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Abstract – Plant immune systems rely on their ability to recognize enemy molecules, carry out signal transduction, and respond defensively 
through pathways involving many genes and their products. This Perspective paper aims to explore current views on the vaccination 
(immunization) of plants against diseases caused by microorganisms and their (macro)molecular components, paying special attention to 
practical applications. We conclude that the technique of vaccination to control plant disease needs to be further investigated, developed, and 
considered for wider implementation in plant protection practice. 
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1911. "The writer has seen nothing ... which indicates that 

plants can be preserved by vaccines" (Smith, 1911). 

 

1964. "... it would be worthwhile for a grower who always 

suffers quality losses from TMV [tobacco mosaic virus] 

deliberately to inoculate his plants early with a mild strain of 
the virus" (Broadbent, 1964). 

 

2017. "The mixture of attenuated [pepino mosaic virus] 

isolates ... prevented almost completely the appearance of 

viral symptoms ... caused by the virulent isolates" (Vermunt 

and Kaarsemaker 2017). 

____________________________________________ 

 

INTRODUCTION 
 

The three quotations above span more than a century. They 

depict the evolution of the concept of plant vaccination from 

its very beginning until the first successful, large-scale 

agricultural application of the technology. Here we provide a 

non-exhaustive review of the potential experimental approa-

ches to exploit the vaccination of plants for practical plant 

protection and will exemplify the possibilities by citing a 

limited number of selected papers. 

 

According to the widely accepted definition, vaccines are 

biological products that are utilized to initiate a reaction that 

elicits defense against an existing disease or a subsequent 

attack by a pathogen (Pollard and Bijker, 2021). In the case 

of plant vaccination, these biological products are typically 

pathogenic microorganisms (attenuated or ‘mild’ variants) or 

their certain components (oligopeptides, proteins, oligonuc-

leotides, and oligosaccharides). 
 

Vaccination of humans and animals against diseases has been 

practiced since the Middle Ages (Boylston, 2012). Still, a 

detailed description of its methods and efficacy was published 

only at the end of the 18th century by Jenner (Jenner, 1798). 

The successful implementation of vaccination in combatting 

diseases of humans and animals was followed by break-

throughs in the elucidation of the mechanisms of the mam-

malian immune system by the end of the 1800s. The concept 

of vaccinating plants has been around for more than a century, 

but until 1911 (Smith, 1911) no paper was published on the 
subject (probably because of lack of success), and later 

attempts to find antibodies in plants either failed (Sardina, 

1926) or were inconclusive (Kostoff, 1929). 

 

PLANT IMMUNITY 

 

Current knowledge describes the plant immune system as a 

complex defense network that can be intrinsic (constitutive) 

or acquired (inducible) (Jones and Dangl, 2006; Pruitt et al., 

2021). Resistance of plants against infection and disease 
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caused by pathogens is based upon a) pre-formed chemicals 

(antimicrobial peptides, specific metabolites called phyto-

anticipins and phytoalexins) and b) structural barriers, and c) 

on a favorable outcome of complex biochemical interactions 

(these include the recognition of the pathogen and signal 
transduction processes) between the pathogen and the host 

(Komives and Kiraly, 2019). As compared to warm-blooded 

animals, the immune system of plants is not based on 

circulating cells (Kiraly et al., 2013), rather on a range of 

sensory receptors that are capable to detect pathogenic 

microorganisms and initiate a cascade of cellular immune 

signaling (Yu et al., 2021). For recent, in-depth reviews on 

plant disease resistance please consult the papers of Nishad et 

al. (2020), Zhou and Zhang, 2020, and Vlot et al. (2021).  

 

In this paper we will discuss recent plant vaccinating/immu-

nization (resistance-inducing) techniques, paying special 
attention to practical applications. Throughout the paper, 

whenever applicable, the new terminology of De Kesel et al. 

(2021) will be used to discuss observations related to induced 

disease resistance in plants. It ought to be noted, that vaccin-

ation of plants is not yet part of this new terminology. 

