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Abstract

Plants have evolved a highly sophisticated immune system to resist pathogen attack comprising both preformed and inducible mechanisms. Over
the last 50 years, various biological and chemical inducers have been used to artificially trigger the defense response in plants, thereby promoting an
induced resistance (IR) to subsequent pathogen attack. IR has proven effective for disease control in laboratory and glasshouse conditions but has
seldom equalled the level of protection offered by synthetic pesticides in the field. However, renewed interest in IR for crop protection is being driven
by legislation to reduce the use of synthetic chemicals in agriculture. Inducers can contribute to integrated crop management strategies when used
in combination with fungicides, bactericides, and with other biological control options. Integrating inducers in this way can reduce chemical inputs
without loss of efficacy. Moreover, advances in our understanding of plant defense are informing the development of new inducers and guiding new
strategies for their implementation in sustainable crop protection. This review will discuss the use of IR in selected cropping systems and describe
opportunities for optimizing its potential, including the development of more effective inducers and their integration with conventional and cultural
control options.
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Historical Perspective
The phenomenon of induced resistance (IR), where plants de-

velop an increased resistance to pathogen attack following localized
pathogen infection, has been recognized for over 100 years. In a
review of the early literature, Chester (1933) cited several exam-
ples where plants developed an acquired physiological immunity
to pathogen attack following recovery from earlier infection and
speculated that it may play a role in reducing the spread of natu-
ral disease outbreaks. Since then, the discovery of biological and
chemical inducers and advances in our understanding of plant de-
fense has paved the way for IR implementation in crop protection
(Fig. 1). The first empirical evidence for biological activation of
IR was presented by Ross (1961) who demonstrated that localized
inoculation of tobacco leaves with tobacco mosaic virus (TMV)
resulted in the development of resistance to TMV in distal noninoc-
ulated leaves. Ross coined the phrase systemic acquired resistance
(SAR) to describe the response. Subsequently, SAR was demon-
strated in a range of plant species following localized inoculation
with viral, fungal, and bacterial pathogens, so prompting interest in
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the potential of IR for plant protection (Hammerschmidt and Kuc
1995; Kuc 1987).

The first report of chemical-IR was reported by Kuc et al. (1959)
who showed that infiltration of apple leaves with D-phenylalanine,
D-alanine, and amino-isobutyric acid promoted systemic resistance
to apple scab, caused by the fungal pathogen Venturia inequalis. In
a landmark study 20 years later, evidence that salicylic acid (SA)
played a role in defense activation was obtained when White (1979)
showed that infiltration of tobacco leaves with SA induced the syn-
thesis of pathogenesis-related (PR) proteins and the development
of systemic resistance to TMV. Subsequently it was confirmed that
endogenous accumulation of SA and the expression of PR genes
were prerequisites for establishment of SAR (Delaney et al. 1994;
Métraux et al. 1991). Furthermore, topical application of SA was
shown to induce SAR in a broad range of plant species and to acti-
vate the same set of SAR genes as biological induction (Kessmann
et al. 1994; Ward et al. 1991). However, SA was considered unsuit-
able as a crop protectant because of the narrow margin that separated
rates of SA that were efficacious with those that were phytotoxic
(Kessmann et al. 1994). Nevertheless, together the above stud-
ies laid the foundations for inducer screening programs that
identified highly effective SA functional analogues such as
2,6-dichloroisonicotinic acid (INA) (Métraux et al. 1991) and
acibenzolar-S-methyl (ASM) (Görlach et al. 1996; Kunz et al.
1997). ASM was commercialized as Bion® and Actigard® in Europe
and the United States, respectively. Subsequently, other synthetic
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inducer compounds have been identified and commercialized in-
cluding tiadinil (Nihon Nohyaku, Tokyo, Japan) and isotianil (Bayer
AG and Sumitomo Chemicals, Tokyo, Japan) (Bektas and Eulgem
2015).

Concurrent with the studies on SAR in the 1990s, various groups
reported a form of systemic resistance that was associated with
root colonization by plant growth-promoting rhizobacteria (PGPR),
notably Pseudomonas spp. and Bacillus spp. (Pieterse et al. 1996;
van Loon et al. 1998; Wei et al. 1996). This was called induced
systemic resistance (ISR) but differed from SAR in that it depended
on the jasmonic acid (JA) and ethylene (ET) responsive pathways
and was independent of SA accumulation and PR expression (van
Loon et al. 1998). Subsequently, ISR has been shown to be promoted
by various beneficial fungi, most notably Trichoderma spp., and
some arbuscular mycorrhizae (Cameron et al. 2013; Nawrocka and
Malolepsza 2013). The potential for beneficial microbes to promote
plant growth and to enhance health, not solely through ISR, has led
to the development of commercial bioinoculants and biofertilizers
(Meena et al. 2020).

In the last 30 years, SAR and ISR have become established
in the literature as the two main forms of induced resistance.
They are differentiated mainly according to their underlying sig-
naling pathways and on evidence that SAR is predominantly effec-
tive against biotrophic pathogens whereas ISR is more effective
against necrotrophic pathogens (Pieterse et al. 2014). However,
the SAR:ISR dichotomy has been challenged because compo-
nents of their signaling networks are sometimes shared and SA/JA
crosstalk can sometimes mediate immunity against both biotrophic
and necrotrophic pathogens (Aerts et al. 2021; Pieterse et al. 2014).
Moreover, a feature that is common to SAR and ISR is the phe-
nomenon called priming, whereby defense mechanisms are not
strongly activated by the initial treatment, but plants are condi-
tioned for an amplified response upon subsequent pathogen attack
(Conrath et al. 2015). The use of different acronyms to describe es-
sentially the same phenotype has potential to cause confusion and
so in this review we refer to IR (induced resistance), thus making
no assertion as to underlying mechanisms. Similarly, multiple terms
have been used to describe the triggers of IR including elicitor, acti-
vator, booster, enhancer, and stimulant. In this review, we will name
the agent in question or use the terms inducer or inducing agent.

Practical Implementation of Inducers
Numerous biotic and abiotic inducers of plant defense have

been identified (Bektas and Eulgem 2015; Lyon 2014). Biotic in-
ducers include molecules of microbial origin (e.g., flagellin, glu-
can, chitin, and lipopolysaccharides), referred to as microbe- and

pathogen-associated molecular patterns (MAMP and PAMPs) and
host-derived molecules known as damage-associated molecular pat-
terns (DAMPs) that are released during pest and pathogen attack
(Boutrot and Zipfel 2017). Upon recognition of these molecules by
pattern recognition receptors (PRRs) in the plant plasma membrane,
a complex biochemical signaling cascade is triggered that activates
transcriptional reprogramming and the expression of plant defense
mechanisms. The phytohormones SA and JA play central roles in
regulating the defense response with synergistic and/or antagonis-
tic interactions between SA and JA responsive pathways fine-tuning
the transcriptional response according to the original molecular trig-
ger (Berens et al. 2017). Exogenous applications of SA and JA
can similarly modulate the plant defense responses (Pieterse et al.
2012). Moreover, functional analogues of SA, such as ASM and
INA, operate downstream of SA accumulation but induce similar
transcriptional changes in plants as SA (Tripathi et al. 2019). Ul-
timately, transcriptional reprogramming leads to the activation of
a range of inducible defense responses including stomatal closure,
generation of toxic reactive oxygen species (ROS), cell-wall fortifi-
cation, synthesis of PR proteins, and the production and secretion of
antimicrobial phytoalexins (Li et al. 2020). The temporal dynamics
of IR are complex with some responses occurring within minutes
of inducer recognition (e.g., ROS) and other taking hours or even
days (e.g., PR expression). Moreover, defenses may be directly in-
duced following inducer application and/or may be “primed” for
more rapid expression upon subsequent pathogenic attack (Conrath
et al. 2015). The resulting IR may afford broad-spectrum protection
against pathogens which generally persists for between 2 to 4 weeks
after treatment (Walters et al. 2013).

