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ABSTRACT: The activation of defensive responses of plants is a promising tool for controlling
pests in conventional agriculture. Over the last few years, several compounds have been studied
to protect crops from pests, without displaying direct toxicity for pathogenic organisms. These
compounds have the ability to induce a priming state on the plants that results in resistance (or
tolerance) against subsequent infection by a pathogen. In terms of molecular response, induced
plant defense involves a broad number of physical and biochemical changes such as callose
deposition or phenolic compounds, activation of salicylic and/or jasmonic acid pathways or syn-
thesis of defense-related enzymes. Despite the large number of studies performed to ascertain
the physiological and biochemical basis of induced resistance, only a few resistance-activating
compounds have been studied as a real alternative to classic means of control and the stud-
ies geared towards incorporating induced resistance into disease management programs are
relatively rare. The incorporation of natural resistance inducer in pest management programs
of woody crops, alone or in combination with classical methods, could be a reliable method for
reducing the amount of chemical residues in the environment. In this review, we discuss the
current knowledge of induced resistance in woody crops, focusing on the mode of action of
compounds authorized for conventional agriculture. We conclude by discussing the environmen-
tal and economic advantages of applying resistance inducers to conventional agriculture with
special emphasis on natural compounds.

Keywords: priming, enhanced resistance, pest management, induced systemic resistance, sys-
temic acquired resistance

Introduction

Different stresses, both biotic and abiotic, to which
plants are subjected, can lead to alterations in their
physiological state which, in the case of species with ag-
ronomic interest, can result in important reductions in
yield and crop quality (Atkinson et al., 2011; Hodges and
Toivonen, 2008). Due to their immobility, plants have
developed systems to counteract these situations by ac-
tivating specific defensive pathways intended for vari-
ous types of threats. For this reason, primary resistance
mechanisms such as preformed defenses have evolved
to face the biotic and abiotic stress that can appear in
the environment. The first barrier is non-specific pas-
sive protection against any kind of attack, provided by
the waxy cuticle and the accumulation of antimicrobial
compounds such as saponins or piretrines (Osbourn,
1996) and other secondary metabolites such as phyto-
alexins and phytoanticipins. However, plants have also
evolved sophisticated defense mechanisms to perceive
pathogen attacks and to translate that perception into
an adaptive response (Hammerschmidt, 2009; Hammer-
schmidt, 2012).

Plants are able to respond to the presence of
pathogens either by recognition of PAMPs (pathogens
(microbe)-associated molecular patterns) or pathogen ef-
fectors, which lead to the activation of PAMP-triggered
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immunity (PTI), or effector-triggered immunity (ETI)
(Jones and Dangl, 2006). Currently, there is the percep-
tion of PAMPs and effectors acting as "layers" of defense
specifically activated according to the level of "danger"
by a certain non-pathogen, weak pathogen or sophisti-
cated pathogen. Plants have the ability to perceive cer-
tain attacks and initiate responses accordingly (Pritchard
and Birch, 2014). When a pathogen is recognized, the
speed and accuracy with which the plant cell can mobi-
lize its defenses often determine if the plant will resist
the attack (Hammond-Kosack and Parker, 2003; Pastor
et al., 2014).

Basis of induced resistance in plants

Induced resistance triggered by pathogens could
be divided depending on the type of pathogen into: sys-
temic acquired resistance (SAR), herbivore induced re-
sistance (HIR) and induced systemic resistance (ISR) (Pi-
eterse et al., 2014). SAR is a form of induced resistance
in plants with a specific defense signaling pathway that
occurs systemically after localized exposure to a patho-
gen or alternatively, after treatment with synthetic or
natural compounds (Hammerschmidt, 2009). It is also
defined as the resistance dependent on the accumula-
tion of salicylic acid (SA) and activation of Nonexpres-
sor of Pathogenesis-related protein 1 (NPR1). SA is ac-
cumulated after pathogen infection, binding NPR1 to
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activate induction of Pathogenesis-related genes (PR).
NPR1 is present in cytoplasm as an oligomer (inactive
form) which avoids SAR activation in the absence of a
pathogen. The binding with SA induces changes in the
dimer form of NPR1, and releases the C-terminal trans-
activational domain which enables NPR1 to activate
the expression of defense genes. However, in the first
stages of inoculation, very high levels of SA promote the
interaction of NPR1 with its paralog NPR3, leading to
NPR3-mediated degradation of NPR1 and provoking hy-
persensitive responses (HR) (Gozzo and Faoro, 2013). SA-
mediated resistance is effective against a broad range of
pathogens, such as bacteria, fungi or viruses. However,
it is known that SAR is usually most effective against
biotrophic and hemibiotrophic pathogens (Glazebrook,
2005; Hammerschmidt, 2009).

