JA and ET are induced by beneficial microbial species
such as root-colonizing bacteria, mycorrhizal fungi, and
Trichoderma spp. to prime plants to enhance their levels of
defenses upon pathogen attack. This type of symbiotic benefit,
called induced systemic resistance (ISR), is apparently elicited
by microbial components, such as lipopolysaccharides (LPS)
and exopolysaccharides (EPS), but a number of other
determinants, including siderophores, antibiotics, biosurfac-
tants, and various metabolites, have been found to trigger
immune responses. Consistent with their beneficial role, these
plant—microbe interactions produce resistance against patho-
gens mostly by priming for enhanced defenses.”> An interesting
feature of many of these interactions is the dependence of their
ISR not only on JA and ET but also on the transcriptional
regulator NPR1. This in fact has often been found to be
essential in inducing the priming for expression of JA/ET genes
and increased deposition of callose at the site of pathogen
entry. In these cases NPRI is assumed to play a totally different

function from that previously mentioned as coactivator of SA-
responsive PR genes. A regulatory role for NPR1 has been
suggested to be played in cytosol to determine the fate of the
cross-talk between SA and JA.**** Certainly, if the cross talk
would take place systemically, it could be very dangerous for
the plant as the infection of a biotrofic pathogen could facilitate
the subsequent attack by a necrotrophic one. However, it has
been demonstrated that in distal tissues from an ETI triggered
cell death, cross-talk is inhibited to avoid necrotrophic
pathogens taking advantage of the repressed JA pathway.”* A
large body of facts about the reciprocal antagonism between SA
and JA across plant species and phylogenesis has been the
object of a recent review.>

However, interactions are not restricted to the cross-talk
between primary signals. They also extend to involve even
effectors of pathogens that may take advantage to enhance their
virulence. Coronatine (COR) is a molecule effector produced
by some pathogen strains of Pseudomonas syringae. It acts as a
potent virulence factor in various bacterial infections, although
its most significant action is mimicking the JA—isoleucine
conjugate (JA—Ile), which suppresses SA-mediated plant
responses (Figure 4). By virtue of this resemblance, COR
may act as a potent agonist of JA—Ile and has been found to
strongly induce jasmonate-responsive genes. By functioning as
a jasmonate analogue, it has been shown to overcome the SA-
dependent defenses during bacterial infection of Arabidopsis
thaliana.*®”’ Interestingly, COR is also able to induce stomatal
reopening through a signaling cascade facilitating bacterial
penetration into the plant.

Abscisic Acid (ABA). ABA is another hormone that may be
heavily involved in many disease resistance processes but in a
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Figure 4. Coronatine (COR), a toxin produced by Pseudomonas
syringae, mimics jasmonic acid—isoleucine conjugate (JA—Ile), which
suppresses SA-mediated plant responses. Because of this resemblance,
COR may act as a potent agonist of JA—Ile and has been found to
strongly induce jasmonate-responsive genes, thus overcoming SA-
dependent defenses during bacterial infection of Arabidopsis thaliana.

complex, intricate, and contradictory way. The name of ABA is
bound to its role of accelerating leaf abscission, a process that
occurs with deposition of callose as a barrier between living and
dead cells. A number of studies brought evidence that ABA
induces callose deposition as a barrier to infection by fungal and
bacterial pathogens.”® Resistance to tobacco necrosis virus,
induced by chitosan, was also shown to imply callose
deposition mediated by increased level of ABA*® (Figure 5).
At the same time, treatment with this hormone was found to
suppress SAR induction by inhibiting its development both
upstream and downstream of SA.>' Again, using chitosan and
Flg22, Ton’s group recently found that variations in growth
conditions greatly influence a plant’s overall capacity to deposit
callose after ABA pretreatment, and this variability correlates

with the amount of H,0, accumulation.** These findings
further demonstrated that callose is a defense response
controlled by distinct signaling pathways, depending on the
environmental conditions and the challenging PAMP.

ABA is known to play multiple roles as an abiotic stress
mediator. One of these roles is exerted during drought, when it
induces closure of stomata. This process is apparently
reproduced as a defense response to halt bacteria penetration
as soon as plants perceive the related PAMPs.*®> However, ABA
was also shown to suppress bacteria-induced callose in
Arabidopsis.>*

A negative role of ABA has been described in a study on
tomato mutants with reduced levels of this hormone (sitiens
plants). These plants were more resistant to Botrytis cinerea
than the wild-type (wt) ones. Exogenous application of ABA
restored susceptibility to Botrytis cinerea in sitiens plants and
increased susceptibility in wt plants. In this study, ABA was
found to partly repress phenylalanine ammonia-lyase (PAL)
activity in wt plants and negatively modulate the SA-dependent
pathway in tomato,® with high levels of H,O, at the initial
stages of tissue penetration by Botrytis cinerea.*®

In the context of associated redox regulating system,
biosynthesis of ABA has been tentatively assumed to support
a role of oxidized state of redox-buffering capacity in enabling
reactive oxygen species accumulation, whereas violaxanthin de-
epoxidase (VDE) antagonizes ABA production, which is driven

by 9-cis-epoxycarotenoid dioxygenase (NCED) (Figure
5).2937,38
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Figure S. The physiological level of ABA depends on the balance between the rate of its synthesis and that of its catabolism to the biologically
inactive phaseic acid. The increased abscisic acid (ABA) content in leaves of chitosan (CHT)-treated bean plants could be due to the activation of
either the direct ABA biosynthetic route, via farnesyl pyrophosphate (star), or the indirect carotenoid pathway, through the xanthophyll cycle. In the
second instance, CHT could positively regulate the key enzymes zeaxanthin epoxidase (ZEP, star) and 9-cis-epoxycarotenoid dioxygenase (NCED,
star). Violaxanthin de-epoxidase (VDE) antagonizes ABA production, which is driven by NCED. Alternatively, CHT could reduce the rate of ABA
catabolism. ABA production is also impaired in tomato sitiens plants by blocking the last oxidative step of its biosynthesis.
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The multifaceted role of ABA tends to be rationalized by
more authors in a context of overlapping of the ABA—SA cross-
talks with the ABA mediation in abiotic and biotic stresses.
According to this view, the effects change from the preinvasive
to the postinvasive pathogen stages, when the ABA—SA cross-
talk is conditioned by the combined effects of PAMPs and
pathogen secreted effectors to become predominantly antago-
nistic.””°

Long-Distance Signals. Analysis of a series of metabolites
isolated from petiole exudates (PEXs) of pathogen-inoculated
leaves identified several diverse signals that may be involved in
long-distance spreading of acquired resistance* (Figure 6).

Long-distance Signals
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Figure 6. Main signals that may be involved in long-distance spreading
of acquired resistance.

Methyl Salicylate (MeSA). MeSA is one of these
metabolites, proposed to be the phloem-mobile signal prompt
to release SA in distal leaves by virtue of a SA-inhibitable
methyl esterase. Once in the distal leaves, MeSA is in fact
hydrolyzed by suitable esterases that have been characterized
and shown to be required for spreading SAR. In tobacco and
Arabidopsis the esterase has been identified in SA-binding
protein 2 (SABP2). In potato the same role has been found to
be played by the orthologue of SABP2, called StMeS1. The
esterase activity is feedback inhibited by high levels of SA. An
exogenous inhibitor of this esterase has been identified in
2,2,2,2'-tetrafluoroacetophenone, a compound capable of
occupying the same active site of SA, as shown by the X-ray
crystal structure of the protein.*' Another SA methyltransferase
from rice (OsBSMT1), when overexpressed in transgenic
Arabidopsis, induced PRI transcript production in adjacent
wild-type plants in an ICS1-independent and NPR1-dependent
manner upon Psm infection.*” This indicates that MeSA may be
involved in the induction of defenses not only in the systemic
tissue of the same plants but also in the nearby plants through
its volatilization. An indirect proof comes from the fact that
exogenous application of MeSA induced systemic immunity in
wild-type tobacco plants.*’ Interestingly, during infection by
Psm, it has been shown that pathogen toxin COR is indirectly
responsible for MeSA volatilization outside the leaf tissue,
possibly to lower the SA level and facilitate the infection.*
However, the data of this work, in contrast to what was found
in tobacco, appeared to render the role of MeSA dispensable
for SAR in Arabidopsis thaliana, suggesting that the presence
and role of the SAR mobile signal may depend on the plant
species and/or the pathosystem.*