The efficacy achieved with IR under controlled conditions has
seldom been repeated in the field and this has hindered the commer-
cialization and widespread use of inducers (Desmedt et al. 2021;
Walters et al. 2013). Nevertheless, IR has been identified by the
European Parliament as a future strategy for crop protection
(Riemens 2021) and there is renewed interest in inducers and their
implementation as crop protectants within integrated management
systems (Yassin et al. 2021). In this review, we discuss the practical
implementation of inducers in different cropping systems and the
contribution of IR to disease management. We focus on the perfor-
mance of commercially available chemical products that function
primarily as inducers (Table 1). Beneficial microbes that affect plant
health via direct and indirect modes of action will only be discussed
in brief. We describe the incorporation of inducers into existing
disease management programs and discuss limitations of IR and
constraints to commercial implementation. We also look ahead and
speculate how advances in our understanding of plant defence may
facilitate the development of more efficacious inducing agents and

FIGURE 1
Timeline for discovery and

implementation of inducers as crop
protectants.
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optimize the implementation of IR for crop protection. The liter-
ature on IR has grown considerably during the last 20 years, and
this review is not intended to be comprehensive but rather presents
selected examples to demonstrate the current and future potential
of IR as a crop protection strategy.

Arable production
In arable crops, one of the first resistance inducers to be used

extensively was the benzothiazole compound, probenazole (3-
allyloxy-1,2-benzisothiazole-1,1-oxide, Oryzemate®, Meiji Seika
Kaisha Ltd., Tokyo, Japan). This product has been used extensively
in rice production since the 1970s when it was first reported to con-
trol rice blast disease (caused by Pyricularia oryzae) (Watanabe

et al. 1977). Probenazole is applied either to the paddy field or as
a presowing treatment to the seedling box and provides control of
the pathogen for 40 to 70 days (Iwata 2001). Detailed studies of the
effect of probenazole on rice indicated a change in host metabolism
signal transduction that resulted in the formation of lignoid mem-
branes, which impair the ability of the fungus to infect the host plant
(Iwata et al. 1980). Probenazole became a mainstay of rice protec-
tion programs with more that 50% of the seedling boxes treated with
the IR agent (Ishii 2008). Probenazole was the sixth most used fungi-
cide in rice production in 2015 at which time the fungicide market
for rice was worth $1.03 billion (Philips-McDougall 2017). More
recently, granule formulations containing probenazole with differ-
ent insecticides (e.g., fipronil and chlorantraniliprole) have been

TABLE 1
Commercially available inducers mentioned in this review (nonexhaustive)

Inducer
Chemical-biological

group
Commercial
product(s) Company (country) Pathogen (selected reference)

Acibenzolar-S-methyl Benzothiadiazole Actigard®

Bion®
Syngenta, U.S.A.
Syngenta, Europe

Fusarium graminaearum sensu stricto (Shude et al.
2022)

Pseudomonas syringae pv. tomato (Louws et al.
2001)

Pseudomonas syringae pv. actinidiae (de Jong
et al. 2019)

Erwinia amylovora (Johnson and Temple 2017)
Elsinoe fawcettii (Agostini et al. 2003)
‘Candidatus Liberibacter asiaticus’ (Li et al. 2016)

Bacillus spp. Plant growth
promoting
bacteria

BioyieldTM

flowable
Gustafson, U.S.A. Botrytis cinerea (Sarosh et al. 2009)

Chitosan Polysaccharide ChitoPlant® ChiPro GmbH,
Germany

Plasmopara viticola (Dagostin et al. 2011)
Erisyphe necator (Iriti et al. 2011)

ARMOUR-Zen® BotryZen 2010 Ltd.,
NZ

Kendal Cops® Valagro, Italy

COS-OGA Polysaccharide Fytosave® FytoFend Isnes,
Belgium

Erisyphe necator (Calderone et al. 2022; van Aubel
et al. 2014)

Harpin Harpin αβ protein Messenger
Gold®

Plant Health Care,
U.K.

Venturia inaequalis and V. nashicola (Percival et al.
2009)

Laminarin Polysaccharide Vacciplant® Arysta LifeScience,
France

Blumeria graminis f. sp. tritici (Renard-Melier et al.
2007)

Iodus®40
HMO 736

Laboratoires
Goëmar, France

Plasmopara viticoli (Romanazzi et al. 2016, 2021)
Zymoseptoria tritici (de Borba et al. 2022)

Frontiere BioAtlantis, Ireland

Phosphorous acid salts Phosphonates Phospho-jet®

Phoenix®
Arborjet, U.S.A.
Orion Future

Technology, U.K.

Erwinia amylovora (Aćimović et al. 2015)
‘Candidatus Liberibacter asiaticus’ (Hu et al. 2018)
Alternaria alternata (Agostini et al. 2003)

Fosetyl-Al Aliette® Bayer Crop Science,
U.S.A.

Elsinoe fawcettii (Agostini et al. 2003)

Probenazole Benzisothiazole Oryzemate® Meiji Seika Kaisha
Ltd., Japan

Pyricularia oryzae (Watanabe et al. 1977)
Cochliobolus heterostrophus (Yang et al. 2011)

Pro-C Prohexadione Apogee® BASF, U.S.A. Erwinia amylovora (Aćimović et al. 2021)

ReZist Mineral nutrients ReZist® Stoller Enterprises
Inc., U.S.A.

Alternaria alternata (Agostini et al. 2003)
Elsinoe fawcettii (Agostini et al. 2003)

Reyonoutria
sacchalinensis
extract

Plant extract Milsana®

Regalia®

Regalia Maxx®

Biofa, Germany
Marrone Bio

Innovations,
U.S.A.

Leveillula taurica (Konstantinidou-Doltsinis et al.
2006)

Podosphaera xanthii (Rur et al. 2018)

Sakaliaa® Syngenta Nordics,
Denmark

Saccharomyces spp.
extract

Yeast extract Oomisine® Kalosgate, Italy Plasmopara viticola (Romanazzi et al. 2016, 2021)

Salicylic acid Salicylic acid Rigel-G Orion, Future
Technology, U.K.

‘Candidatus Liberibacter asiaticus’ (Hu et al. 2018)
Venturia inaequalis and V. nashicola (Percival et al.

2009)
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commercialized in Japan for control of rice blast and a variety
of pests (Hokko 2019). Probenazole has also demonstrated ac-
tivity against southern corn leaf blight, caused by Cochliobolus
heterostrophus, in both controlled and field conditions (Yang et al.
2011). Although control was slightly inferior to the commercial
fungicide (maneb), the authors suggested that integration of probe-
nazole into a program would help to reduce the environmental
impact of maize production.