Despite SA accumulation in the phloem, experi-
ments on tobacco demonstrated that SA is not the sys-
temic SAR signal (Vernooij et al., 1994). However, recent
studies have pointed to several metabolites that may
be involved in long-distance SAR signaling, such as the
methyl ester of SA (MeSA), dehydroabietinal (DA), az-
elaic acid (AzA), and pipecolic acid (Pip) (Dempsey and
Klessig, 2012; Shah and Zeier, 2013).

On the contrary, ISR was primarily described as a
response induced by plant growth-promoting rhizobacte-
ria (PGPR) (Pieterse et al., 2000}, but can also be induced
by other compounds such as antibiotics, surfactants or
chemical inducers (Gozzo and Faoro, 2013). ISR, in con-
trast to SAR, does not involve the accumulation of SA,
but is dependent on jasmonic acid (JA) and ethylene (ET)
signaling pathways and also requires NPR1 (Pieterse and
Van Loon, 2004; Pieterse and Van Loon, 2007). However,
the activation of ISR is not associated with the expres-
sion of PR genes (Van Loon et al., 1998). The two ma-
jor branches of the JA signaling pathway are controlled
by the transcription factor MYC2 and the ethylene re-
sponse factor (ERF). The ERF branch of the JA pathway
is associated with enhanced resistance to necrotrophic
pathogens and is regulated by members of the apetala2/
ethylene response factor (AP2/ERF) family, including the
JA-responsive marker gene plant defensinl.2 (PDF1.2)
(Berrocal-Lobo et al., 2002; Lorenzo et al., 2003). On the
other hand, the JA also mediates resistance against her-
bivores (HIR). After leaf wounding, an increment of the
JA derivative Jasmonoyl-isoleucine (JA-Ile) is perceived
by a complex consisting of the protein Coronatine insen-
sitivel (COI1) and Jasmonate ZIM-domain (JAZ) protein.
When the hormone is perceived, JAZ repressors are de-
graded by the proteasome releasing MYC2 and allowing
the activation of JA responses such as the accumulation
of vegetative storage protein2 (VSP2) (Chini et al., 2009;
Pieterse et al., 2014). However it has also been demon-
strated that MYC2 plays a role in induced resistance
against pathogens (Pozo et al., 2008; Pré et al., 2008).
On the other hand, herbivores also trigger the produc-
tion of volatiles that attract natural predators and induce
defenses either in distal parts of the same plant or in

neighboring plants (Dicke and Baldwin, 2010; Erb et al.,
2015; Heil and Ton, 2008). It has been demonstrated that
volatiles derived from linoleic pathway increase sensi-
tivity to methyl jasmonate and induce several defense-
related genes, such as chalcone synthase (CHS), allene
oxide synthase (AOS), hydroperoxide lyase (HPL) and
lipoxygenase2 (LOX2) (Bate and Rothstein, 1998; Gomi
et al., 2003; Hirao et al., 2012).

Effectiveness of induced resistance in conventional
woody crops

It is widely known that the exposure of plants to
certain stresses can induce a state of sensitization in the
whole plant; characterized by faster and stronger acti-
vation of cellular defenses upon invasion. This state is
known as a priming of defense (Conrath, 2009; Goellner
and Conrath, 2008; Jung et al., 2009; Pastor et al., 2013).

Priming inducers can be divided into synthetic or
natural compounds. Synthetic compounds are those that
cannot be found or rarely occur in nature, such as Aciben-
zolar-S-methyl (ASM, syn. benzothiadiazol BTH) and
2.6-dichloroisonicotinic acid (INA). On the other hand,
the group of natural inducers includes substances which
are synthetized by the plant in response to stress signals
such as SA, JA or azelaic acid (Jung et al., 2009) and other
natural compounds that are not derived or related to plant
defensive pathways, such as hexanoic acid (Hx) (Aranega-
Bou et al., 2014). These compounds have the advantage
of being easily found in nature such as chitin from crus-
taceous exoskeletons (Xing et al., 2015) or laminarin from
algae (Aziz et al., 2003). Application of these resistance in-
ducers, either synthetic or natural, can protect the plants
against a broad spectrum of diseases caused either by
fungi or bacteria, such as brown spot caused by Alternaria
alternata Keissl or citrus canker caused by Xanthomonas
citri (Hasse) (Conrath, 2009; Jakab et al., 2001; Llorens et
al., 2013; Llorens et al., 2015), including a number of crop
diseases that are difficult to control through conventional
management disease strategies (Li et al., 2015). However,
despite the positive results these compounds have shown
in model plants and herbaceous crops, only a few of them
have been tested in woody plants.

