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In natural ecosystems, disease is not the rule, but a rare outcome in the spectrum of plant–microbe
interaction, since plants have developed, during their evolutionary history, various defence strategies
to face pathogens. Therefore, in this evolutionary arms race, plants have (co)evolved a complex set
of defence mechanisms to counteract pathogen challenging and, in most cases, prevent infection.
As animals, plants are able to recognize and distinguish between self, non-self, and altered self, by their
innate immune system, thus activating a battery of defence reactions. When a pathogen becomes able
to overcome these defences, disease ceases to be the exception [1]. Though a comprehensive discussion
on the plant immune system is beyond the scope of this editorial, the molecular mechanisms involved
in the plant immunity have been recently reviewed [2–6]. Kørner et al. [7] emphasized the cross-talk
between endoplasmic reticulum (ER) stress signaling pathways and immune responses in plants.
In particular, IRE1 (inositol requiring enzyme 1) is a conserved ER stress sensor protein identified as a
transcriptional regulator of ER genes and involved in immunity and programmed cell death (PCD).
In their review article, Wang et al. [8] focused on the role of NADPH oxidases, the major source of
apoplastic reactive oxygen species (ROS) under both normal and stress conditions, in mediating PCD
and plant immune response.
However, with the advent of the agro-ecosystem, this equilibrium was altered because of
human activities such as intensive farming, monoculture, and varietal selection. In this context,
diseases that damage crops have to be managed by different control strategies integrated into pest
management programs.
According to Regulation (EC) N◦ 1107/2009, a plant protection product generally contains more
than one component, and the active constituent against pathogens/pests/weeds is referred to as
active substance [9]. Plant protection products are usually used for (i) protecting plants or plant
products against damaging organisms; (ii) influencing the plant growth (plant growth regulators);
and (iii) preventing growth or eradicating undesired plants (weeds). Nowadays, chemical control
represents the most used and effective strategy in crop protection, with a variety of agrochemicals
available to control plant diseases, pests, and weeds, such as fungicides, insecticides, and herbicides.
In this scenario, the use of elicitors and plant activators represents a novel and promising strategy in
crop protection, as an alternative to conventional agrochemicals that exert direct toxic effects on noxious
organisms. Indeed, elicitors and plant activators trigger the plant’s own defence mechanisms by
stimulating the plant innate immune system, differently from conventional pesticides. Alexandersson
et al. [10] provided a current summary of plant resistance inducers that have been successfully used in
Solanaceae species to protect against pathogens.
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Table 1. Elicitors and plant activators approved in the European Union *.
Active Substance (ID) ˆ

Toxicological Information
ArfD # (mg/kg bw)
AOE # (mg/kg bw/d)

Date of Approval

Classification GHS ‡

MRLs **

ADI # (mg/kg bw/d) §

01/07/2014

No classification

No MRL required

NA †

NA

NA

01/10/2015

No classification

No MRL required

NA

NA

NA

01/06/2010

No classification

No MRL required

NA

NA

NA

01/04/2005

No classification

No MRL required

NA

NA

NA

07/08/2015

No classification

No MRL required

NA

NA

NA

01/01/2015

No classification

No MRL required

NA

NA

NA

01/06/2013

No classification

No MRL required

NA

NA

NA

Acibenzolar-S-methyl
(benzothiadiazole)
(914)

01/04/2016

Skin corrosion/irritation
Category 2 (H315)
Skin sensitisation
Category 1 (H317)
Serious eye damage/irritation
Category 2 (H319)
Specific target organ toxicity
single exposure
Category 3 (H335)
Hazardous to aquatic environment
short term/acute
Category 1 (H400)
Hazardous to aquatic environment
long term/chronic
Category (H410)

MRLs required ¥

0.03

0.03

0.03

Cerevisane
(2301)

23/04/2015

No classification

No MRL required

NA

Elicitors
Chitosan hydrochloride
(1096)
Fructose
(2375)
Heptamaloxylglucan
(1449)
Laminarin
(1510)
Pepino Mosaic Virus
strain CH2 isolate 1906
(2315)
Sucrose
(2340)
Zucchini Yellow Mosaic Virus
weak strain (2020)
Plant activators