ASM (Bion®, Actigard®, Syngenta) was introduced into the mar-
ket nearly 20 years ago after demonstrating high levels of disease
control in a range of plant species (Oostendorp et al. 2001). Initial
field trials on tobacco suggested control levels of approximately
90% or more against tobacco wildfire (Pseudomonas syringae pv.
tabaci), leaf spot (Cercospora nicotianae), and brown spot (Al-
ternaria alternata) (Cole 1999; Perez et al. 2003). The application
of ASM to wheat at the two-node stage was reported to give season-
long protection against powdery mildew (Blumeria graminis f. sp.
tritici) (Görlach et al. 1996). However, a recent study suggested the
activity of ASM against wheat foliar pathogens could be limited
to a period of only 20 days postapplication (Ducatti et al. 2022).
ASM has recently been shown to reduce Fusarium head blight
(Fusarium graminaearum sensu stricto) in wheat (Shude et al.
2022). Application at anthesis gave the most significant control
of disease and reductions in seed infection. ASM control of barley
diseases has been less convincing. Despite over 60% control of bar-
ley scald (Rhynchosporium graminicola) in controlled conditions
on susceptible varieties (‘Optic’ and ‘Cellar’), field trials were less
encouraging (Walters et al. 2014). ASM on its own, or in combina-
tion with β-amino butyric acid (BABA) and cis-jasmone, induced
variable control of foliar disease (Walters et al. 2014). Overall, most
effective disease control and yield response in the barley trials was
obtained when inducers were integrated into programs with syn-
thetic fungicides. It was suggested that the optimization of inducers
would require additional research to evaluate the effect of cultivar
on the induced response.

The effect of inducer application on powdery mildew popula-
tions in barley was investigated in small scale field trials over two
seasons (Newton et al. 1998). Two spray applications of an unfor-
mulated yeast-derived inducer reduced mildew infection by 78% in
year one and by 24% in year two but did not exert selection on the
mildew population. Similarly, a glasshouse study on the evolution
of disease resistance in B. graminis in barley showed that ASM did
not exert a selection pressure on the pathogen over ten generations
(Bousset and Pons-Kuhnemann 2003). However, mildew popula-
tion diversity was lower in barley plants treated with a combination
of ASM with the fungicide (ethirimol) than with the fungicide alone,
suggesting that inducers have potential to contribute to selection
pressure (Bousset and Pons-Kuhnemann 2003). Wiese et al. (2003)
conducted four independent experiments to investigate the effect of
soil properties on ASM-induced resistance against powdery mildew
in barley. Induction of resistance by ASM was not affected by ni-
trogen, phosphorus, or potassium content but was affected by soil
organic matter, based on total carbon content. A significant level of
resistance against barley powdery mildew was induced by ASM in
low organic matter soils, compared with untreated controls, but not
in plants grown in a high organic matter soil. However, the barley in
the high organic matter soil showed greater constitutive resistance to
powdery mildew than the ASM-treated plants grown in low organic
matter soil. It was suggested that the elevated disease resistance in
high organic matter soils may be associated with higher microbial
activity and that there may be a maximum level of resistance that
cannot be further increased (Wiese et al. 2003).

In field trials conducted over two seasons, ASM in combination
with BABA and cis-jasmone (CJ) was also shown to give signif-
icant control of light leaf spot (Pyrenopeziza brassicae) in winter
oilseed rape (Brassica napus) (Oxley and Walters 2012). Indeed, in
one season the inducers outperformed the conventional fungicides

by giving complete control of disease in the susceptible cultivar
Castille. Earlier glasshouse studies indicated that this combination
had potential to activate SA-dependent (ASM) and SA-independent
(BABA, CJ) pathways with the subsequent expression of a broader
array of PR genes than with individual treatments (Walters et al.
2011). ASM, applied as a seed soak, has also been shown to have
activity against the soilborne pathogen, Plasmodiophora brassicae,
the causal agent of club root in brassicaceae (McGrann et al. 2016).
The symptoms of club root were reduced by over 50% and gall
weight was reduced by 63% compared with the control. P. brassicae
is an increasing problem in arable cropping systems with brassicas
in a short rotation.

Laminarin is a brown seaweed extract, containing polysaccha-
rides, which was introduced in the market by Arysta LifeScience
(Paris, France) as Vacciplant®. It remains the only algal polysac-
charide registered for control of cereal crop diseases in Europe.
Early glasshouse studies indicated activity of a laminarin formula-
tion (Iodus®40, Goëmar, Saint-Malo, France) against B. graminis
f. sp. tritici, the causal agent of wheat powdery mildew (Renard-
Merlier et al. 2007). On the susceptible cultivar Orvantis, a single
spray application gave 55% control compared with the untreated,
while a double application increased efficacy to 60%.

More recently, de Borba et al. (2022) found that laminarin demon-
strated efficacy against Septoria leaf spot (Zymoseptoria tritici) in
wheat and that disease control depended on direct antifungal activity
in combination with defense induction. In field trials on the suscep-
tible cultivar Alixan, Septoria leaf spot symptoms were reduced
by 42% and pycnidium density by 45% compared with untreated
controls. Carrageenans are sulphated marine polysaccharides ex-
tracted from red seaweed with the potential to elicit the primary
and secondary metabolisms of plants (Shukla et al. 2016). In Brazil,
a carrageenan-based biostimulant, Algomel PUSH® (Olmix Plant
Care), was evaluated for its potential to control fungal diseases in
wheat (Ducatti et al. 2022). In field trials a spray application of
1.2 liter/ha gave control of the foliar diseases powdery mildew (B.
graminis), spot blotch (Bipolaris sorokiniana), tan spot (Drechslera
tritici-repentis), and leaf rust (Puccinia triticina) for approximately
20 days. The level of disease control was statistically similar to that
obtained with ASM. However, there was no control of Fusarium
head blight and no effect on grain yield or quality.

Tomatoes
The inducer ASM has good potential to protect tomatoes against

bacterial pathogens. Glasshouse and field trials in the north-eastern
United States showed that foliar applied ASM reduced the severity
of bacterial spot (Xanthomonas spp.) and bacterial speck (Pseu-
domonas syringae pv. tomato) as well or better than the standard
copper-based control program (Louws et al. 2001). Soil applied
ASM reduced bacterial spot disease severity in ‘Florida 47’ and
‘SecuriTY 28’ under controlled conditions and in the field (Huang
and Vallad 2018). Soil application of ASM outperformed the foliar
application under controlled conditions and had comparable effi-
cacy in the field. It was also suggested that rainfall and irrigation
may have caused leaching of ASM in the field thus affecting ef-
ficacy. The authors proposed that combining ASM soil treatment
with PGPR and/or other inducers could improve efficacy (Huang
and Vallad 2018). The integrated use of ASM spray with fungicides
to control bacterial spot was evaluated in 10 trials over a 6-year
period (Roberts et al. 2008). These showed that the use of ASM,
alternated with copper and mancozeb, achieved the same level of
control of bacterial spot as the fungicide alone, thus demonstrating
potential to reduce copper-mancozeb applications by 50% (Roberts
et al. 2008). ASM has also been tested in combination with other
biologically based controls. Applications of ASM in combination
with a bacteriophage formulation (Agriphage

TM
, OmniLytics, Inc.,

Sandy, UT, U.S.A.) provided similar or better disease control of
tomato bacterial spot than copper-mancozeb treatments in the field
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and glasshouse (Obradovic et al. 2004). In glasshouse tomatoes,
ASM combined with Bacillus subtilis GB03 and Bacillus amyloliq-
uefaciens IN937a (BioyieldTM flowable, Gustafson, TX, U.S.A.)
provided greater control of bacterial wilt (Ralstonia solanacearum)
than the individual treatments (Anith et al. 2004). Moreover, the
same combination treatment provided control of bacterial speck
that was similar or better than ASM alone (Herman et al. 2008).