Synthetic resistance inducers

Synthetic resistance inducers are small mol-
ecules that activate defense reactions by mimick-
ing interactions of natural elicitors or defense signal-
ing molecules. These compounds are structurally
different from natural plant defense inducers. The ef-
fectiveness of synthetic resistance inducers was first
reported in the 1970s by the description of certain
compounds that activate the PRI gene expression
(Kassanis and White, 1975). A few years later, Proben-
azole (PBZ), was described as an effective inducer of
defense-related enzymes becoming the first resistance
inducer with a trademark. Since that time, several stud-
ies have described the effectiveness and potential use of
synthetic elicitors in woody crops (Table 1).
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Table 1 — Chemical resistance inducers described in this work.

Compound Plant tested Stress tested

Response induced Reference

Acibenzolar-S-methyl Apple Erwinia amylovora

Pathogenesis related (PR) genes PR-1, PR-2, and
PR-8 gene expression

Acimovi¢ et al., 2015
Maxson-Stein et al., 2002

Japanese pear Venturia nashicola

Peroxidase, Superoxide dismutase, Catalase,
Ascorbate peroxidase and Biosynthesis of terpenoids

Faize et al., 2004

Graham and Myers, 2011

Citrus Xanthomonas citri  PR-2 gene expression Liorens et al., 2015
Imidaclorprid Citrus Xanthomonas citri  PR-2 gene expression Francis et al., 2009
B-aminobutyric acid Olive Spilocaea oleagina Not studied Obanor et al., 2013
. . . Harm et al., 2011
Grapevine  Plasmopara viticola PR proteins Reuveni et al., 2001
HLB Lietal, 2015
Citrus Xanthomonas citri PR proteins Tiwari et al., 2013
Diaphorina citri Behesthti et al., 2011
Crabapple Drought Abscisic acid and cell wall strength Macarisin et al., 2009

Salicylic analogues: Acibenzolar-S-methyl, Isonico-
tinic acid and Imidaclorpid

ASM is one of the most studied compounds. In
a review published by Vallad and Goodman in 2004,
the authors describe the effects of ASM and INA on
12 different crops against more than 30 pests, report-
ing effectiveness of between 60 and 80 %. This func-
tional analogue of salicylic acid acts downstream from
SA accumulation through the activation of SA-response
mechanisms. Thus, application of this compound in-
duces similar responses in plants to those induced by
biotrophic pathogens or SA, including the characteristic
overexpression of PR genes (Friedrich et al., 1996). Re-
cent studies suggest that acibenzolar is the active mol-
ecule in ASM. Tobacco plants (Nicotiana tabacum L.),
with the gene SABP2 (SA-binding protein 2) silenced,
are not able to metabolize the ASM in acibenzolar and,
consequently, are not able to induce SAR by ASM treat-
ment. On the other hand, the treatment with acibenzo-
lar, showed full induction of SAR in the same silenced
plants (Tripathi et al., 2010). In addition, intense use of
foliar-applied ASM resulted in a significant reduction in
growth and yield when applied weekly to pepper crops
(Romero et al., 2001). This reduction has been attrib-
uted to the physiological cost of constitutive induction
of plant defense (Van Loon et al., 2006; Walters and
Fountaine, 2009).

Over the last few years, several studies have
shown the ability of ASM to induce resistance to fire
blight (Erwinia amylovora Winslow) in apple by reducing
the rate of inoculation by 70 % when the compound is
applied as foliar spray 4 days before inoculation (Baysal
and Zeller, 2004). Whereas in the field trunk injection of
ASM resulted in a reduction of this pathogen by nearly
40 %. The protection achieved in 'Golden delicious’ or
mature 'Gala’ apple trees against E. amilovora was usu-
ally correlated with the up regulation of PR-genes such
as PR-1, PR-2 and PR-8 and terpenoid biosynthetic en-
zymes (A¢imovi¢ et al., 2015; Maxson-Stein et al., 2002).
However, no significant enhancement in PR-1a, PR-2,
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and PR-8 genes was detected in 1 year-old 'Gala’ apple
trees treated with ASM (Bonasera et al., 2006).

In Japanese pear (Pyrus pyrifolia Naka var. Culta),
the application of ASM reduces the incidence of pear
scab caused by Venturia nashicola Tanaka et Yamamoto
by 40 % compared to control plants. This reduction was
correlated with a higher activation rate of principal an-
tioxidant enzymes such as peroxidase (POX), superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX) and an enhancement of polygalacturonase-inhib-
iting proteins (PGIP) which are involved in the inactiva-
tion of fungal polygalacturonases (Faize et al., 2004).

Applications of ASM, either as foliar spray or soil
drench, was able to reduce by 50 % the lesions produced
in citrus by Xanthomonas citri and X. axonopodis pv.
Citrumelo (Hasse) (Graham and Myers, 2011). Similar
to those in apple, greenhouse treatments with ASM in
'Pineapple’ sweet orange (Citrus sinensis Osbeck) plants
induced a PR-2 response that lasted up to 21 days after
foliar application (Llorens et al., 2015). On the contrary;,
soil applications of ASM achieved almost total protec-
tion with 80 % lesion reduction for several weeks af-
ter soil application which was directly correlated with
a persistent expression of the PR-2 gene form (Francis
et al., 2009).