12477

Glycerol-3-phosphate (G3P). G3P is the alcoholic matrix
of glycerolipids, which are essential in growth and defenses.
G3P, or a derivative, is a mobile signal and is also required for
the translocation of the lipid transfer protein defective in
induced resistance 1 (DIR1) to distal tissues. Therefore, the
cooperation of both G3P and DIR1 is essential for induction of
SAR.46

Dehydroabietinal (DA). DA, an interesting long-distance
signaling metabolite, has recently been isolated and charac-
terized as an abietane diterpenoid (Figure 6). This aldehyde
may also act as a potent inducer of SAR, being active at
picomolar concentrations when applied to leaves of Arabidopsis,
tobacco, and tomato. Locally applied deuterated DA was
reported to be rapidly translocated to distal leaves and induce
SA systemic accumulation together with the expression of PR-1
and ICSI, the gene encoding the isochorismate synthase
responsible for SA synthesis during SAR. Other genes that
are needed for biologically induced SAR were also required for
the development of the DA-induced expression. The depend-
ence of DA-induced resistance on NPRI and ICSI was
considered as a good indication that DA acts upstream of SA
in the developing pathway of SAR.*’

Azelaic Acid (AZA). AZA is a nonandioic acid, another
mobile metabolite endowed with priming properties of
systemic immunity. This compound was first isolated from
petiole exudates of bacterially infected leaves of Arabidopsis,
where it has been found to accumulate. Unlike DA, AZA does
not induce directly SA, but was stated to prime plants to
produce high levels of SA and the SA-associated signaling
marker PRI as soon as challenged by the pathogen
Pseudomonas syringae.*® In the same work, AZA was also
found to transiently induce a gene, called azelaic acid induced 1
(AZI1), encoding a protein, AZII, credited with being involved
in the generation of the vascular sap that confers disease
resistance. Mutation of the AZII gene resulted in plants
incapable of displaying systemic immunity triggered by AZA.
Therefore, azelaic acid and AZI1 were stated to be components
of SAR involved in priming defenses.

However, a thorough investigation on the biogenesis of AZA
and its homologous pimelic acid (heptandioic acid) PIM
(Figure 6), carried out by the group of M. J. Mueller at
Whuerzburg University, brought to light different facts and
interpretations.49 In their experiments, AZA pretreatment of
Arabidopsis leaves did not induce resistance against virulent Pst,
whereas infection with avirulent Pst was shown to produce in a
few hours enhanced levels of AZA and PIM together with the
markers of nonenzymatic lipid oxidation and dramatic up-
regulation of enzymatic lipid peroxidation giving out JA. The
authors were able to demonstrate that the accumulation of both
AZA and PIM as esters of oxidized glycerolipids may occur
upon pathogen infection by a free radical fragmentation of the
polyunsaturated acyl chains initiated by a postulated singlet
oxygen, independent of catalysis by lipoxygenases. In fact, they
obtained these esters in infected mutants deficient in genes
responsible for the 9-lipoxygenase and LOX2, the main 13-
lipoxygenase. Therefore, they proposed a mechanism for the
glycerolipid fragmentation that, in a simplified form, is shown in
Figure 7.50 According to the conclusions of the authors, AZA
should be considered as just a marker for free radical-induced
lipid fragmentation associated with oxidative membrane
damage and cell death.*’

Pipecolic Acid (Pip). A thorough analysis of the pool of
amino acids extracted from petiole exudates of leaves
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Figure 7. Nonenzymatic formation and fragmentation of 13-HOO-
linolenic-acylglycerolipid to account for the enhanced accumulation of
AZA in avrPst-infected leaves of Arabidopsis. () for reactions implicit
in the formal cleavage between carbons 9 and 10, see Schneider et al,
J. Biol. Chem. 2008, 283 (23), 15539—15543.

inoculated with SAR-inducing Pseudomonas syringae pv
maculicola (Psm) led to identification of the lysine catabolite
pipecolic acid (piperidine-2-carboxylic acid) as the component
massively increased with respect to leaves treated with a MgCl,
solution." In the inoculated leaves the accumulation of Pip was
shown to be independent of SA as well as of the SAR regulator
flavin-dependent monooxygenase 1 (FMO1), suggesting that it
occurs upstream of both SA and FMOI. The induction was also
positively influenced by NPR-1 and phytoalexin-deficient 4
(PAD4). In distal, noninoculated leaves, systemic accumulation
of Pip was just preceding that of SA at the onset of SAR and
was markedly reduced in the SAR-defective fmol and icsl
mutants, but a localized bacterial treatment was sufficient to
induce significant levels of Pip even in these mutants. By
contrast, the level of Pip in distal leaves was not enhanced in
nprl and pad4 mutants.

The pathogen-induced Lys catabolism was also associated
with high expression of AGD2-like defense response protein 1
(ALDI), which encodes an aminotransferase assumed to be
involved in Pip biosynthesis. In fact, mutant plants aldl failed
to produce Pip and SAR in Psm-infected leaves, whereas
exogenous application of Pip complemented the defects in
ALDI. Interestingly, BABA application led to Pip accumulation
and induced resistance to Psm in an ALDI-dependent manner,
indicating that Pip also modulates BABA-IR resistance against
bacterial pathogen infection. All together, these results led to
the conclusion that Pip orchestrates an amplification of
resistance, with positive re§ulation of SA biosynthesis and
priming for SAR induction.’

Exogenous Inducers. The idea that the activation of
natural plant defenses, such as SAR, could be reproduced even
by replacing the preliminary necrotic lesions by a chemical
treatment was realized by White with the exogenous application
of salicylates to defend the tobacco plant against different
pathogens.”> White was therefore a pioneer of what is known
nowadays as chemical-induced resistance.

12478

Successively, agrochemical research by Novartis brought to
light various chemicals that may be considered as functional
analogues of SA and may be even more potent than SA as
exogenous inducers. Besides being a more practical way of
triggering the plant inducible defenses, this technology extends
further inquiries on the molecular base of what occurs in the
armamentarium of the plant in the portion of time between the
inducer application and the pathogen attack. The implicit
process, known as priming, will be considered in a later section
after a preliminary survey of the performances of the best
known exogenous inducers (Figure 8) and the defense pathway
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Figure 8. Some of the best-known exogenous inducers.

they activate (Figure 9). This survey does not include inducers
represented by plant extracts such as Milsana (ethanolic extract
of Poligonum japonicum L.) and Stifenia (extract of Trigonella
foenum graecum L.) because, among their unspecified multi-
functional compounds, the role of those involved in SAR
elicitation is unclear.