IR has also been investigated as a control option for fungal dis-
eases on tomato. In glasshouse studies, soil application of ASM to
tomato ‘ACE55’ suppressed Fusarium crown and root rot (Fusar-
ium oxysporum f. sp. radicis-lycopersici) when used in combination
with Bacillus spp. PGPR strains (B. subtilis GB03 and FZB24,
B. amyloliquefaciens IN937a, and B. pumilus SE34) but not when
used alone (Myresiotis et al. 2012). A formulated plant extract from
R. sachalinensis (Milsana®, Biofa, Münsingen, Germany) reduced
powdery mildew infection (Leveillula taurica) on ‘Manthos’ tomato
leaves by up to 64% in glasshouse conditions and was as effective
as sulfur (Konstantinidou-Doltsinis et al. 2006). Similarly, an in-
vestigation of alternatives for organic production found that foliar
applications of Milsana and chitosan (Chitoplant®, ChiPro GmbH,
Bremen, Germany) was as effective against powdery mildew on
glasshouse ‘Belladonna’ tomato as sulfur (Ribas-Agusti et al. 2013).
In efficacy trials under commercial glasshouse conditions in Mex-
ico, foliar applications of R. sachalinensis extract (Regalia Maxx®,
FMC, Philadelphia, PA, U.S.A.) and harpin αβ proteins (Messen-
ger Gold®, Plant Health Care, Holly Springs, NC, U.S.A.) used
in combination with soil application of Bacillus-containing prod-
ucts (PHC Colonize® or Fungifree AB®) were as effective as a
conventional fungicide program against tomato diseases (Esquivel-
Cervantes et al. 2022). Suppression of root disease by the soil
treatment was complemented by control of foliar diseases by the
inducers. Regalia Maxx was effective against powdery mildew and
Botrytis gray mold whilst Messenger Gold was effective against
late blight (Phytophthora infestans). However, none of the induc-
ers affected bacterial canker (Clavibacter michiganensis) or pith
necrosis (Pseudomonas corrugata). Overall, it was concluded that
the integration of inducers with cultural and chemical alternatives
can reduce chemical applications and contribute to more sustainable
disease management in glasshouse tomato production.

Cucurbits
The use of inducing agents, alone and in combination with

fungicides, was investigated for control of powdery mildew (Po-
dosphaera fuliginea) in cucurbits. In field trials, three applications
of ASM, at 2-week intervals, significantly reduced powdery mildew
severity in cucumber (‘Ushuaia’ F1 hybrid) plants to 8 to 10% com-
pared with 37 to 46% in untreated controls (Awad et al. 2012).
The inducers, ASM, Milsana, and ReZist® (SA/potassium silicate
formulation, Stoller Enterprises, Houston, TX, U.S.A.) were com-
pared with fungicide for the control of powdery mildew in ‘Sultana’
cucumber in a commercial polytunnel (Bokshi et al. 2008). All
treatments controlled powdery mildew for 4 weeks, but only ASM
remained effective for 6 weeks. The same study compared the in-
ducers alone and in paired combinations, applied 1 week apart, for
control of powdery mildew on ‘Austin’ cucumber. A single appli-
cation of ASM was more effective than two applications of ReZist
or Milsana. The most effective treatments, ASM applied twice and
a Milsana-ASM combination, provided almost complete control of
powdery mildew but there was a greater yield penalty associated
with the ASM treatment than with the Milsana-ASM combination.
Milsana was directly inhibitory to the pathogen but was a relatively
weak inducer (based on chitinase induction) and so this may explain
its lesser effect on yield.

A formulation containing R. sachalinensis extract (Sakaliaa®,
Syngenta Nordics A/S, Denmark) was assessed for control of pow-
dery mildew in semicommercial cucumber trials in Sweden (Rur
et al. 2018). Weekly applications of Sakaliaa significantly reduced

the severity of powdery mildew compared with untreated controls,
however, the treatment resulted in brown residues on cucumber
plants and fruits. When Sakaliaa was combined with Yuccah® (ex-
tract from Yucca schidigera; Plant Health Cure B.V., Oisterwijk,
Netherlands) to act as a wetting agent, the leaf residues were less
visible and disease severity was significantly reduced in susceptible
(‘Euphoria’) and partially resistant (‘Proloog’) cultivars compared
with untreated and standard fungicide treatments (Rur et al. 2018).
Field trials assessed the potential of controlling powdery mildew
in squash using R. sachalinensis extract (Regalia) and the lami-
narin product (HMO 736, Laboratoires Goëmar, Saint-Jouan-des-
Guérets, France) (Zhang et al. 2016). The results with individual
inducers on different cultivars (summer squash ‘HMX 5703’ F1 hy-
brid or squash ‘Medallion’) were inconsistent. However, combining
the inducing agents with the fungicide Procure 480SC (triflumizole)
resulted in significantly greater disease control (Zhang et al. 2016).

Apples and pears
During the last 20 years several research groups have investigated

defense inducers as alternatives or supplements to copper and bac-
tericides in apples and pears (Aćimović et al. 2015, 2021; Johnson
and Temple 2016, 2017; Johnson et al. 2016; Maxson-Stein et al.
2002). Fire blight, caused by Erwinia amylovora, is one of the most
important bacterial diseases of apple and pear worldwide. Man-
agement of fire blight traditionally relies on cultural practices and
application of copper and antibiotics. Weekly spray applications
of ASM induced a dose-dependent resistance against fire blight in
mature ‘Jonathan’ apple trees that resulted in fewer flower infec-
tions and a reduction in shoot canker extension (Maxson-Stein et al.
2002). Whilst ASM was not as effective as streptomycin, it demon-
strated potential to supplement the bactericide. It was suggested
that using streptomycin at critical periods during bloom, combined
with weekly ASM applications, would provide effective manage-
ment of fire blight and decrease the risk of streptomycin-resistance
development.

The application of ASM as a root drench or a trunk paint was
shown to suppress fire blight canker extension in potted apple
(M9/‘Cameo’ and M26/‘Gala’) trees (Johnson and Temple 2016).
Two ASM applications by either method, at 1 and 2 months before
inoculation with E. amylovora, resulted in a 78 to 92% reduction
in canker size compared with non-ASM controls. Orchard evalua-
tion of the paint method was conducted in 3- to 14-year-old ‘Bosc’
pear and ‘Gala’ apple trees as an aid to restore health in fire blight-
diseased plantings (Johnson and Temple 2017). ASM was generally
applied immediately after pruning by painting 30 to 45 cm of branch
length below each pruning cut. Over a 5-year period, the treatment
was shown to reduce both tree mortality and the proportion of prun-
ing cuts where fire blight (re)developed. The potential of the ASM
paint treatment was particularly effective in young trees during early
orchard establishment (ages 2 to 10 years). The label for ASM in
the United States was recently extended to include its use as a trunk
paint treatment following canker removal.