Similar results showing protective effects have
been obtained with applications of the insecticide Imi-
dacloprid (IMID). This insecticide breaks down in planta
into 6-chloronicotinic acid, analogous to INA, which in-
duces a SAR response (Ford et al., 2010). Francis et al.
(2009), in a greenhouse pot trial with '‘Swingle’ Citrumelo
plants (Citrus paradisi Macfad x Poncirus trifoliata Raf),
confirmed that soil drenches of IMID, as well as ASM,
induced a high and persistent up-regulation of PR-2 gene
expression that was correlated with a reduction of more
than 75 % canker lesions for up to 27 weeks. In green-
house experiments, a single soil drench application of
IMID is able to protect the plants against X. citri with the
same effectiveness as weekly applications of copper as a
foliar spray (Francis et al., 2009).
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Non-protein amioacids: f-aminobutyric acid
B-aminobutyric acid (BABA) is a non-protein ami-
no acid, isomer of the highly bioactive neurotransmit-
ter y-aminobutyric acid (GABA). However, BABA occurs
rarely in nature. This compound is known to induce re-
sistance in plants against biotic and abiotic stresses by
inducing both SA-dependent and SA-independent defense
mechanisms (Ton et al., 2005; Zimmerli et al., 2000). In
greenhouse experiments, this compound was able to re-
duce by 60 % the incidence of Olive leaf spot (Spilocaea
oleagina (Hughes)) in 2 year old plants (Obanor et al.,
2013). In field trials, BABA was also shown to be effec-
tive in grapevines (Vitis vinifera L.) reducing the severity
of leaf lesions of downy mildew caused by Plasmopara
viticola de Toni by 57 % on cv. Chardonnay and by 98 %
on cv. Cabernet Sauvignon (Harm et al., 2011; Reuveni
et al., 2001) which were related to an enhancement of
PR proteins. Application of BABA on citrus against Hu-
naglongbing disease (HLB) caused by 'Candidatus Liberi-
bacter asiaticus' showed and enhanced expression of the
PR-2 gene that seems to involve an SA-dependent path-
way. However, induction of Callose synthase 1 (CalSI)
gene by BABA was not observed, excluding the implica-
tion of callose deposition (Li et al., 2015). Moreover, all
three developmental stages of HLB vector Diaphorina citri
Kuwayama were negatively impacted by BABA through
induction of host-plant resistance in citrus. Tiwari et al.
(2013) demonstrated that the PR-2 gene was up-regulat-
ed by more than 150-fold in citrus treated with BABA in
combination with D. citri adult feeding compared with
the control or citrus treated with BABA or D. citri feeding

Table 2 — Natural resistance inducers described in this work.

alone. These results provide an alternative tool for current
D. citri management programs that are based exclusively
on insecticides. Other studies have also shown the effi-
cacy of BABA against Xanthomonas citri in key lime but
the implication of PR proteins is unclear (Beheshti et al.,
2011). In crabapple (Malus pumila Mill), BABA induced
drought stress resistance by potentiating abscisic acid
(ABA) pathway and several ABA-independent responses,
such as changes in cell wall enzymes and a suppression of
lignin (Macarisin et al., 2009).

Natural resistance inducers

Natural compounds: Hexanoic acid

Several plant extracts were shown to be effective
as priming inducers (Table 2). Hexanoic acid is a natural
compound produced by strawberry (Fragaria vesca L.) and
arbutus (Arbutus unedo L.) (Soufleros et al., 2005; Zabeta-
kis et al., 2000). This natural short-chain monocarboxylic
acid is able to induce plant defense responses when used
as a priming agent (Aranega-Bou et al., 2014). Post-infec-
tion, oxylipin (1,2-oxo-phytodienoic acid; OPDA) and the
bioactive molecule jasmonate-isoleucine (JA-Ile) showed
significant enhancement. One differential characteristic
of hexanoic acid is that, after soil application, this com-
pound is absorbed and accumulated by the roots but it is
not translocated to other parts of the plants (Vicedo et al.,
2009). Novel studies demonstrated that the application of
this compound in tomato (Solanum lycopersiccum L), in-
duces changes in the plant that can alter the expression
of virulence in genes of Pseudomonas syringae Van Hall re-