BTH. Identified as the safest and most eflicient from a series
of analogues, the methyl ester of benzo(1,2,3)-thiadiazole-7-
carbothiolic acid (BTH) was brought to the market with the
common name of acibenzolar-S-methyl and has been tested on
a number of pathosystems.> It has been shown to interact with
NPRI1 through a binding of affinity similar or even better than
that displayed by SA with NPRI as receptor (Figure 3)."* A
common effect of BTH as an inducer is the direct activation of
PR-1 and, in general, of the PR proteins. Other analogies with
SA are the inhibition of catalase and ascorbate peroxidases
besides structural elements that are compatible with this type of
effects (see ref 13 and refs cited therein). A study of its fate in
tomato plants showed that BTH rapidly translocates to apical
leaves and is converted to the free carboxylic acid 3 days after
application.>*

Early work brought evidence that, in tobacco plants, BTH
was able to induce resistance against biotrophic fungal
pathogens as well as against Pseudomonas syringae and tobacco
mosaic virus. Instead, protection against necrotrophic fungi
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Figure 9. Defense pathways activated by exogenous inducers (BTH,
benzothiadiazole; AHO, 3-(2-oxopropyl)-3-hydroxyoxindole; LAM,
laminarin; Si, silicon), rhizobacteria, mycorrhizae, and phytophages. -
Aminobutyric acid (BABA) and chitosan (CHT), besides depending
on abscisic acid (ABA) mediated callose synthesis, involve salicylic acid
(SA) or jasmonic acid/ethylene (JA/ET) pathway depending on the
treated plant. The three pathways interact with each other to different
extents depending on the host plant and the pathosystem.

could not be observed. A number of genes encoding PR
proteins were coordinately expressed after BTH application,
with a maximum increase of PR-1 transcript at a concentration
of ca. 36 uM.>

In a further work, application of 0.3—1 mM BTH to
Arabidopsis allowed the detection of the maximum expression
of PR-1, PR-2, and PR-5 genes at 1 day from treatment.
Resistance was then induced to protect the plant against
Peronospora parasitica and Pseudomonas syringae. The protec-
tion was also reproduced in transgenic (NahC) plants unable to
accumulate SA, indicating that BTH acts independently on
SA.>> When treatment with 0.3 mM BTH was applied to
Phaseolus vulgaris, an oxidative burst took place early, with high
levels of H,0, and peroxidase activity. This was associated with
a high and persisting expression of PAL, steadily increasing
without phenolic deposition up to 7 days from application,
when plants were inoculated with Uromyces appendiculatus. The
first impairment to fungal colonization occurred between 24
and 72 h later and resulted in a thicker extrahaustorial matrix
and deposition of phenolics around the haustorial neck. These
responses were found to culminate 7 days after inoculum, with
hyphae heavily stained with osmium and heavy phenolic
deposits encapsulating the haustoria.*®

A study of induced resistance against the powdery mildew
Blumeria graminis in barley gave a quantitative measure of the
efficacy of BTH at different times elapsed from treatment to
fungal inoculation, called induction times (it.): after only 3
days of it., the infection on the primary leaf was reduced by

12479

68.9%, whereas, when the induction was protracted to S days,
the infected areas were reduced by 77.2%. A similar reduction
was also measured in secondary untreated leaves when the
induction was extended to 10 days. The most evident
biochemical effects were observed after the pathogen challenge,
when the oxidative burst caused diffusion of H,0, to the whole
cells that were involved in HR-like symptoms and phenols
deposition in nonpenetrated callose papillae.®” Effects on
resistance induced by BTH in soybean against Phytophthora
sojae have been described by other authors using electron
microscopy. These effects were dominated by phenolic
deposition in host and fungal cell walls, in particular around
haustoria, similar to those previously mentioned in bean
resistance against Uromyces appendiculatus. In addition,
expressions of PR-1, PR-3a-b, PR-9, and PR-10 were activated
at different times and levels.*® The last-mentioned effects may
deserve some comment on the role of PR-proteins: whereas
their up-regulation may contribute to resistance in soybean
hypocotyls, as suggested by the authors, the role played by PR-
3a and PR-3b, which encode proteins displaying chitinase
activity, remains unclear because Phytophthora species, as
oomycetes, do not have chitin in their cell walls.

BTH was also used to protect soybean from hypocotyl rot
caused by Rhizoctonia solani. Interestingly, the mycelium
growth of this pathogen was found to be partially inhibited in
vitro by BTH, its radial growth being reduced 40% at the BTH
highest dose of 2.4 mM (mancozeb at 0.2 mM showed a
reduction of 94%). However, this activity did not affect the
virulence of Rhizoctonia solani, and the inoculum precultured
on BTH produced the same disease severity as that maintained
in the unamended medium. Therefore, the seed treatment with
BTH significantly reduced the hypocotyl rot symptoms caused
by the pathogen, and this protecting effect was strictly
correlated with the chitinase activity already induced before
inoculation 2 days after the treatment. The chitinase activity
increased according to the dose of BTH, starting at 0.2 mM and
reaching a plateau at 0.4 mM, the dose at which the maximum
of severity reduction (50% with respect to control) was
observed. A dose-dependent inhibition of seminal root growth
was also detected at 2 days from the treatment and reached a
maximum of 53% in biomass dry weight at a dose of 2.4 mM.
The type of root growth reduction observed up to the dose of
0.4 mM was later rapidly recovered, but when caused at 2.4
mM could not be recuperated.>

Recently, some fluorine-containing esters of the BTH
benzothiadiazole carboxylic acid were synthesized and
evaluated as SAR inducers, showing excellent activity against
cucumber Erysiphe cichoracearum and Colletotrichum lagenarium
in assay screening. Field test results demonstrated that two of
them were more potent than BTH toward these pathogens.*

Finally, BTH- and laminarin (see ahead)-treated plants seem
to be more attractive to a wide variety of parasitoids after
herbivore attack, another important feature that improves their
defense armamentarium.’’ Interestingly, through the suppres-
sion of certain dominating plant volatiles, elicitor-treated plants
may be less apparent to herbivores that use herbivore-induced
plant volatiles (HIPVs) for host location. These findings show
that inducers of pathogen resistance are compatible with the
bigllogical control of insect pests and may even help to improve
it.

BABA. -Aminobutyric acid has been the object of several
studies following the old discovery that its application by soil
drench protected pea plants from the disease caused by the
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oomycete Aphanomyces euteiches.”> More recent work con-
firmed an extension of its spectrum of induced activity to cover
protection of several crops from diseases caused by downy
mildews and necrotrophic fungi, as well as by bacterial and viral
pathogens. Induction of plant resistance as BABA mode of
action was inferred by the absence of any direct toxicity on
these pathogens. However, an investigation on the signaling
pathway associated with its induced resistance brought to light
remarkable changes according to plant and pathosystem.
Whereas in noninoculated tomato plants it was able to induce
rapid accumulation of PR-1 proteins, when applied to tobacco
leaves, it was found to develop typical symptoms of a
hypersensitive reaction (HR) before eliciting systemic accumu-
lation of SA.%> Dependence of BABA-induced resistance on SA
was supported by its failure in transgenic NahG plants.** More
recently, a robust study with suitable selected mutants
elucidated the BABA-induced priming phenomenon in
Arabidopsis. The authors obtained evidence that treatment
with BABA results in priming for multiple defense mechanisms:
one of these is the SA-dependent resistance, demonstrated by
an increased expression of the marker gene PR-1 upon infection
by Pseudomonas syringae pv tomato or Botrytis cinerea; a second
important induced mode of action is the priming for resistance
by formation of callose-rich papillae against the oomycete
Hyaloperonospora parasitica and the necrotrophic pathogens
Alternaria brassicola and Plectrosphaerella cucumerina. A mutant
affected in the gene encoding the abscisic acid biosynthetic
enzyme zeaxanthin epoxidase (ZEP, see Figure S) failed to
prime for formation of callose. During infection callose is
considered to act as a physical barrier or as a matrix that
concentrates antimicrobial compounds at the attempted sites of
fungal penetration.®>*® BABA was also found to repress the JA
response induced by the coronatine virulence factor and
effective priming the up-regulation of genes responsive to SA
and BTH during Pst DC 3000, in agreement with the above-
mentioned reports.5’

When BABA treatment was used to induce resistance in Vitis
vinifera against Plasmopara viticola, the effects in reducing
mycelial growth and sporulation were associated with the
expression of marker genes for the SA (PR-1) and JA (PR-4 and
LOX-9) pathways. The JA pathway appeared to be particularly
involved, leading to a primed deposition of callose and lignin
around the infection sites. In fact, similar effects (even if with a
lower resistance efficacy) were observed by exogenous
application of JA, whereas both BTH and, curiously, ABA
failed to induce significant resistance.®® In a further work by the
same research group, a close biochemical examination of the
phenylpropanoid pathway induced by BABA treatment upon
Plasmopara viticola infection showed the accumulation of
specific stilbene phytoalexins, including resveratrol and
viniferins.*

AHO. An interesting example of a natural inducer of SAR is
represented by this isatin derivative (3-hydroxy-3-(2-oxoprop-
yl)-1H-indol-2-one, Figure 8), which was isolated from extracts
of the ornamental Strobilanthes cusia and found to induce
resistance in plants to a broad range of diseases.