NA
ˆ

NA
‡

* Source: EU Pesticide database (http://ec.europa.eu/food/plant/pesticides/eu-pesticides-database) retrieved on January 20th 2017; Identification number; Globally Harmonized
System of Classification and Labelling of Chemicals; ** Minimum Residue Levels; # ADI: acceptable daily intake; ARfD: acute reference dose; AOEL: acceptable operator exposure level;
§ bw: body weight; d: day; † NA: not applicable; ¥ Sum of acibenzolar-S-methyl and acibenzolar acid (free and conjugated).
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In the EU Pesticide database (http://ec.europa.eu/food/plant/pesticides/eu-pesticidesdatabase) [11], a database on registered active substances in Europe, selecting category-approved
fungicides, herbicides, and insecticides, in total 155, 127, and 105 entries can be found, respectively.
However, when selecting category-approved elicitors and plant activators, only 7 and 2 entries are
available, respectively (Table 1).
Among elicitors, chitosan has been studied so far for its antiviral and antifungal activities.
It is a linear, polycationic heteropolysaccharide consisting of two monosaccharide units,
N-acetyl-D-glucosamine, the repeat unit of chitin, and D-glucosamine. Therefore, chitosan is produced
by the deacetylation of chitin, the structural component of fungal cell walls as well as insect exoskeletons.
Chitosan treatment mimics a plant–pathogen interaction when, upon host penetration, fungus
deacetylates its own cell wall chitin into chitosan to escape plant chitinases. In these terms, chitosan
represents a pathogen- or microbe-associated molecular pattern (PAMP or MAMP), i.e., a general
(race-nonspecific) elicitor able to prime a nonspecific, long-lasting, and systemic immunity (also known
as systemic acquired resistance, SAR) possibly by binding to a putative pattern recognition receptor
(PRR) in the plant cell [1]. Luti et al. [12] investigated the PAMP activity of cerato-platanin, a Cys-rich
protein produced by the pathogenic ascomycete Ceratocystis platani, in Arabidopsis, by an elegant
proteomic and volatilomic approach. Among plant activators, acibenzolar-S-methyl or benzothiadiazole
(S-methyl benzo[1–3]thiadiazole-7-carbothioate) deserves particular attention. The latter is a functional
analogue of salicylic acid, a plant hormone that plays a central role in innate immunity as a co-activator
of immunity-induced transcription reprogramming [13].
COS-OGA is an oligosaccharidic complex comprising chitooligosaccharides (COSs) and
pectin-derived oligogalacturonides (OGAs). Therefore, this elicitor results from the association of
both plant non-self (chitosan, a PAMP, with a mean polymerization degree of 7) and altered self
molecules (oligopectates with a mean polymerization degree of 11). In plant immunity, OGAs are
damage-associated molecular patterns (DAMPs), i.e., general (race-nonspecific) elicitors that mimic
degradation of plant cell wall and middle lamella pectin by fungal polygalacturonases and further
fragmentation by plant enzymes [14]. Surprisingly, in EU, COS-OGA is registered as a low-risk
fungicide for which no maximum residue levels (MRLs) are required.
At the end of this brief editorial, it appears evident that research activity and studies focusing
on plant immunity greatly stimulated the development and registration of plant protection products
based on a non-biocide mechanism of action, namely elicitors and plant activators. In general, these
formulates are less toxic and more environmentally friendly than conventional agrochemicals, thus
meeting the needs of a modern and sustainable agriculture. Noteworthy, these products represent
one of the few strategies to control viral diseases [1] and can confer tolerance to abiotic stresses,
such as drought, thus contributing to the management of water resources in a global climate change
scenario [15]. Not least, priming the plant immune system can serve as a means to increase the
content of bioactive phytochemicals in plant foods. In fact, elicitors and plant activators stimulate
the plant secondary metabolism and the accumulation of defence metabolites (phytoalexins) in plant
tissues, such as polyphenols now recognized as health-promoting components of plant foods [16–18].
However, some limitations exist. Elicitors and plant activators can incur fitness costs in crops due to the
trade-off between resources allocated for growth and reproduction and for disease resistance, though
this strictly depends on the concentrations used and other environmental factors [19,20]. In conclusion,
more mechanistic studies are urgently needed to improve basic knowledge on plant immunity, in the
hope that this can further inspire the development of new safe plant protection products.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

Iriti, M.; Varoni, E.M. Chitosan-induced antiviral activity and innate immunity in plants. Environ. Sci.
Poll. Res. 2015, 22, 2935–2944. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2017, 18, 640

2.
3.
4.
5.
6.

7.

8.

9.

10.

11.
12.

13.
14.
15.
16.
17.

18.

19.
20.