Compound Plant tested Stress tested Response induced Reference
. L ) Vicedo et al., 2009
Lo . Alternaria alternata Jasmonic acid, Pathogenesis related (PR) genes !
Hexanoic acid Citrus o ! o ) Llorens et al., 2013; 2015
Xanthomonas citri PR-2, Callose deposition, Phenolic compounds Scalschi et al,, 2014
L . Botrytis cinerea Phenylalanine ammonialyase (PAL), Lipoxygenase
Laminarin Grapevine Plasmopara viticola (LOX), Glucanase (GLU) and Chitinase (CHI) activity Trouvelot et al., 2008
- Catalase (CAT), Superoxide dismutase (SOD), PAL,
Ulvan Apple Per;crlhum expansum Peroxidase (POX) and Polyphenoloxydase (PPO) Abouraicha et al., 2015
otrytis cinerea L f
enhanced levels of lignin and phenolic compounds
Chitosan Peach Monilinia fructicola CAT, POX, B-1.3-glucanase, CHI Ma et al., 2013
} ) - Reglinski et al., 2004
Pinus Fusarium circinatum PAL Fitza et al.. 2013
Grapevine Plasmopara viticola PAL, Chalcone synthase, PR proteins Xing et al., 2015
%gzlﬁlﬁge sodium Banana Fusarium oxysporum Ascorbate peroxidase , Phytoalexines Borges et al., 2003a
. Trioza erytreae and .
Citrus Diaphorina citri Not studied Borges et al., 2014
Thiamine Grapevine Plasmopara viticola H,0, burst, callose deposition and phenolic compounds Boubakri et al., 2013a; 2013b
. PAL, PPO, POX, increased levels of flavonoids and )
Pear Alternaria alternata phenolic compounds Yin et al., 2012
Riboflavin Grapevine Plasmopara viticola H,0, burst, PR genes and LOX Boubakri et al., 2013b
. . . Watanarojanaporn et al., 2011
Arbuscular mycorrhiza Citrus Phytophtora sp. Not studied Graham et al., 2012
Ammonium Citrus salinity CAT, SOD, and Glutatione reductase Fernandez-Crespo et al., 2012

Sci. Agric. v.74, n.1, p.90-100, January/February 2017



94

Llorens et al.

Induced resistance in woody crops

sponsible for bacterial speck disease, showing for the first
time that the application of resistance inducers not only
enhances plant defenses but also reduce the virulence of
the pathogen itself (Scalschi et al., 2014).

In citrus, this compound is able to reduce the inci-
dence of Alternaria alternata by 50 % in 'Fortune' manda-
rin (Citrus clementina Tanaka x Citrus reticulata ‘Dancy’
Blanco) when it is applied as a soil drench. Treated and
infected plants showed higher levels of callose deposi-
tion as well as expression of PGIP genes and an enhance-
ment of the jasmonic acid pathway (Llorens et al., 2013).
In long lasting tests, treated plants showed enhanced
levels of phenolic compounds, such as caffeic and chlo-
rogenic acids. Moreover, Hx application to sweet orange
plants (Citrus sinensis Osbeck) reduced the incidence of
Xanthomonas citri subsp. citri by 50 % and activated the
expression of the PR-2 gene (Llorens et al., 2015).

Algi extracts: ulvan and laminarin

Recently, it has been shown that polysaccharides,
mainly ulvans, laminarin and carrageenans, from green,
brown and red algae can trigger defense responses in
plants enhancing protection against pathogens. Lami-
narin is a linear B-1,3 glucan extracted from the brown
alga Laminaria digitata Lamouroux. In vitro tests dem-
onstrated that treatment with laminarin induced an in-
crease in phenylalanine ammonia-lyase (PAL) and LOX
transcripts in grapevine cells, and a sustained increase in
glucanase and chitinase (Aziz et al., 2003). Applications
of laminarin to grapevine plants reduced infection by
Botrytis cinerea Pers (grey mold disease) and P. viticola in
leaves by approximately 55 and 85 %. However, the ap-
plication of inhibitors of LOX gene and callose synthesis
reduced the effectiveness of laminarin up to 80 %, sug-
gesting that its effect principally relies on the JA path-
way (Trouvelot et al., 2008).

Ulvan is a water-soluble sulfated polysaccharide
extracted from several green algae, representing 8 to
29 % of the algal dry weight. Recent studies have shown
that ulvan could induce resistance in several plants such
as apple against blue mold by Penicillium expansum Link
(blue mold) and Botrytis cinerea inducing the activation
of CAT and SOD, PAL, POX and polyphenoloxydase
(PPO) as well as the levels of lignin and phenolic com-
pounds (Abouraicha et al., 2015). These studies and oth-
ers with chemical sulfation of laminarin, suggested that
the enhancement of defense responses by algae extracts
can be related to its sulfate residue (El Modafar et al.,
2012; Gauthier et al., 2014).