The mode of action of AHO conforms to the activation of
genes typical of the responses mediated by SA, but, unlike most
inducers that act downstream of SA, it sensitizes a point in the
activation chain upstream of SA. In fact, it did not induce
resistance in nahG transgenic plants unable to accumulate SA.
In tobacco plants, AHO enhanced resistance against the viral
pathogen TMV and the powdery mildew Erysiphe cichoracea-

rum. Among the biochemical effects induced, the most evident
ones have been reported to be the PR-1 expression and a
notable increase of PAL activity, anticipating the increase in SA
level. The last-mentioned effect suggested the hypothesis that
the initial activation of PAL could be responsible for triggering
the biosynthetic pathway of SA via enhanced production of
trans-cinnamic acid.”®

Chitosan (CHT). Oligomers of chitosan are originated by
deacetylation of chitin, the linear polymer of (1—4)-f-linked
N-acetyl-p-glucosamine, a known component of the fungal cell
wall, but more abundant in the hexoskeleton of crustaceans.
The deacetylation may occur by enzymatic reaction or, more
practically, by chemical hydrolysis giving out sequenes of p-
glucosamine (see Figure 8) in various proportions and with a
large range of molecular weights. These sequences may assume,
under physiological conditions, polycationic nature.

Various works have described the antimicrobial properties of
CHT, including bacterial and fungal pathogens. Different
mechanisms have been suggested to rationalize this activity,
based on electrostatic interactions between the protonated
amino groups and negative essential ions, the binding to
microbial DNA, and metal ion chelation. A review has been
published on this subject and gives useful references on
chemical modifications to improve the water solubility of CHT,
a critical aspect that generally limits its applications.”"

However, many pieces of evidence show that CTH can also
elicit plant defenses upon pathogen challenge by inducing
accumulation of callose and phenolics. For instance, in studies
aimed to test the activity of chitosaccharides, partially acetylated
chitosans, when injected into wheat leaves, have been found to
elicit both PAL and peroxidase activities, with a higher content
of lignin in the cell walls.”* Other studies brought evidence that
CHT-treated plants respond to viral infections with typical
signals of induced resistance, the efficacy of which apparently
depends more on the plant than on the type of virus. Thorough
investigations by Faoro et al.”> on CHT-treated bean leaves
brought to light the appearance of small clusters of dead cells,
resembling microscopic HR, randomly distributed in the
mesophyll. These treated leaves, together with the untreated
distal ones, resulted in ful or partial protection when challenged
by tomato bushy stunt tombus virus.”>

The effects of CHT treatments have been thoroughly
compared with those of parallel BTH applications in induced
resistance against powdery mildew in barley. Both were found
to induce responses typical of SAR, such as oxidative burst and
phenolics deposition, but with a greater efficacy shown by
BTH, which, unlike CTH, was able to promote a significant
increase in HR response after the pathogen challenge. This
difference in the HR response was inverted with respect to that
observed by the same authors in bean plants, indicating that the
mechanism of elicitation may differ depending primarily on the
host.>” Recently, a new CHT formulation (Kendal Cops (Kc))
was assessed in treatments of grapevine against powdery
mildew and compared with parallel applications of standard
fungicides (penconazole and methyldinocap). Under high
disease pressure producing an infection severity of 87.5% in
the control grapes, the disease was reduced to 2.4% in grapes
treated with the experimental formulation (CHT 0.1%) and to
0.92% in the fungicide-treated ones. Total polyphenol content
and antioxidant power in both grapes and related wines were
significantly higher from the Kc-treated plants than from
fungicide-treated ones.”*
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CHT and BTH have also been compared in their potential
for protecting grapes against Botrytis cinerea. Both inhibited the
radial growth of this fungus in vitro, with CHT showing a
higher fungitoxicity (ECs, = 1.77 mg mL™") than BTH (ECs, =
344 mg mL™' = 16 mM). When applied on plant, the
resistance was induced more effectively by BTH, with the
greatest reduction in lesion size obtained in grapes pretreated at
3 mg mL 173

Laminarin. This elicitor is a linear f$-1,3 glucan from the
marine brown alga Laminaria digitata that induces typical SAR
features, including ion fluxes, ROS production, activation of
MAPKs cascade, callose deposition, phytoalexin production,
and the expression of PR genes.”*””® Indeed, the elicitation of
plant defenses by glucans was shown a long time ago by using a
p-1,3-linked D-glucan isolated from Phytophtora infestans, which
strongly inhibited the development of lesions in tobacco tissues
inoculated with various viruses.””®" In the past decade many
papers have reported the efficacy of laminarin in controlling
fungal, bacterial, and viral diseases, including downy mildew
and gray mold of grag)evine,%’81 Erwinia carotovora, and TMV
infection in tobacco.®*®® In the case of TMV, sulfated laminarin
resulted in a better local protection in both Arabidopsis and
tobacco than did laminarin, and the two forms acted
synergistically when used in mixture.**** Furthermore, sulfated
laminarin, but not laminarin, induced SA accumulation and PR-
1 expression in treated plants. With regard to perception
mechanisms of f#-1,3 glucans, glucan-binding proteins (GBP)
have been identified, which appear typical of Fabaceae family
and do not possess any of the functional domains found in
other innate immunity receptors.gs_87 These proteins contain
two domains, one with glucan binding activity, and the other
showing similarity to fungal glucan endoglucosidase enzymes.
The latter would allow the release of the true elicitor (hepta-f-
glucoside) near the elicitor binding site to facilitate its
detection. The glucan perception of Fabaceae represents an
example of a very sophisticated receptor system in plants, where
the ligand is processed by an intrinsic part of the receptor
complex itself, resulting in the amplification and tailoring of the
best-fitting ligand molecules.*®

Saccharin. 1,2-Benzisothiazoline-3-one-1,1-dioxide (Figure
8), a well-known sweetener used in foods and drinks, is also a
good SAR elicitor, being able to induce resistance against a
broad sgectrum of pathogens in both cereals and leguminous
plants.8 2 Saccharin is, of course, a major metabolite of
probenazole, a fungicide also known to stimulate defense
mechanisms in rice plants against blast caused by Magnaporthe
grisea and bacterial blight caused by Xanthomonas oryzae (see
next section). In some cases saccharin application with root-
drench treatment was more effective than foliar application in
protecting soybeans against rust, and protection lasted about 15
days.”” In a very recent work by Delgado et al.” saccharin was
tested against rust by Uromyces appendiculatus in artificially
inoculated plants and against both rust and angular leaf spot by
Phacoisariopsis griseola (ALS) in naturally infected bean plants.
In the greenhouse experiments, beans sprayed with saccharin
(0.24 mg mL™") and inoculated with Uromyces appendiculatus 6
days later showed a reduced number, size, and sporulation of
pustules. In three follow-up experiments upon natural infection
conditions during 2009 and 2010 and summer/autumn 2010,
saccharin, sprayed every 14 days, was able to protect bean
plants against rust in all three trials, but significantly reduced
ALS only during summer/autumn and spring 2010. Increase in
seed weight was observed when saccharin-treated plants were
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infected after preflowering, but not when rust infection
occurred earlier and the pathogen pressure was higher. This
is in disagreement with previous observations by Walters et al,,
% which reported that effects of saccharin on growth rate and
grain yield of barley plants increased in both parameters only
under high disease pressure, proof that the fitness cost of
induced resistance is almost unpredictable, being dependent on
many factors, as reported ahead.