Trunk injection offers a more targeted approach than spraying
and is sometimes used for the delivery of agrochemicals such as
phosphonate in tree crops and forestry (Berger and Laurent 2019;
Dann and McLeod 2021). Phosphonate fungicides were originally
developed for the management of oomycete pathogens but have also
demonstrated inducer activity (Dann and McLeod 2021). Phospho-
nate is highly mobile and is translocated according to physiological
sink strengths to the most actively growing tissues. Trunk injec-
tion of mature ‘Gala’ apple trees with either streptomycin, ASM,
or phosphonate (Phospho-jet, Arborjet, Inc., Woburn, MA, U.S.A.)
resulted in a significant reduction in blossom and shoot blight inci-
dence (Aćimović et al. 2015). Each treatment significantly reduced
disease incidence compared with the untreated control; however,
streptomycin and phosphonate were more effective than ASM. In
general, the suppression of fire blight on shoots was greater than
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on flowers and this was attributed to faster accumulation of the in-
jected compounds in the shoots. Trunk injection with prohexadione
(Pro-C, Apogee®, BASF, Triangle Park, NC, U.S.A.) reduced blos-
som blight infection in ‘White Transparent’ and ‘Gala’ trees to a
level that was comparable to that achieved with streptomycin spray
(Duker and Kubiak 2011). Pro-C is a growth regulator that inhibits
gibberellin synthesis but there is evidence that it activates apple
SA-pathway defence genes (de Bernonville et al. 2014). Spray ap-
plication of Pro-C, 2 to 3 days after inoculation with E. amylovora,
followed by three applications of Pro-C + ASM at 12- to 16-day
intervals, reduced canker development by up to 83% compared with
untreated controls on mature ‘Royal Court’ apple trees (Aćimović
et al. 2021). It was suggested that these programs may suppress tree
deaths in apple orchards where no protective antibiotic has been ap-
plied. Previously, Spinelli et al. (2007) reported that a single spray
application of Pro-C before flower opening reduced blossom blight
incidence by up to 50% in ‘Golden Delicious’ trees. Efficacy was
increased when a preflowering Pro-C spray was followed by an ap-
plication of a suspension of Pantoea agglomerans P10c at full bloom
(Spinelli et al. 2012). In commercial orchard trials conducted over
2 years, the efficacy of ASM, Pro-C, Fosety-Al, and phosphonate
against blossom and shoot blight in ‘Coscia’ pear was increased
when the inducers were used in combination with commercial for-
mulations of Bacillus subtilis QST713 (Serenade optimum, Bayer
CropScience, St. Louis, MO, U.S.A.) and P. agglomerans P10c
(BLOSSOM BLESS, Agrifutur, Alfianello, Italy) (Bahadou et al.
2017). The greatest protective effects were achieved when the bio-
control agents were combined with ASM or Pro-C and this was
attributed to the complementary actions of competition, antibiosis
and IR.

Defense inducers have also demonstrated potential for the con-
trol of fungal disease in apple and pear (Gur et al. 2021; Marolleau
et al. 2017; Nakao et al. 2021; Percival and Graham 2021;
Percival et al. 2009). Three commercial formulations containing
harpin (Messenger®), potassium phosphite (Phoenix®, Orion Fu-
ture Technology Ltd., Ashford, U.K.), and salicylic acid derivative
(Rigel-G®, Orion Future Technology Ltd.) were tested for efficacy
against apple scab (Venturia inequalis) and pear scab (V. nashicola)
under field conditions (Percival et al. 2009). The inducers were ef-
ficacious against leaf and fruit scab when applied at three growth
stages between budburst and early fruitlet but were less effective
than the fungicide penconazole. Moreover, it was suggested that
inducers could complement fungicide use between bud break and
fruitlet formation. Two of the products (Messenger and Rigel-G)
and a commercial chitosan product (Chitosan, Viresco Ltd., Thirsk,
U.K.) were tested individually and combined with fungicide for the
control of fungal diseases in container-grown apple plants (Percival
and Graham 2021). A total of nine experiments conducted over five
seasons showed that the combined use of an inducer with reduced
rates of fungicide was as efficacious as the full-strength fungi-
cide against apple scab (V. inequalis) and leaf blotch (Phyllosticta
paviae). These results hold promise for fungal disease management
in container nurseries.

In orchard studies on ‘Golden Reindeers’ apple trees, weekly
applications of ASM enhanced the efficacy of a light fungicide
program (three sprays) against apple scab (Marolleau et al. 2017).
The integrated program, however, was less effective against than a
conventional program comprising 12 fungicides and further studies
were recommended to establish the relative economic viability of
the integrated strategy for apple scab control. In Japan, a series of
orchard trials either during the growing season in spring or after
fruit harvest were conducted on Asian pear to compare the efficacy
of ASM sprays against pear scab (Nakao et al. 2021). Three field
applications with ASM, at 10-day-intervals after fruit harvest, re-
duced scab lesion development on leaves and shoots of ‘Niitaka’
trees by over 80% compared with controls and inhibited pseudothe-
cium formation, thus decreasing the primary inoculum source for

infection the following spring. During the growing season, regular
ASM applications, commencing at bud scale detachment, showed
strong efficacy against pear scab on leaves of ‘Kousui’ and ‘Housui’
trees; 6 weekly applications and three fortnightly applications re-
duced scab incidence by 84 and 98%, respectively, compared with
untreated controls (Nakao et al. 2021).

Citrus
Citrus are cultivated throughout the tropical and temperate re-

gions across the globe and are affected by a broad range of fungal
and bacterial diseases. A range of commercially available induc-
ers were evaluated in glasshouse experiments for their potential to
control citrus scab (Elsinoe fawcettii) on rough lemon, melanose
(Diaporthe citri) on ‘Duncan’ grapefruit and Alternaria brown spot
(A. alternata) on ‘Dancy’ tangerine (Agostini et al. 2003). Of
the inducers tested ASM, ReZist and fosetyl-Al (Aliette®, Bayer
CropScience) were the most effective, however, the level and con-
sistency of control did not match that of the standard fungicides. In
Australia, ASM was evaluated in citrus orchards for its potential
to augment fungicide activity as part of an anti-resistance strategy
(Miles et al. 2005). ASM alone reduced the incidence of citrus
black spot (Phyllosticta citricarpa) on ‘Imperial’ mandarin (50%
reduction) and ‘Navel’ orange (20% reduction compared with the
untreated control). However, ASM did not enhance the activities
of copper/mancozeb or strobilurin fungicides when tank-mixed.
Conversely, on ‘Murcott’ mandarins ASM alone was not effective
against Alternaria brown spot but it did increase the efficacy of
azoxystrobin when the two were tank-mixed (Miles et al. 2005).