Polysaccharides: Chitosan

Chitosan is a nontoxic, biodegradable biopolymer
derived from chitin present in the exoskeletons of crus-
taceans and insects, as well as in certain fungal cell walls
(Xing et al., 2015). This natural compound is marketed
alone or in combination with other compounds and sold
as a plant growth regulator and inducer of disease resis-
tance in different crops. Although its protective effect
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mainly derives from the stimulation of natural defenses
of plants, it also exhibits antimicrobial activities against
fungi and bacteria (Chirkov, 2002). Applied as an exoge-
nous elicitor, chitosan has shown efficacy against downy
mildew in grapevines (Plasmopara viticola) in field trials
(Xing et al., 2015) and against pitch canker caused by
Fusarium circinatum Nirenberg et O'Donnell in Pinus ra-
diata D. Don (Reglinski et al., 2004). The activation of
defense mechanisms can vary depending on the species.
It has been demonstrated that, in vitro, grapevine cells
treated with chitosan showed up regulation of phenyl-
alanine ammonia lyase (PAL), chalcone synthase and
enhanced expression of eleven proteins of the patho-
genesis related protein family (Ferri et al., 2009). In the
same way, chitosan treatments in peach (Prunus persica
L) against brown rot caused by Monilinia fructicola Hon-
ey enhanced antioxidant and defense-related enzymes,
such as CAT, POX, B-1,3-glucanase (GLU) and chitinase
(CHI) (Ma et al., 2013). However, in Pinus patula Schltdl.
& Cham. against Fusarium circinatum, only the up regula-
tion of PAL was observed, whereas no differences in the
expression of PR genes were found (Fitza et al., 2013)
suggesting that the activation of hormonal pathways is
also dependent on the species and stress.

Vitamins: thiamine, riboflavin and Menadione so-
dium bisulphite

Vitamins are essential components of the plant
physiology that can take part in different processes such
as photosynthesis, energy generation and redox metabo-
lism (Sandoval et al., 2008) or act as enzymatic cofactors in
universal metabolic pathways such as glycolysis or Krebs
cycle (Goyer, 2010). However, in the last few years it has
also been demonstrated that the application of certain
vitamins such as thiamine (vitamin B1), riboflavin (vita-
min B2) or Menadione sodium bisulphite (MSB or pro-
vitamin K) are able to induce resistance in a wide range
of plants. MSB is a water soluble addition compound of
vitamin K3 previously described as a plant growth regula-
tor with strong redox properties. The application of this
vitamin has demonstrated effectiveness as a resistance in-
ducer in banana plants (Musa acuminata) against Panama
disease of banana caused by Fusarium oxysporum related
to an increment of phytoalexins (Borges et al., 2003a). In
oilseed rape (Brassica napus) MSB is able to induce an en-
hancement of APX but no effect on PR-1 expression was
observed, suggesting that resistance mediated by MSB
in oilseed rape involves an enhanced production of re-
active oxygen species (ROS) but is independent of PR-1
accumulation (Borges et al., 2003b). Moreover it has been
suggested that the application of MSB is able to induce a
reduction in insect growth rate which could be used for
controlling Trioza erytreae and Diaphorina citri, the psyllid
vectors of HLB (Borges et al., 2014).

The first report of thiamine as an inductor of de-
fenses in plants was in 1985 when Asselin et al. observed
that exogenous applications were able to induce the ac-
cumulation of PR proteins. Some years later, Malamy et
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al. (1996) demonstrated that the application of thiamine
induces the expression of the PR-1 gene resulting in an
enhancement of resistance against Tobacco mosaic vi-
rus. However, this effect was not observed in mutants
encoding the salicylate hydroxylase NahG, which are
unable to accumulate salicylic acid, suggesting that thi-
amine is able to induce responses in an Sa-dependent
manner. Subsequent investigations demonstrated that
thiamine application is able to induce several defensive
responses such as PAL, callose deposition as well as sug-
gest that hydrogen peroxide can play a major role in
thiamine induced resistance (Ahn et al., 2007). In grape-
vine, thiamine is able to induce resistance against Plas-
mopara viticola by inducing the generation of hydrogen
peroxide, enhancement of callose deposition in stomata
cells and phenolic compound accumulation (Boubakri et
al., 2013a). In Asian pear (Pyrus bretschneideri Rehd. cv.
Zaosu) thiamine is able to induce resistance against Al-
ternaria rot caused by Alternaria alternata by the enhace-
ment of PAL, PPO and POX, and increases in the content
of flavonoids and phenolic compounds (Yin et al., 2012).