Silicon (Si). The second most abundant element in the
Earth’s crust™ is absorbed by plant roots (Figure 9) as water-
soluble orthosilicic acid (Si(OH),) and converted to insoluble
silica in cell walls, intercellular spaces, and a subcuticular layer
of leaves.” Silicon is known to increase the tolerance against
both abiotic and biotic stresses in many plant species, and it is
the only nutrient that is not detrimental when in excess.”**®
It increases the tolerance toward both (hemi)biotrophic and
necrotrophic pathogens in many plant species besides being
also effective against salinity, drought, and other abiotic
stresses.”®”® Interestingly, silicon protects plants apparently
without fitness costs.””'% At first, the protection conferred by
silicon was ascribed to deposition of silica in the leaves, which
would form a physical barrier impenetrable by pathogens.'®'
However, as the beneficial effects of silicon are lost within a
short period of time after application, it appears that its role as a
modulator of basal defense responses is prevalent over its
function as a mechanical barrier.”®*>1% 1 any case, there are
now many pieces of evidence that silicon triggers in plants a
wide spectrum of defense responses. For example, in cucumber
it enhanced the activity of chitinases, peroxidases, polyphenol
oxidases, and flavonoid phytoalexins, and these responses were
induced only after infection with Pythium spp.,'®’ a typical
feature of priming agents (see next section). Other proof of the
priming effect by silicon was brought by Fauteux et al,'®®
showing that the stimulating effect of this element on the
biosynthesis of SA, JA, and ET appeared only after challenge
with Erysiphe cichoracearum. Again, in rice silicon activated the
ET pathway involved in the resistance to Magnaporthe oryzae
after pathogen challenge.'” The resistance was characterized
by increased accumulation of defense-related enzymes,
including glucanase, peroxidase, polyphenol oxidase, and
phenylalanine ammonia-lyase, as well as glycosylated phenolics
and diterpenoid phytoalexins."'”"** Another example of
priming by silicon was shown in tomato plants after infection
with Ralstonia solanacearum, when both JA and ET signaling
pathways were induced, leading to increased resistance to the
fungus.'® In several powdery mildew diseases, that is, by
Podosphaera pannosa in rose and by Blumeria graminis f. sp.
tritici in wheat, silicon provided resistance by increasing papillae
formation, callose synthesis, and H,O, deposits, besides the
synthesis of fungitoxic phenolics and flavonoids."'>~*"*

From the long list of papers reporting successful results in
controlling plant diseases with silicon, this inducer appears to
activate/modulate multiple pathways, such as SA, JA, and ET,
depending on the pathosystem and many other physiological
and environmental factors. A very recent and exhaustive review
by Van Bochkaven et al.''® addresses these topics, highlighting
the regulatory mechanisms that might account for broad-
spectrum plant disease resistance induced by silicon, including
priming of plant immune responses and alterations in
phytohormone homeostasis.

Vitamins. In the past decade a new role for vitamins as
chemical inducers of SAR has received attention owing to their
safety and cost-effectiveness."'” Three vitamins, vitamin B1
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(thiamin), vitamin B2 (riboflavin), and vitamin K3 (mena-
dione), have been found to induce SAR against fungal, bacterial,
and viral infections in Arabidopsis, rice, cucumber, tobacco, and
tomato."'®!" In particular, thiamin activates the expression of
SAR-related genes in rice, tobacco, and vegetable crops,
improving the resistance of the plants to several pathogens.''*
Riboflavin, too, was shown to display effects similar to those
typical of synthetic inducers, and its use on tobacco leaves has
proved to control several diseases.'”® In mixtures with
methionine, it was found to reduce the symptoms of powdery
mildew infection in strawberry plants."”' Treatments with 0.5
mM riboflavin have been proved to control Phytophthora
parasitica in Arabidopsis and Alternaria alternata in tobacco.'"

As a photosensitizer, riboflavin may produce singlet oxygen
or oxygen superoxide. Resistance of rice to rice blast, induced
by its application, has been suggested to depend in part on
mediation of ROS produced by riboflavin photoactivation.'>*
However, no HR symptoms have been reported during the
induction of resistance in tobacco and Arabidopsis. In this view
it was assumed that riboflavin may activate a novel signal
transduction pathway.'"”

More recently, p-aminobenzoic acid (PABA, also referred to
as vitamin Bx) was found to induce SAR against Xanthomonas
axonopodis pv vesicatoria in pepper plants in both greenhouse
and field experiments.'”> Moreover, dipping pepper seedlings
in 1 mM PABA made plants more resistant to naturally
occurring cucumber mosaic virus (CMV) infection in the field
as assessed by the lower CMV RNA at 40 and 105 days post
treatment. Interestingly, expression of the Capsicum annuum
pathogenesis-related PR-4 gene was primed in response to
pathogen infection as assessed by quantitative real-time PCR,
and the induced resistance to both bacterial and viral pathozgens
was not associated with apparent fitness allocation costs.'*

A more complete list of low-molecule inducers of disease
resistance has been shown in the review by Schreiber and
Desveaux,” which also outlines criteria and projects for
designing high-throughput screenings (HTS) as a source of
new inducers.

B FUNGICIDES AND OTHER AGROCHEMICALS WITH
RESISTANCE INDUCTION ACTIVITY

Systemic fungicides are known to display a very specific
mechanism of action. Nevertheless, some of them have also
been shown to elicit plant defenses as a secondary mode of
action and, occasionally, this has been appraised to occur even
with other pesticides. An early instance, among anti-oomycetes,
has been discovered in the action of metalaxyl when the
elicitation of glyceollin was associated with the control of
Phytophthora megasperma in soybean.'>* A role of plant defense
mechanism in the antifungal action of metalaxyl, fosetyl, and
Cu(OH), was demonstrated in the control of Peronospora
parasitica in Arabidopsis plants."*®

Other examples are reviewed here in more detail.

Probenazole (Oryzemate = 3-Allyloxy-1,2-benziso-
thiazole-1,1-dioxide). This saccharin derivative has been
largely used for more than 30 years against rice blast, caused by
Magnaporthe grisea, and bacterial leaf blight, caused by
Xanthomonas oryzae pv oryzae.>® Contrary to many other
fungicides, its extensive use for so a long time has not
developed resistance in the target pathogens,'>® possibly
because its action mechanisms include SAR induction, by
stimulating a site upstream of the point of SA accumulation in
the SAR-signaling pathway.'>” Although generally used in rice

crops, probenazole has also been shown to control southern
corn leaf blight on maize, caused by Cochliobolus heterostrophus,
without detrimental effects on plant growth and with lower
environmental impact than the fungicide maneb usually
employed to fight this harmful disease of maize.'*® Signals
detected during probenazole-induced resistance in rice are
those typically associated with oxidative burst, but also include
enhancement of unsaturated fatty acids that may impair conidia
development.'* One of the most evident features of defense
primed by this fungicide was the rapid lignification to the
inoculum of Pyricularia oryzae. When PAL or other enzymes of
the phenylpropanoid pathway were inhibited, the plant became
more susceptible to the disease.'*® Interestingly, when tested in
a screening model of cultured parsley cells, probenazole failed
to give a positive result, but saccharin was active and was then
proposed to be the active metabolite responsible for the SAR
induction (see ref 13 and references cited therein).

Pyraclostrobin (Methyl N-{2-[1-(4-Chlorophenyl)-1H-
pyrazol-3-yloxymethyl]phenyl}-(N-methoxy)carbamate).
This compound belongs to the strobilurin class of fungicides,
which includes a variety of synthetic plant-protecting
compounds with broad-spectrum antifungal activity. Conrath’s
group demonstrated for the first time that pyraclostrobin,
besides being a fungicide, enhanced the resistance of tobacco to
both TMV and Pseudomonas syringae pv tabaci.>* Pyraclos-
trobin was also active at improving TMV resistance in nahG
transgenic tobacco plants, suggesting that it enhances TMV
resistance in tobacco either by acting downstream of SA in the
SA silgnaling mechanism or by functioning independently of
SA."" Intriguingly, SA can activate two different pathways to
counteract virus infection: by stimulating the transcription of
RNA-dependent RNA polymerase 1 (RdRp1), which mediates
the induction of RNA silencing, and by inhibiting the
respiratory electron transport chain in mitochondria.'** This
inhibition leads to ROS enhancement in mitochondria, which is
detected by sensor proteins and the signal transduced to the
nucleus, where it may induce both defense and alternative
oxidase (AOX) genes. AOX negatively regulates the amplitude
and duration of ROS generation. Inhibitors of the respiratory
electron transport, such as antimycin A (AA), cyanide (CN"),
and pyraclostrobin, induce ROS accumulation in mitochondria
as well, activating the expression of defense genes.*> As
pyraclostrobin does not induce accumulation of pathogenesis-
related protein PR-1 in infiltrated plants until TMV challengin§,
it can be regarded as a priming agent for induced resistance"
(see next section). Further evidence of this priming effect
comes from a recent work of Udayashankar et al."** in which it
has been shown that pyraclostrobin treatment of common bean
seeds, besides ameliorating germination and seedling vigor,
primed plants for enhanced resistance to bean common mosaic
virus (BCMV) infection. In screenhouse experiments, pyraclos-
trobin seed treatment at 10 g mL™" resulted in 76% protection
against BCMV, whereas under field conditions the protection
ranged around 65%.