Citrus canker (Xanthomonas axonopodis pv. citri) is one of the
most destructive bacterial diseases and causes significant economic
losses (Graham et al. 2004). Copper-based bactericides are com-
monly applied during the spring and summer months for control
of citrus canker when immature plant tissue is abundant and cli-
matic conditions are most favourable to the pathogen. Application
of ASM has been considered as a potential control agent for cit-
rus canker and as a replacement/supplement for copper (Francis
et al. 2009; Graham and Myers 2011, 2013, 2016; de Mello et al.
2020). In glasshouse trials on potted citrumelo plants, a single soil
application of INA, ASM, and the neonicotinoid insecticide imida-
cloprid (IMID) reduced foliar canker lesions by up to 70% (Francis
et al. 2009). Moreover, soil-drench application of ASM provided
more sustained protection against canker (up to 24 weeks) than
foliar-applied ASM (4 weeks). It was proposed that the sustained
activity of the soil drench may be due to slower uptake by roots and
translocation into actively growing shoots. In field studies in the
United States (Graham and Myers 2011, 2013) and Brazil (de Mello
et al. 2020) soil drenches with ASM in combination with copper
sprays have shown potential to provide more effective control of
canker than copper spray alone. In Florida, the reduction in citrus
canker lesions in leaves of ‘Ray Ruby’ grapefruit trees (Graham and
Myers 2011, 2013) and ‘Vernia’ orange trees (Graham and Myers
2013) with four soil drenches of ASM was comparable to 11 sprays
with copper and streptomycin. The incidence of canker lesions
on ‘Red Ruby’ grapefruit was significantly reduced by ASM soil
drench alone, and ASM in rotation with neonicotinoid insecticides
(Graham and Myers 2016). One of the most effective treatments,
ASM soil drench integrated with foliar copper sprays, provided sig-
nificantly greater control of canker on ‘Red Ruby’ fruit that copper
spray alone (Graham and Myers 2016). This integrated approach
can enable reduction in the rate and frequency of copper sprays and
alleviate adverse environmental effects and selection pressure for
copper resistance development.

Chemical inducers have also been considered for the control
of citrus huanglongbing (HLB), also called citrus greening dis-
ease (Hu et al. 2018; Li et al. 2016, 2021). HLB is caused by the
psyllid-transmitted bacterium ‘Candidatus Liberibacter asiaticus’
(CLas) and is considered one of the most destructive citrus diseases
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worldwide. Management of HLB has primarily relied upon cultural
practice and control of the insect vector responsible for transmis-
sion. The inducers BABA, INA, and ASM were evaluated over four
growing seasons on orange and mandarin in Florida (Li et al. 2016).
Spray application with BABA, INA, and ASM reduced HLB disease
severity by 15 to 30% and suppressed CLas populations in leaves.
Inducers have also proven effective against HLB in orange trees
when applied by trunk injection (Hu et al. 2018). Four injections at
3-month intervals with ASM, SA, oxalic acid, and potassium phos-
phonate significantly suppressed CLas populations in leaves and
disease progress of HLB (Hu et al. 2018). Trunk injections were
conducted when new flush was present and were applied at approx-
imately 3-month intervals. More recently, Li et al. (2021) conducted
studies in ‘Hamlin’ oranges over 3 years to compare the efficacy
of four inducers, ASM, IMI, INA, and SA, applied either by trunk
injection, foliar spray or soil drench. All trunk injection treatments
at 0.25 g active ingredient (a.i.)/tree and foliar sprays of INA or SA
(but not ASM or IMI) at 0.5 g a.i./tree significantly reduced HLB
severity and CLas population and increased fruit yield. Moreover,
only three trunk injections were required per year compared with
six foliar sprays. None of the inducers were effective when applied
to the soil.

Grapes
Downy mildew (Plasmopara viticola), powdery mildew

(Erisyphe necator), and gray mold (Botrytis cinerea) are globally
significant grapevine diseases that adversely affect the yield and
quality of table and wine grapes. Disease control in conventional
vineyards relies on a broad range of synthetic fungicides whilst in
organic vineyards only copper and sulfur compounds are permit-
ted. Inducers have demonstrated the potential to activate grapevine
defense and to reduce these diseases under controlled conditions,
but relatively few have shown efficacy in the vineyard (Delaunois
et al. 2014).

Formulations containing copper are often used for disease man-
agement in organic viticulture (La Torre et al. 2019). However,
concerns over copper toxicity have led to increasing restrictions
on its use by the European Commission (Commission Implement-
ing Regulation (EU) 2018/1981), thereby prompting an urgent
need for alternatives (La Torre et al. 2019). A range of organi-
cally acceptable control agents, including defence inducers, were
field evaluated for downy mildew control on ‘Cabernet Sauvignon’
in Italy and ‘Chasselas’ and ‘Riesling-Sylvaner’ in Switzerland
between 2004 and 2007 (Dagostin et al. 2011). Of these, a chi-
tosan product (ChitoPlant®, ChiPro GmbH, Bremen, Germany)
was found to be as effective as copper hydroxide (CuOH) and re-
duced downy mildew on bunches by up to 89% compared with
the control. Subsequently, the chitosan product was compared with
laminarin, a soluble β-glucan-based inducer (Frontiere, BioAtlantis,
Tralee, Ireland), laminarin with reduced rate copper, and laminarin
with a Saccharomyces spp. extract (Oomisine®, Kalos, Codroipo,
Italy) in vineyard trials in ‘Montepulciano’ and ‘Verdicchio’ grapes
(Romanazzi et al. 2016, 2021). These studies, spanning over 6 years,
concluded that chitosan was a viable alternative or supplement to
copper formulations and provided good control of downy mildew
even under high disease pressure. The integrated CuOH/chitosan
strategies were as effective as CuOH alone regardless of whether
the treatments were alternated on a weekly basis or split by early/late
season. It was proposed that the use of copper during the first half
of the season followed thereafter by chitosan would control downy
mildew and avoid the negative impact of copper accumulation in
grapes. Laminarin was generally not effective on its own, whilst
laminarin + Saccharomyces extract afforded moderate control of
downy mildew but only under low disease pressure.

In vineyard trials, applications of laminarin every 8 to 10 days
reduced leaf powdery mildew incidence on ‘Moscato’ grapes by ap-
proximately 30 to 55% compared with untreated controls (Pugliese

et al. 2018). The laminarin was not as effective as sulfur but demon-
strated sufficient activity to merit further investigation as part of an
integrated management program. A chitosan-based inducer (Kendal
Cops®, Valagro, Atessa, Italy) applied weekly on its own, or al-
ternated with fungicides (penconazole and methyldinocap), sig-
nificantly reduced the incidence and severity of powdery mildew
on leaves and bunches in ‘Montepulciano d’Abruzzo’ grapevines
(Iriti et al. 2011). It should be noted that the chitosan formu-
lation contained low concentrations of 1.5% copper and 0.5%
manganese which may have contributed direct antifungal activ-
ity. A complex containing chitosan and pectate fragments (COS-
OGA) and formulated as a liquid concentrate (Fytosave®, FytoFend
S.A., Gembloux, Belgium) exhibited a dose-dependent efficacy
against powdery mildew on ‘Carignan’ and ‘Moscatel’ grapevines
(van Aubel et al. 2014). In both cultivars, it was shown that six
sprays of COS-OGA at 14-day intervals reduced powdery mildew
on bunches by over 70% compared with the control. This was
achieved under high disease pressure and the level of control was
comparable with a commercial sulfur treatment. Efficacy of COS-
OGA against powdery mildew was confirmed in a more recent
study on organically grown ‘Nero d’Avola’ and ‘Inzolai’ grapes
in Sicily (Calderone et al. 2022). Moreover, the COS-OGA demon-
strated efficacy against gray mold and sour rot, caused by bacterial
and yeast complexes, that was comparable with the copper-sulfur
control. COS-OGA is approved as a low-risk active substance
on the EU Pesticides database (https://food.ec.europa.eu/plants/
pesticides/eu-pesticides-database_en) and may have potential for
organic producers.