4 of 4

Choi, H.W.; Klessig, D.F. DAMPs, MAMPs, and NAMPs in plant innate immunity. BMC Plant Biol. 2016,
16, 232. [CrossRef] [PubMed]
Garner, C.M.; Kim, S.H.; Spears, B.J.; Gassmann, W. Express yourself: Transcriptional regulation of plant
innate immunity. Sem. Cell Dev. Biol. 2016, 56, 150–162. [CrossRef] [PubMed]
Gouveia, B.C.; Calil, I.P.; Machado, J.P.B.; Santos, A.A.; Fontes, E.P. Immune receptors and co-receptors in
antiviral innate immunity in plants. Front. Microbiol. 2016, 7, 2139. [CrossRef] [PubMed]
Jones, J.D.; Vance, R.E.; Dangl, J.L. Intracellular innate immune surveillance devices in plants and animals.
Science 2016, 354, aaf6395. [CrossRef] [PubMed]
Ranf, S.; Scheel, D.; Lee, J. Challenges in the identification of microbe-associated molecular patterns in plant
and animal innate immunity: A case study with bacterial lipopolysaccharide. Mol. Plant Pathol. 2016, 17,
1165–1169. [CrossRef] [PubMed]
Kørner, C.J.; Du, X.; Vollmer, M.E.; Pajerowska-Mukhtar, K.M. Endoplasmic Reticulum Stress Signaling in
Plant Immunity—At the Crossroad of Life and Death. Int. J. Mol. Sci. 2015, 16, 26582–26598. [CrossRef]
[PubMed]
Wang, Y.-J.; Wei, X.-Y.; Jing, X.-Q.; Chang, Y.-L.; Hu, C.-H.; Wang, X.; Chen, K.-M. The Fundamental Role
of NOX Family Proteins in Plant Immunity and Their Regulation. Int. J. Mol. Sci. 2016, 805. [CrossRef]
[PubMed]
No 1107/2009 of the European Parliament and of the Council of 21 October 2009 Concerning the Placing of
Plant Protection Products on the Market and Repealing Council Directives 79/117/EEC and 91/414/EEC.
Available online: http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32009R1107 (accessed
on 20 January 2017).
Alexandersson, E.; Mulugeta, T.; Lankinen, Å.; Liljeroth, E.; Andreasson, E. Plant Resistance Inducers against
Pathogens in Solanaceae Species—From Molecular Mechanisms to Field Application. Int. J. Mol. Sci. 2016,
17, 1673. [CrossRef] [PubMed]
EU Pesticide database. Available online: http://ec.europa.eu/food/plant/pesticides/eu-pesticidesdatabase (accessed on 20 January 2017).
Luti, S.; Caselli, A.; Taiti, C.; Bazihizina, N.; Gonnelli, C.; Mancuso, S.; Pazzagli, L. PAMP Activity of
Cerato-Platanin during Plant Interaction: An -Omic Approach. Int. J. Mol. Sci. 2016, 17, 866. [CrossRef]
[PubMed]
Klessig, D.F.; Tian, M.; Choi, H.W. Multiple targets of salicylic acid and its derivatives in plants and animals.
Front. Immunol. 2016, 7, 206. [CrossRef] [PubMed]
Van Aubel, G.; Cambier, P.; Dieu, M.; van Cutsem, P. Plant immunity induced by COS-OGA elicitor is a
cumulative process that involves salicylic acid. Plant Sci. 2016, 247, 60–70. [CrossRef] [PubMed]
Iriti, M.; Picchi, V.; Rossoni, M.; Gomarasca, S.; Ludwig, N.; Gargano, M.; Faoro, F. Chitosan antitranspirant
activity is due to abscisic acid-dependent stomatal closure. Environ. Exp. Bot. 2009, 66, 493–500. [CrossRef]
Capanoglu, E. The potential of priming in food production. Trends Food Sci. Technol. 2010, 21, 399–407.
[CrossRef]
Vitalini, S.; Gardana, C.; Zanzotto, A.; Fico, G.; Faoro, F.; Simonetti, P.; Iriti, M. From vineyard to glass:
Agrochemicals enhance the melatonin and total polyphenol contents and antiradical activity of red wines.
J. Pineal Res. 2011, 51, 278–285. [CrossRef] [PubMed]
García-Mier, L.; Guevara-González, R.G.; Mondragón-Olguín, V.M.; del Rocío Verduzco-Cuellar, B.;
Torres-Pacheco, I. Agriculture and bioactives: Achieving both crop yield and phytochemicals. Int. J.
Mol. Sci. 2013, 14, 4203–4222. [CrossRef] [PubMed]
Iriti, M.; Faoro, F. Fitness costs of chemically-induced resistance: Double edged sword or (un) stable
equilibrium? J. Plant Pathol. 2006, 88, 5–6.
Iriti, M.; Castorina, G.; Vitalini, S.; Mignani, I.; Soave, C.; Fico, G.; Faoro, F. Chitosan-induced
ethylene-independent resistance does not reduce crop yield in bean. Biol. Control 2010, 54, 241–247.
[CrossRef]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