Phosphites (Phosphonates). Phosphites, also known as
phosphonates, are inorganic salts (mainly K salts) of the
phosphorous acid (H3PO,;) or esters of this acid, such as
fosetyl-Al (aluminum salt of the monoethyl ester of
phosphorous acid). Besides their action as fungicides against
different pathogens,"**'** they have been known for a long
time as SAR elicitors in many hosts."**"'*® Phosphites exhibit
an acceptable efficacy also against apple scab (Venturia
inaequalis), pear scab (Venturia pirina), and pecan scab
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(Fusicladium effusum), although the control of these diseases is
less successful than with conventional fungicides."**'*!
However, phosphites are particularly efficient against oomy-
cetes and have been used for more than 30 years in the
management of Phytophthora diseases in many crops.'** Again,
with regard to oomycetes, several studies have shown the
effectiveness of potassium phosphite in controlling grapevine
downy mildew caused by Plasmopara viticola."*>'** Recently,
Pinto et al.'** demonstrated in a two-year field experiment in
vineyards that potassium phosphite provided protection levels
of 38.19% in the first season and 45.29% in the second season,
performing better than fungicide treatments. Despite the above
successful results, the use of phosphite in European viticulture
is partially hampered by European Union regulation 149/2008
that limits the amount of residual phosphorous acid on the
grape to 74.5 mg/kg. To avoid the risk of exceeding this
threshold, an integrated management of downy mildew with
phosphites up to preveraison, followed by copper, is an effective
solution with the beneficial side effect of improving polyphenol
and melatonin contents in wine."**

The phosphite mechanisms of action are very complex and
still poorly known. Certainly, they include direct inhibition of
pathogen growth and stimulation of host defenses."*’ Recently,
Eshraghi et al."*® showed that phosphite-treated A. thaliana
leaves responded to Phytophthora cinnamomi zoospore
inoculation with a rapid increase in callose deposition and
hydrogen peroxide production. Furthermore, callose papillae
appeared 6 h earlier than in nontreated inoculated seedlings,
and the production of H,O, in the leaves at the site of hyphal
penetration and in the distal leaves of the treated plant was
greatly enhanced with respect to untreated controls. These
results indicate that phosphite primes the plant for a rapid and
intense response to infection involving heightened activation of
a range of defense responses. Defense genes from both the SA
and JA/ET pathways were activated, su&gesting a multiple
recruitment of host defense mechanisms."

Lactofen (Ethyl O-[5-(2-Chloro-a,a,a-trifluoro-p-toly-
loxy)-2-nitrobenzoyl]-pL-lactate). Some herbicides may also
show activity as fungicides and as defense activators. The
diphenyl ether herbicide lactofen, an inhibitor of protopor-
phyrinogen oxidase, induces cell death and expression of PR1,
PRS, and PRI0 proteins in soybean plants. The potential for
disease protection of this herbicide has been proved, showing
that it activates glyceollin accumulation when soybean tissues
are clllfglenged with the wall glucan elicitor from Phytophthora
sojae.

B ELUSIVE MECHANISM OF PRIMING

As above-reported, according to the present state of knowledge,
plant resistance has been assumed to result from two successive
lines of defense against pathogen attacks. The first line would
be triggered by recognition of PAMPs, exemplified by amino
acid sequences of flagellin (flg 22) and lipopolysaccharides
(LPS), typically present in bacteria, or by chitin and ergosterol,
associated with fungal pathogens, or, again, by the cell-wall §-
glucan that characterizes the oomycetes. Perception of these
elicitors by receptors pertaining to proteins at the cell surface of
infected plants triggers a cascade of gene activation through
responses collectively named PAMP-triggered immunity (PTI),
controlled by a multitude of genes (formerly known as
horizontal resistance).

Inhibition or avoidance of PTI by evolutionary progress of
pathogens, resulting in pathogen-delivered effectors, is assumed
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to be, or have been, followed by the counterattack of disease
resistance (R) proteins. Recognition of pathogen effectors by R
proteins would have originated the second stronger line of
resistance, termed effector-triggered immunity (ETI), formerly
known as gene-for-gene resistance or vertical resistance.

Despite their chronological connotation, the two lines of
defense may equally take place and show significant overlap
even in their transcriptomes, emphasizing the fact that ETT may
include amplified aspects of PTL'® In a study in which
Arabidopsis thaliana was elicited by two typical bacterial
PAMPs, flg 22 and LPS, the systemic resistance responses
were shown to be identical to those typical of SAR, indicating
that this can be induced without producing tissue HR-
associated necrosis.'>' More generally, perception of plants
sense microbe-associated molecular patterns (MAMPs) has
been shown to induce activation of several defense responses,
already described as typical effects of SAR, such as production
of ROS, cell wall reinforcement, and callose deposition.
Accordingly, intimate interactions between MAMP-triggered
and SA-mediated signaling have been clearly demonstrated.'>

In light of the above considerations, the following question
may arise: How can the effects typical of SAR, triggered by PTI
and ETI, be promptly reproduced upon pathogen attack in
plants merely pretreated by an exogenous inducer? In other
words, what are the mechanisms through which the exogenous
inducer effectively alerts (primes) the plant to promptly react
with all of its available defenses when challenged by a
pathogen?

The first perception of an exogenous inducer, assumed to
occur by an array of unknown sensory elements capable of
affecting suitable gene expression, is highly conjectural. The
first signals of this perception merely allow the determination of
whether the inducer acts down- or upstream of SA. Then, the
early events concretely detectable are typical metabolites,
proteins, and enzyme activities that imply a previous activation
of related genes. Whereas some of the genes clearly involved
are already accessible for the normal physiological metabolism
and need only to be up-regulated, as for the important PAL
contribution, others must be de novo activated, as for the PR
proteins.'*> Here we enter in a complex labyrinth of
intersecting pathways where the real function of involved
genes often rests on the loss of function associated with their
defective mutants. In other words, the proof of a function is
from an absence rather than for a real effect.

The most important contribution to discern the complexity
of the entire phenomenon of chemically induced resistance
came from the dissection of its development in two phases:
priming for defenses (lapse of time from chemical treatment to
inoculation) and their expression upon pathogen challenge.
This distinction, originated from the studies carried out mainly
by Conrath and co-workers'>* in the past two decades,
stimulated the research aimed to understand the mechanism
that the chemical inducer must activate to alert the plant for
exploiting its natural response to the pathogen attack. In fact,
the priming phase of chemical induction is highly elusive. The
mere expression of PR-1, even though representing the most
reliable marker of SAR, does not appear to be, per se,
responsible for the entire barrier of defenses capable of halting
the infection. However, the physiological state of the tissues
promptly changes as soon as the pathogen attack starts to
invade their cells. After this moment, an arsenal of defenses is
rapidly mobilized, from PAL to phytoalexins, phenolics, callose,
lignin, and so on. These imply the expression of several genes
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Trans-
generational
>—> priming

Figure 10. Low doses of exogenous inducers do not directly activate defense mechanisms but prime plants to respond more efficiently and rapidly
under pathogen inoculation, that is, synthesizing phenylalanine ammonia-lyase (PAL) and pathogenesis-related proteins (PRs). In primed plant cells,
mitogen-associated kinases (MAPK3 and MAPKG6) are in a dormant form, whereas changes in DNA organization include RNA-directed DNA
methylation (RADM) that lead to DNA hypomethylation, driven by small interfering RNAs (siRNAs), and histone acetylation. Priming state also
requires (at least in Arabidopsis primed by benzothiadiazole) the expression of the transcription coactivator heat-shock factor HsfB1 gene.