Factors Affecting the Efficacy of IR
IR requires a strong plant defense response to be effective and

this can depend on plant genotype, tissue, timing and environment
(Marolleau et al. 2017; Reglinski et al. 2014). In glasshouse- and
field-grown tomatoes, the efficacy of ASM against R. solanacearum
was greater in tomato cultivars with moderate resistance (‘Neptune’,
‘BHN 466’, and ‘FL 7514’) than in susceptible cultivars (‘Equinox’
and ‘FL 47’) (Pradhanang et al. 2005), thus demonstrating the im-
portance of understanding genotype−inducer interactions. Breed-
ing programs should include responsiveness as a selection criterion.
In annual crops, the use of cultivar and multiline mixtures to fa-
cilitate natural priming of host defenses and cross-protection may
complement the inducer response (Clin et al. 2022). Environmen-
tal stress can suppress IR because of antagonism between stress-
response and defense-response signaling networks (Kusajima et al.
2017). Therefore, IR is likely to be most effective in controlled
intensive production systems, such as glasshouses and nurseries,
where environmental and cultural variables can be managed and
where inducers can be used as seed treatments and applied via hy-
droponics, fertigation systems, and/or overhead misting. In the field,
ecologically sensitive cultural practices (e.g., soil management and
nutrition) that favor plant health and minimize environmental stress
are critical.

Soil properties can affect general plant health and therefore the
ability of the plant to respond to inducer treatment (Verly et al. 2020;
Wiese et al. 2003). Nitrogen (N) is an essential plant nutrient for
plant growth but can have contrasting effects on plant defense and
plant disease resistance depending on N source and concentration
(Mur et al. 2016). In general, physical defenses and phytoalexin
synthesis are negatively regulated by N, whereas defense-related
enzymes and proteins are positively regulated (Sun et al. 2020).
The effects of N fertilization on basal resistance can vary depend-
ing on the pathosystem, with high N associated with increased
susceptibility to biotrophic pathogens but reduced susceptibility to
necrotrophs (Mur et al. 2016). The availability of N also influences
IR as it necessary for the formation of nitric oxide (NO), an im-
portant defense signal. Moreover, the modulation of plant defense
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by N has been shown to involve an interaction with the SA de-
fense pathway (Ding et al. 2021). Verly et al. (2020) showed that
ASM, a functional SA mimic, was effective against P. syringae pv.
tomato DC3000 in arabidopsis plants under low soil nitrate levels
but was ineffective when applied to plants supplied with high ni-
trate. Associated molecular analyses indicated that the N-mediated
response depended on a functional NPR1 protein, a key modulator
of the SA defense pathway. Similarly, tomato immunity to P. sy-
ringae pv. tomato DC3000 and R. solanacearum was greater under
low N and was associated with increased SA accumulation (Ding
et al. 2021). Clearly, N-mediated modulation of plant immunity is
complex and involves interactions between defense signaling path-
ways and metabolic pathways (Verly et al. 2020). Further research
is required to better understand interactions between nutrient avail-
ability and inducer efficacy in different cropping systems and the
implications for IR and growth/yield.

Differences in soil organic matter content affected the efficacy of
ASM against powdery mildew in barley (Wiese et al. 2003). It was
suggested that high organic matter soil had greater microbial activ-
ity that enhanced resistance to such an extent that further increase by
ASM was not significant. Crop type and cultural practices such as
tillage have also been shown to affect microbial community struc-
ture in soils in cereal cropping systems (Choudhary et al. 2020). It is
well established that beneficial soil microbes can suppress plant dis-
ease directly through pathogen suppression and indirectly through
stimulation of IR (Pieterse et al. 2014). Moreover, PGPR, Tricho-
derma spp., and arbuscular mycorrhizal fungi (AMF) bring added
benefits of plant growth promotion and improved stress tolerance
by enhancing nutrient acquisition and water uptake (Pozo et al.
2021). Understanding how the microbiome affects plant immunity,
and vice versa, can facilitate the development of microbial con-
sortia with complementary modes of action that can be tailored to
different cropping systems (Pozo et al. 2021; Teixeira et al. 2019;
Trivedi et al. 2020). This may involve the use of synthetic micro-
bial communities (SynComs) to enable functional understanding
of plant−microbiome−environment interactions and facilitate the
design of SynComs to enhance nutrient acquisition and disease
resistance (Shayanthan et al. 2022). For example, a SynCom com-
prising four rhizobacterial strains induced greater resistance against
bacterial wilt (R. solanacearum) in tomato than each individual
strain (Lee et al. 2021). Unravelling the complexities of how mi-
crobial communities directly influence IR and affect plant responses
to chemical inducers has potential to transform the integrated use
of microbial and chemical inducers for crop protection.

Current and Future Role of IR in Crop Protection
Over the past 20 years, European legislation (European Parlia-

ment, Council of the European Union 2009, Regulation (EC) No.
1107/2009) has resulted in some plant protectants being listed as
“candidates for substitution” to be replaced with “more environmen-
tally friendly” alternatives where possible. Inducers offer one option
but typically lack eradicant activity and are unlikely to provide com-
parable efficacy, particularly in conditions of high disease pressure.
Indeed, inducer efficacy has been reported to range from 20 to 85%
(Walters et al. 2013). There is good evidence, however, that induc-
ers, when combined or alternated with pesticides, biological control
agents and antimicrobial natural products can be effective compo-
nents of integrated crop management (ICM) strategies (Yassin et al.
2021). A recent study commissioned by the European Parliament
identified IR as a component of future crop protection strategies in
Europe (Riemens 2021). The implementation of inducers in multi-
component programs will enable complementary modes of action
to operate in different ecological niches thereby offering additive
or even synergistic activity (Fig. 2). This holistic approach will in-
tegrate different interventions to target specific components of the
disease cycle based on an intimate knowledge of the pathosystem.

Alternating inducers with conventional chemistry can enable reduc-
tions in chemical use without loss of efficacy or yield and thus may
serve as part of a resistance management strategy. This is in accord
with anti-resistance strategies recommended by the Fungicide Re-
sistance Action Committee (FRAC) to prolong the effectiveness of
“at risk” fungicides (https://www.frac.info/). Fungicide resistance
has increased since the introduction of single-site fungicides and
the time interval between introduction and resistance development
can be surprisingly short (Lamberth et al. 2021). The FRAC Code
list is based on biochemical mode of action and host plant defence
inducers are listed in their own grouping (Group P) (FRAC Code
List 2022). Because inducers control disease primarily via the acti-
vation of multiple plant defences they are considered at less risk
for pathogen resistance development. Probenazole is sometimes
cited as an example of inducer longevity because it has been used
against rice blast (Pyricularia grisea) since 1975 without evidence
of pathogen resistance development (Iwata 2001; Walters et al.
2013). However, Bousset and Pons-Kuhnemann (2003) reported
that whilst ASM alone did not affect powdery mildew population
composition, the combined use of ASM plus the fungicide ethirimol
exerted a greater effect on the pathogen population than ethirimol
alone. The authors cautioned against “wide and careless use” of
inducers until the effects of IR on pathogen population was better
understood.