Riboflavin is a vitamin produced by and is present
in plants acting as a coenzyme in many physiological pro-
cesses that can affect the production of reactive oxygen
intermediates and oxidative burst. Exogenous applica-
tions of riboflavin enhances the resistance of Arabidopsis
thaliana against Peronospora parasitica (Downy Mildew)
and Pseudomonas syringae, tobacco against Tobacco mosaic
virus and Alternaria alternata. Unlike thiamine, riboflavin
is able to induce resistance and PR gene expression in
NahG plants which indicates that its protective effect is
independent of SA. Moreover, mutations in the NIM1/
NPR1 (non inducible immunity/non-expressors of PR)
gene which controls transcription of defense genes, re-
duced the effect of the treatment, suggesting that ribofla-
vin requires protein kinase signaling mechanisms and a
functional NIM1/NPR1 gene (Dong and Beer, 2000). On
the other hand, it has been observed that the application
of riboflavin also correlates with JA pathway activation
by enhancement of the LOX gene and the up-regulation
of the PAL (Aranega-Bou et al., 2014). In grapevine against
P. viticola, applications of riboflavin induced defense re-
sponses including H,O, generation, enhanced expression
of several PR genes, callose deposition and the enhance-
ment of LOX expression which indicates an involvement
of jasmonic acid (Boubakri et al., 2013b).

Induced resistance from the soil: Arbuscular my-
corryza and Ammonium nutrition

Nevertheless, enhancement of resistance in plants
is not restricted to soil or foliar applications of inducers.
Arbuscular mycorrhiza (AM) can usually confer better
plant growth, higher nutrient uptake, higher tolerance
to abiotic and biotic stresses in the host plant and im-
prove the soil structure. Several studies demonstrated
that AM-inoculated rough lemon (Citrus jambhiri Lush)
plants showed higher tolerance to drought stress or salt-
affected soils (Wu et al., 2013). Abiotic stress strongly

restricted both the development of non-AM-citrus and
the mycorrhizal development of AM-citrus, but AM colo-
nization produced a positive effect on plant growth and
photosynthesis, even under drought or salinity stresses.

Colonization with AM 1is reported to induce
stronger and faster defense responses in the host plant
against root as well as shoot pathogens. Tomato plants
colonized with AM showed induced systemic resistance,
against the A. alternata, reducing the number of lesions
per leaf. This reduction was related to an increase in
methyl jasmonate (MeJA) levels in the leaves as well as
the genes LOX and OPR3 (12-oxophytodienoate reduc-
tase 3) involved in JA biosynthesis (Nair et al., 2015).
In bean (Phaseolus vulgaris L.), AM colonization led to a
significant increase in the phenolic content and the ac-
tivities of PAL and PPO (Al-Askar and Rashad, 2010).
Studies performed by Watanarojanaporn et al. (2011)
demonstrated that the use of certain AM improves both
growth of citrus and tolerance to root rot disease caused
by Phytophthora spp. in C-35 citrange (C. sinensis x P.
trifoliate), Shogun (Citrus reticulata Blanco cv. Shogun)
and Tangerine (C. reticulata). However, in recent studies
Graham et al. (2012) concluded that protection of citrus
roots induced by hypovirulent P. nicotianae Haan against
infection by Phytophthora spp. is not related to induction
of systemic acquired resistance.

Novel studies about citrus nutrition, demonstrated
that ammonium-based fertilization could also induce
resistance in trees. Ferndndez-Crespo et al. (2012) ob-
served that NH,* treatments induced a mild stress con-
dition that primes the Carrizo citrange (C. sinensis x
Poncirus trifoliata) defense response by stress imprinting
and confers protection against subsequent salt stress.
Moreover, plants grown with NH* showed lower levels
of H,0, when exposed to salinity. At the same time acti-
vation of the plant antioxidant machinery by an increase
in CAT, SOD, and glutathione reductase (GR) activities
was observed compared to the control plants (Fernan-
dez-Crespo et al., 2014).

Costs and benefits of induced resistance

In recent years, the possible costs associated with
enhanced induction of defenses have been pointed out
as being one of the major drawbacks of the commercial
use of resistance inducers (Van Hulten et al., 2006; Wal-
ters and Heil, 2007). The main theory suggests that the
energy and resources that are diverted to the synthesis
of defensive compounds, cannot be used in the primary
metabolism, provoking growth reduction and other fit-
ness costs. Unfortunately, this theory is supported by the
negative effects of a number of resistance inducers when
applied in high doses or repeatedly. It is known that chi-
tosan, can reduce Vitis plantlet growth and shoot length
when used in concentrations higher than 2 % (Barka et
al., 2004). In sunflower, high concentrations of ASM (2
mg mL-!) resulted in light chlorosis and reductions in
fresh weight (Prats et al., 2002) and reduced the yield
in pepper when applied weekly during the entire crop
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season (Romero et al., 2001). Similar deleterious effects
were observed with BABA or INA (Oostendorp et al.,
2001; Wu et al., 2010). On the other hand it has been
widely reported that the correct dosage could be ben-
eficial in terms of plant protection (Aranega-Bou et al.,
2014, Borges and Sandalio, 2015; Walters et al., 2013).
For example, the use of ASM in tomato against bacte-
rial spot (Xanthomonas axonopodis Hasse pv. vesicatoria)
and bacterial speck (Pseudomonas syringae pv. tomato)
showed disease control was similar or superior to that
obtained when using copper and yield was not affected
(Louws et al., 2001).