that in the priming Phase must have been kept in a
pretranscriptional state. >>'>® During the past decade two
approaches have been pursued to identify a possible model for
the pretranscriptional state:

(1) At first, the role of mitogen-activated protein kinases
(MPKs) has been credited with crucial importance to mediate
priming by an increased accumulation of these dormant defense
regulatory proteins, which would require a secondary post-
translational modification to become active upon a subsequent
pathogen challenge.'>* Later, it was suggested that transcription
factors of defense gene induction could accumulate to higher
levels in primed plants. Both hypotheses have been validated in
the past few years. In particular, Beckers et al. showed that
when Arabidopsis plants are subjected to a priming treatment
with BTH, they accumulate inactive MAPK3 and MPK6 that
account for an enhanced kinase activity following secondary
stress treatment and a faster and stronger induction of the PAL
gene.'”” Emerging methods to identify MPK substrates by
affinity chromato§raghy may help to reveal the nature of other
elusive signals."**'>” However, these proteins have limited
turnover, thus not explaining how a single priming stimulus can
lead to a long-lasting effect typical of induced resistance. An
explanation for the long-lasting changes in defense gene
responsiveness comes from the different approach described
below.

(2) This second more recent approach applies to principles
of epigenetics, addressing its focus on chromatin as a possible
substrate of memory for the plant stress response in SAR.'®
Covalent modifications of histones are known to occur by

acetylation and methylation of their basic groups (mainly lysine
and arginine) and have been assumed to serve as docking sites
for transcriptional coactivator proteins or somehow have a role
in gene activation.'®"'®* A hypothesis on the molecular
mechanism of priming was formulated to depend on chromatin
chemical modifications conditioning defense genes for more
robust activation.'®® Following this idea, Conrath found that
priming the promoter of the transcription coactivator gene
WRKY 29 by BTH was associated with histone chemical
changes. The expression of WRKY 29 was not activated until
the plants were challenged with an additional stress stimulus,
such as an infection with Psm or water infiltration. These data
support the hypothesis that histone modifications may serve as
a sort of memory for the priming in systemic plant
immunity.'** An important mechanism by which plants can
achieve targeted DNA methylation is through RNA-directed
DNA methylation (RADM),'®® which is a form of gene
silencing directed by small interfering RNAs (siRNAs).'®

Recent studies have provided support for the occurrence of
epigenetic inheritance of disease resistance by transgenerational
SAR transmitted through DNA hypomethylation '’ (Figure
10).

Interestingly, the RADM pathway seems to control trans-
generational priming also in the case of JA-dependent defenses,
as shown by Rasmann et al. using Arabidopsis mutants of
RADM pathway to assess the contribution of siRNAs in
transgenerational priming of induced defense against the
specialist herbivore Pieris rapae.®® Finally, in a study in
which Arabidopsis plants had been treated with the chemical
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inducer BABA or with a necrotizing inoculation of avirulent
bacteria, the priming induction was found to be transmitted to
their first progeny, where it was associated with enhanced
resistance to both virulent bacteria and virulent strains of the
biotrophic oomycete Hyaloperonospora arabidopsidis.'® The
enhanced resistance correlated with increased levels of the SA-
dependent PR gene transcripts. Unlike other studies, the
transgenerational priming was not transferred over the first
progeny.'®

The notion these discoveries imply is that the priming is a
fundamental means that nature has devised to memorize a
stress to face subsequent stresses. The chemical activation of
the priming should be considered as a way of amplifying a
natural process planned to resist both biotic and abiotic
stressors, as indirectly proved by a very recent finding showing
that the expression of the transcription coactivator heat-shock
factor HsfB1 gene in Arabidopsis is required for BTH primed
expression of defense genes and induced resistance in this plant
species.170

B FITNESS COSTS AND BENEFITS OF SAR

Induced resistance as SAR requires significant consumption of
resources by the plant to activate its defenses in terms of new
expressed genes, proteins, and metabolic pathways. The
selective benefit of defense induction over constitutive
resistance may be appreciated by considering the failure of
the latter to adequately compensate for the costs it inflicts
despite reducing pathogen attack. A number of mutants
constitutively expressing elevated levels of SA and typical traits
or signals of SAR have been shown to produce stunted growth
or dramatic fitness costs.'”' However, the complex and
unpredictable effects of naturally induced SAR on fitness may
also be appreciated by considering that wild-type A. thaliana
showed a higher fitness than the nprl mutant (impaired to
express SAR) when the plants were challenged by Hyaloper-
onospora parasitica under low-nutrient conditions, but the
beneficial effect disappeared under high-nutrient conditions.
Instead, all of the cpr mutants, constitutively expressing SAR,
failed to show a fitness benefit in comparison to wild type
under Hyaloperonospora parasitica infection, suggesting that in
nature SAR is only inducible to prevent excessive fitness
costs.'”* Generally accepted is the notion that the induction of
resistance at the right time of a pathogen attack avoids the
endless costs that the plant should sustain under enemy-free
conditions and so has been favored by natural and man-made
selection.'”?

Nevertheless, adequate forms and levels of energy must be
spent when SAR is involved, from the priming to the
challenging phase. A recent study by authoritative experts has
outlined the array of genes, signals, and pathways that have
been so far identified to be involved in SAR. In view of the
significant fitness costs that all of these activities require, the
authors provocatively wonder if they are all really needed.'”
The question arising when we consider the costs the plant
incurs when treated with a chemical inducer is whether these
costs are strictly needed to impair the infection or also include a
price the plant must play at the detriment of yield and quality of
the produce.

The first evidence that wheat plants grown under limited
nitrogen supply incur severe fitness costs when treated with
BTH in the absence of pathogens was the ﬁndin% that their
growth was reduced and the seed yield impaired.'” This type
of fitness cost was called allocation cost, being due to the need

for the plant to allocate a limited resource to defenses activation
to the detriment to those required by the growth and
reproduction. Since then, several papers have been published
on costs, benefits, and trade-offs of induced resistance.

A review by Vallad and Goodman discussed the results of
field trials on SAR and ISR according to various taxonomic
groups of crops up to 2003."”¢ The cited results of most field
experiments give an idea about the physiological costs, due to
resistance induction, resulting in some reduction of crop yield,
although these reductions are generally at the limit of
significance. Among monocots, BTH was found to control
important diseases of wheat even better than standard
fungicides, but the latter were shown to improve the wheat
yield much better. BTH was also reported to control several
diseases of dicots as effectively as most standard fungicides,
whereas some minor efficacy was shown in its control of white
rust with respect to strobilurins and against the combined
effects of Alternaria solani and Phytophthora spp. The
mentioned review carefully evaluated a range of BTH
application rates and reported a trade-off between effective
disease control and either phytotoxic effects or reduced plant
productivity, not ignoring the statistical significance of the
results. Considering the potential for future directions in
conventional agriculture, it remarks that the efficacy of SAR
induced by BTH depends on a great number of variables.'”®

A more recent review by Cipollini and Heil reports on costs
and benefits of resistance separately induced to herbivores and
pathogens.'”” About allocation costs of SAR, it remarks that
studies using artificial pathogen challenge hardly represent
natural conditions, which are often characterized by low
pathogen pressure and low resources available. Implicit is the
notion that benefits of SAR are mainly evident only under high
pathogen pressure, but the conclusive synthesis of all studies
leads to the statement that, despite inherent costs, the benefits
of induced resistance outweigh them.'”’