The complementary actions of chemical inducers and benefi-
cial microbes has potential to increase the efficacy and reduce the
variability of IR. For example, a tank mix containing ASM plus Au-
reobasidium pullulans CG163 (Aureo®Gold, UPL, Auckland, NZ)
had greater efficacy against Pseudomonas syringae pv. actinidiae
in kiwifruit leaves than either treatment alone (de Jong et al. 2019).
Moreover, the enhanced efficacy correlated with stronger amplifi-
cation of defence gene expression in the combination treatment.
Preflowering applications of ASM (Actigard®) are used in approx-
imately 68% of kiwifruit orchards in New Zealand to control P.
syringae pv. actinidiae (Melanie Walker, personal communication,
Orchard Quality Services Manager, Zespri International Limited).
Tank-mixing of Actigard® with Aureo®Gold is now recommended
during the preflowering period (Kiwifruit Spray Guide 2022). Sim-
ilarly, the efficacy of ASM and B. subtilis QST713 against blossom
and shoot blight (E. amylovora) in a commercial pear orchard was
greater when combined than when each were used alone (Bahadou
et al. 2017). The uptake and systemic translocation of soil applied
ASM was reportedly higher in tomato plants treated with the PGPR
strains B. subtilis GB03 and B. pumilus SE34 than in control plants
receiving no PGPR (Myresiotis et al. 2014). The authors proposed
that the enhanced uptake of ASM may be attributable to greater
root biomass in the PGPR-treated plants. The elucidation of the
molecular and physiological mechanisms that underpin these addi-
tive benefits can help to inform the development of smarter ICM
strategies. Caution is warranted, however, because the induction of
plant defence can result in yield penalties (Pontes et al 2016) the po-
tential trade-offs associated with IR (Walters et al. 2013) should be
considered when developing integrated programs that involve more
than one inducer and/or induce stronger defence upregulation.

New Inducers
Legislation enforcing restrictions in pesticide use will be a ma-

jor driver for inducer discovery and the implementation of IR in
ICM strategies. For example, the European Green Deal promotes
a more ecologically sensitive approach with a 50% reduction in
chemical pesticides by 2030 (Helepciuc and Todor 2022). Because
of this, the future growth of defence inducers and biological control
agents is predicted to exceed the growth of synthetic chemical pes-
ticides (Maienfisch and Mangelinckx 2021) with the global market
for inducers forecast to reach $880 million by 2026 (Market Data
Forecast 2022). The search for inducers represents a rapidly devel-
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oping field of research in China (Dewen et al. 2017), with particular
interest in protein-based elicitors. For example, a new inducer prod-
uct ATaiLing (Arysta LifeScience), which contains a protein from
A. alternata, was the top-selling crop protection product in China
in 2015 with sales over U.S. $10 million (Dewen et al. 2017). In the
United States, Plant Health Care (PHC) Inc., has launched a new
platform PREtec (plant response elicitor technology) which is based
on the use of bacterial harpin-based proteins. Harpin was the active
ingredient in one of the earliest protein-based inducers, Messenger®

(Eden BioScience, Bothell, WA, U.S.A.), that was registered in the
United States in 2000. In 2007, PHC released EMPLOY® H&T
(Employ® Hort and Turf) which contained modified formulations
of the harpinαβprotein. The first product to emerge from the PREtec
platform, SaoriTM, was registered in Brazil in 2021 for the control
of Asian soybean rust (de Paula et al. 2021). There is increasing
interest in the potential of nanotechnology to enhance stability and
delivery of crop protectants. A recent study of Nadendla et al. (2018)
demonstrated the advantages of a harpin (Pss) encapsulation into
chitosan nanoparticles to improve its bioavailability and increase
the IR response in tomato plants.

New derivatives of the benzothiadiazole inducer ASM have
been developed with greater solubility than the parent compound
with comparable or even greater inducer activity (Smiglak et al.
2017). The search for other synthetic inducers remains an active
area of research with several new chemistries emerging includ-
ing, methiadinil and various thiadiazole/isothiazole carboxamide
analogs (Qi et al. 2022). In some cases these inducer compounds
also exhibit fungicidal activity similar to existing products such as
probenazole and phosphonate. Systems biology approaches with
high-throughput analytical technologies have potential to accel-

erate inducer identification and their in planta targets (Zhou and
Wang 2018). The latter may also serve as breeding markers for
the selection of genotypes with enhanced capacity to respond to
inducers.

Replacing synthetic pesticides with synthetic inducers may be
a short-term strategy and does not necessarily address the envi-
ronmental impact of synthetic chemicals. For example, ASM is
classified as hazardous to the aquatic environment and there are
maximum residues levels for treated produce. Ultimately the de-
velopment of effective organically acceptable biologically based
inducers is highly desirable. Carbohydrate-based inducers obtained
from plants and fungi including various oligosaccharides and oli-
gogalacturonides are considered safer for the environment and have
the potential to become broadly applicable in future crop protection,
including organic agriculture (Zheng et al. 2020). For example,
chitosan is a versatile polymer that offers potential dual bene-
fits of direct antimicrobial activity and IR (Riseh et al. 2022).
Polysaccharide-based inducers mimic the action of naturally oc-
curring PAMPs and DAMPS and are recognised by PRRs in the
plant plasma membrane, so triggering pattern triggered immunity
(PTI), an important component of IR (Boutrot and Zipfel 2017).
Greater understanding of PAMPs/DAMPs structure-activity rela-
tionships and their perception by PRRs can guide inducer design
and development (Rebaque et al. 2021). This extends beyond carbo-
hydrates and includes proteins, peptides and lipids that trigger plant
immunity. Moreover, is has been suggested that PRRs may be used
as a criterion in plant breeding programs or engineered to improve
inducer recognition (Boutrot and Zipfel 2017). Beneficial microbes
modulate plant immunity via the secretion of low-molecular-weight
metabolites including acyl-homoserine lactones, cyclic lipopep-

FIGURE 2
Components of integrated crop

management. The outer circle lists
factors that guide the implementation

of different interventions (second
layer) that may be integrated to

promote plant and environmental
health and to suppress the pathogen.
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tides, rhamnolipids, and N-alkylated benzylamine derivatives (Pršić
and Ongena 2020). Depending on production methods, these com-
pounds may also be acceptable in organic systems.

Advances in production and formulation technologies may en-
able the development of more effective inducers with more sus-
tained and consistent activity. Moreover, the use of low volume
sprayers or application via irrigation lines or seed treatments can
enable more targeted and efficient use of inducers. Precision agri-
culture uses digital technologies to gather massive data sets that are
used to inform crop management decisions (Duncan et al. 2021).
Novel sensors and analytical tool are emerging that can monitor
plant health (Ang and Lew 2022) and the environment (Kim and Lee
2022) in real time. This information, together with mathematical
models for IR (Abdul Latif et al. 2014) and disease risk prediction
(Newlands 2018), can provide a decision support tool to guide in-
ducer application. Moreover, the integration of these models may
facilitate the development of algorithms for virtual cropping sys-
tems (“digital twins”) that can be used to optimize IR and to design
smarter ICM strategies.

Conclusions
During the last 50 years our understanding of IR has advanced

considerably, leading to the commercialisation of a range of inducer
products. The scepticism associated with the notion that IR could
contribute to disease management has been replaced by an accep-
tance that inducers may at last be coming of age as crop protectants.
There is good evidence that inducers can make a practicable con-
tribution to disease control, particularly in integrated management
programs. The use of inducers in rotation with pesticides and/or in
combination with BCAs can reduce chemical inputs and so address
environmental and ecological concerns associated with pesticide
use. Systems biology approaches will facilitate development of the
next generation of inducers that are based on an ever-increasing
understanding of plant recognition receptors and defence signaling
pathways. This, together with the selection of inducer responsive
cultivars, more efficient application methods, and new digital deci-
sion support tools to enable early intervention, can optimize inducer
efficacy and establish IR as a central component of crop protection
management.
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