Classical crop protection is usually carried out by
the application of several preventive treatments during
the season and sometimes, after the attack of pathogens,
curative treatments, which often suppose the presence of
residues of one or more pesticides in the fruits and veg-

etables (Figure 1A). The main benefit these compounds
could offer to conventional crop management practices
is a reduction in the number of sprays of conventional
pesticides. All the resistance inducers have a preventive
action, enhancing the natural defenses of the plants and
reducing the preventive pesticide application treatments
or frequency (Figure 1B). Usually the induced resistance
is strong enough to protect plants against low-mid pres-
sure stresses. However, in cases of high disease pressure
that overcome the natural defenses of the plant, the
combination of resistance inducers with classical treat-
ments can achieve complete protection (Figure 1C). For
example, BABA root treatments are able to improve the
effect of Mancozeb foliar treatments against downy mil-
dew (Baider and Cohen, 2003) which demonstrate that
the application of a resistance inducer can reduce the
amount of fungicides on induced plants.
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Figure 1 - Different pest management methods in current agriculture. A) Classical control usually composed by chemical preventive treatment
and, after incidence of pathogen, a curative treatment. This method usually can control the pest, but can deposit large amount of residues on
fruit. B) Resistance inductor treatment applied as a preventive treatment confers resistance to the plants and, after incidence of pathogen,
plants can activate several mechanisms of defense that are usually sufficient to control the pest (SA: salicylic acid; JA: Jasmonic acid; PR
proteins: pathogenesis related proteins). C) In the case of severe pest incidence both methods can be combined, namely, a previous treatment
with a resistance inducer complemented by a classic treatment. This method has the advantage of using chemical control only when is
completely necessary, avoiding chemical preventive treatments thus reducing the amount of chemical residues.
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A synergistic effect of several resistance induc-
ers, when applied in combination with classical pesti-
cides, has been demonstrated. Field experiments with
grapevines showed that BABA can enhance the activ-
ity of fosetyl-Al against Plasmopara viticola (Reuveni et
al., 2001). Combinations of BABA with Mancozeb also
demonstrated a synergistic effect against Phytophthora
infestans de Bary and Pseudoperonospora cubensis Berke-
ley et Curtis in several crops (Baider and Cohen, 2003).
ASM application reduced Erwinia amylovora in apple in-
fection, but was less effective than classical treatments
with streptomycin. However, the combination of both
ASM and streptomycin, showed better protection than
either treatment separately (Maxson-Stein et al., 2002).
Furthermore, the combined application of ASM and Cu
(OH), resulted in disease control equal to that obtained
with weekly applications of copper (Romero et al., 2001).

Current and possible uses of resistance inducers in
the field

Despite all the investigations about induced resis-
tance in plants, field applications are not a common prac-
tice, and only a few compounds have been tested or used
in woody crops. It is well known that the protection ob-
tained with inducers in the field against high pressure of
disease is often incomplete. However, promising results
were obtained when several resistance inducers were
applied together or with chemical treatments. In citrus,
application of BABA with ASM showed high and stable
reduction of 'Candidatus Liberibacter asiaticus', reducing
the population of bacteria near 1 Log unit per gram of
tissue (Li et al., 2015). The synergistic effect of resistance
inducers (as a preventive compound or in combination
with classical pesticides) can offer a valuable tool for re-
ducing the residues of chemical pesticides in the fruits.
However, these approaches need to be further studied in
more detail in order to set up effective treatments. On
the other hand, one of the most important problems of
the abuse of chemical treatments is the appearance of
resistant strains of pathogens. Copper-resistant strains of
Xanthomonas citri have been identified in citrus groves
in Argentina (Behlau et al., 2013). In a previous evalu-
ation, ASM was particularly useful for management of
bacterial speck and bacterial spot where copper-resis-
tant strains predominated (Louws et al., 2001). There-
fore, soil-applied SAR inducers could be employed for
copper-resistance management by reducing the rate and
frequency of copper bactericide applications.

The uses of natural endogenous compounds such
as Hx acid or low toxicity compounds such as chitosan,
are supposed to improve resistance against pests without
chemical residues in the fruits or vegetables. A correct
schedule of treatments with alternation between these
compounds and classical ones could be useful for both
reduction of pest damages and reduction of chemical
residues. Moreover, the use of these priming agents in
combination with nutritional compounds like NH,* or
the colonization with arbuscular mycorrhiza could be an

interesting alternative to preventive and curative treat-
ments. By using these strategies, plants can achieve an
enhanced basal resistance that permanently protects
themselves against possible stresses.
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