A large body of evidence shows that a substantial part of the
defenses triggered by chemical inducers are expressed only after
the challenge by the pathogen. An interesting proof of
dramatically different effects on fitness produced by priming
and direct induction has been demonstrated by van Hulten et
al.'”® These authors used low doses of BABA for priming and
high doses of BABA or BTH for a direct induction of
Arabidopsis defenses against attack by Pseudomonas syringae or
Hyaloperonospora parasitica. They found that the direct
induction (PR-1 expressed directly after treatment in non-
inoculated plants) seriously affected growth and seed set,
whereas the priming (PR-1 expressed only after inoculation)
produced only marginal effects on the fitness and yet provided
substantial protection.'”®

All results so far reported show that fitness costs may depend
on several, not always evident, factors, including the nature of
the chemical inducer, the dose applied, the species and variety
of plant, the pathosystem, crop conditions, and so on. In
contrast with more or less severe costs reported by other
authors in BTH treatments, Iriti and Faoro did not observe
appreciable fitness costs when they studied all parameters on
which fitness depends during the SAR activated in bean by
BTH under pathogen-free conditions.'”” This is clearly
consistent with the absence of adverse effects to be expected
during the priming phase of induction. In addition, the same
authors produced evidence that BTH enhances significantly the
content of beneficial metabolites when used to control Botrytis
cinerea in grapevine.lso’181
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B FACTORS AFFECTING EFFICACY OF INDUCED
RESISTANCE IN THE OPEN FIELD

Fitness costs are not the only problem to consider when
dealing with the practical use of the chemical activation of
induced resistance under field conditions. The limited number
of field trials carried out under totally natural conditions shows
a tendentially better performance on dicots than on monocots.
The latter, however, appear to preserve longer the induction
without requiring repeated applications as often needed by
dicots (see later for a tomato disease). As already mentioned,
no improvement in the yield has been detected in the treatment
of wheat by BTH to control some fungal diseases such as
powdery mildew and Septoria tritici."®> The most recent
literature shows that protection offered by the limited number
of inducers available on the market (mainly BTH, BABA,
CHT) is generally never complete and often inferior to that
provided by systemic fungicides on sensitive pathogens.*”

One of the factors that may seriously limit the efficacy of the
chemical induction is the host genotypic dependence of the
expression of inducible defenses. In a study aimed to assess the
genotype effect on the expression of induced resistance in
spring barley, several cultivars with different genetic ratings of
basal resistance were tested for the efficacy of their treatments
with a mixture of BTH, BABA, and cis-jasmone in the control of
Rhinchosporium secalis and Blumeria graminis f. sp. hordei. The
study was carried out either under controlled-environment
conditions or in open-field experiments.'® The results showed
a clear dependence of disease control on cultivar, with very
different levels of reduced infection detected, without any
relationship to the basal resistance ratings. A second remarkable
outcome was the inconsistency regarding the years of field
experiments: control of Rhinchosporium secalis was lacking on
two cultivars in 2007 when levels of both pathogens were low,
but was significant in 2009 when levels of Rhinchosporium secalis
were moderate. Similarly, control of powdery mildew appeared
to be proportional to this pathogen pressure, being weak in
2007 and excellent in 2008, when the performance of the
inducers combination was even better than that provided by
fungicide treatment. Whereas this behavior may suggest a link
between efficacy of induced resistance and pathogen pressure, it
is apparently in contrast with results of other authors on control
efficacy shown by BTH in response to a tomato disease.'®

Unexpected results have also been described as needing
caution for applications in horticultural crops. The use of BTH
to induce resistance to Colletotrichum orbiculare in cucumber
was shown to encounter genotypic variability. Moreover, when
challenged with the necrotroph Didymella bryoniae, some
cultivars expressed resistance, but others were found to become
even more susceptible to this pathogen.'®*

The review of Vallad and Goodman'”® reports the successful
control of several diseases of apple and Japanese pear with BTH
in field trials. Control of white rust of spinach showed the use
of BTH to be as effective as the fungicide mixture of
mefenoxam and copper hydroxide and less effective with
respect to strobilurins. Comparable and sometimes better
efficacy than standard fungicides was shown by BTH field
treatments of solanaceous crops of tobacco, tomato, and pepper
in the control of diseases caused by bacterial and fungal
pathogens, but a poor effect resulted against infections caused
by Alternaria solani, Phytophthora infestans, and Xanthomonas
axonopodis."”

A recent review by Walters et al.” lists a number of most
recent field trials and highlights instances where the application
of induced resistance resulted in effectiveness significantly lower
than expected. In addition to variation in host genotypes and
crop nutrition, a number of factors, generically associated with
the environment, have in fact emerged as responsible for a poor
expression of induced resistance. Environment may reserve
many unexpected and uncontrollable challenges, from potential
trade-offs between antagonistic induction systems to interaction
of induced resistance with abiotic stresses. An additional matter
of concern is the question of whether, in the field, plants are
already in an induced state. Cases of defense genes already
expressed in untreated plants have been reported. Walters and
Fountaine detected activities of peroxidase, cinnamyl dehydro-
genase, chitinase, and cglucanase already induced in untreated
plants of spring barley.” Although, in the few cases when prior
induction was detected, the plant’s ability to successively
respond to a new induction was not compromised, the question
of its ;:[uantitative and qualitative expression remains open to
doubt.

In trials aimed to control bacterial spot on tomato, biweekly
applications of BTH were found to not significantly reduce the
epidemics compared with standard bactericide treatment. The
effectiveness of induced resistance was, in fact, decreased after
9—12 days from treatment and could be repristinated only with
weekly applications at 75—200 yM. Apart from the rate of BTH
applied, the foliar adsorption appeared to be influenced by
other factors, such as plant age and health, application methods,
and environmental conditions.'®*

B CONCLUDING REMARKS

The chemical approach to induce and activate SAR represents a
sustainable way to control plant diseases by exploiting a natural
phenomenon. As such, it may be considered as an alternative,
or complementary, strategy to the use of fungicides. With
respect to the latter, it appears to be less liable to select resistant
strains of pathogens and offers an environmentally safe and
friendly technology.

Despite these positive aspects, so far it has not yet been met
with enthusiastic favor by the farmers. This has objective causes
that must be removed or overcome. In a few words, farmers will
not adopt new, more innovative pest management strategies
unless they are convinced that they will be successful.

Some difficulties that may help to understand the tepid
interest are here summarized:

(1) Phytotoxicity may sometimes affect treatments at
relatively high doses (e.g, registration in Japan for use of
BTH in the control of rice disease was recently lost, presumably
for this reason).'®®

(2) Fitness costs are controversial, and the results indicate
that it must be considered in a correct context, closely
depending on the conditions of pathogen pressure forecasted.

(3) The reliability of the effectiveness of the inducer must be
experimentally compared with that of systemic fungicides, but
requires the adoption of appropriate time of priming induction

(4) Efficacy depends on a number of variables: dose, plant
species, and cultivar, growth stage of plant, pathogen pressure,
resource availability, and climatic conditions.

The last point requires a great challenge to be faced promptly
with the aim of reproducing in the open field the effects of
induced resistance that have been shown to rely on strong
scientific evidence under controlled conditions. Several
academic and agronomic centers are working to apply suitable
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methodologies for reducing the gap in moving this technology
from the laboratory to the field, as emerged durin§ a recent
meeting on stimulators of plant defenses at Avignon.'*”'*® The
urgency of reducing this gap is imposed by European Directive
2009/128/EC,"* which requires that, by January 2014, all
Member States must implement their crop protection activity
according to the principles of integrated pest management. In
this view, the adoption of alternative treatment methods, aimed
to reduce use and risk of pesticides, is highly encouraged and
demands adequate efforts to develop plant resistance inducers
that might provide a significant level of crop protection. Field
applications of inducers in mixtures with reduced doses of
fungicides may represent a reasonable chance to be assessed.
According to the view of Walters,” the main factors that can
limit the effectiveness of inducers in the open field are genotype
dependence, nutrient soil properties, environment, and prior
induced state of plant. The first two of these factors may be a
matter controllable to a great extent by farmers or, for them, by
crop protectionists. The last two factors appear, at the moment,
to be largely outside human control and require more
knowledge and information on potential adverse factors that
may be implicit in the environment. More field trials of new
and existing inducers should eventually answer many questions
and solve critical problems in the adoption of this technology.
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