 

Levels of disease resistance of plants  

The primary immune response (level 1) of a plant is elicited 

by macromolecular structures characteristic to all microbes 

(including pathogens) called pathogen-associated molecular 

pattern (PAMP) or microbe-associated molecular pattern 
(MAMP). This response of the attacked plant is called 

pattern-triggered immunity (PTI). The secondary immune 

response (level 2) is instigated by so-called effectors 

synthesized by the microorganism to counteract PTI: it is 

called effector-triggered immunity (ETI) (Jones and Dangl, 

2006; Pruitt et al., 2021). PTI is considered as basal immunity 

that acts in non-host and compatible interactions producing 

quantitative (incomplete) resistance, while ETI is the source 

of race-specific, qualitative (complete) resistance (Ke et al., 

2017). In addition to protecting the infected tissues, ETI may 

initiate local immunization around the site of pathogen attack 

(Ross, 1961A) or a systemic one (called systemic acquired 
resistance [SAR] (Ross, 1961B)), affecting the whole plant 

against subsequent attacks by related or even unrelated 

pathogens (Fu et al., 2009; Vlot et al., 2021). Furthermore, 

the colonization of plant roots by beneficial, plant growth‐

promoting rhizosphere bacteria may lead to another form of 

systemic resistance, called induced systemic resistance (ISR) 

(Chang et al., 2014; Romera et al., 2019; Vlot et al., 2021). 

 

SAR depends on salicylic acid (SA) (Figure 1) as a signal 

(actually, the methyl ester of SA [MeSA] is one of the 

translocated signals [Park et al., 2007]), in addition to patho-
genesis-related proteins and other defense genes and gene 

products. SAR provides long-lasting and effective protection 

against a broad range of pathogens (Vlot et al., 2021). On the 

other hand, ISR involves both jasmonic acid and ethylene 

(Figure 1) signaling (Romera et al., 2019). It has to be noted 

that neither SAR nor ISR is 100 percent effective. 

 

Plant disease resistance can be efficiently induced by plant 

hormones and their chemical derivatives, and other small 

natural and synthetic molecules. This paper only briefly 

covers these low-molecular-weight chemicals because 1) they 

do not conform to the widely accepted definition of vacci-

nation (Pollard and Bijker, 2021), and 2) their chemistry and 

biological modes of action were thoroughly discussed in 
recent papers (Tripathi et al., 2019; Zhou and Wang, 2018). 
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Figure 1. Chemical structures of salicylic acid (A), jasmonic 

acid (B), and ethylene (C). 

 

As mentioned above, MeSA is a key signaling molecule in 

the intra-organismal induction of SAR. However, as a volatile 

compound, it can also serve as an airborne inter-organismal 

signal that induces resistance in neighboring plants (Liu et al., 

2018), thereby contributing to the local ecosystem stability 

(Singewar et al., 2021). An elegant proof for this activity of 
MeSA was recently presented by Ninkovic et al. (2021), 

showing that exposure of barley plants to this volatile 

compound led to the production of systemic resistance 

factors. It is interesting to note, that the volatile diallyl 

disulfide metabolite of garlic was also found to induce 

cucumber resistance to downy mildew (Yang et al., 2021) and 

green leaf volatiles (oxygenated fatty acids rapidly released 

by plant leaves upon damage) were shown to increase the 

protection of potato plants against late blight through 

enhancing plant immunity (Najdabbasi et al., 2021). Further 

studies are needed to clarify the nature and the scope of the 

protection mechanisms these volatile chemicals may induce 
in different plant/pathogen relationships. 

 

Chemical methods of resistance induction for practical uses 

have been studied by researchers working for the chemical 

industry for many years and led to the discovery and commer-

cialization of probenazole (Ishiga et al., 2021; Sakata et al., 

2020; Wu et al., 2021) and acibenzolar methyl (Figure 2) 

(Ishiga et al., 2021; Sakata et al., 2020) and their successful 

introduction in plant protection practice as ‘plant activators’. 

It should be noted that probenazole is a derivative of 

saccharine (a known plant resistance inducer [Mejri et al., 
2021]), while acibenzolar-S-methyl is a synthetic analog of 

SA (Ishiga et al., 2021; Sakata et al., 2020). Despite certain 

similarities in their chemical structures, the biochemical 

modes of action of the two chemicals are not the same, 

because the expression of resistance genes is induced by them 

differently (Iwata, 2001) by them, and probenazole acts in the 

step preceding SA biosynthesis (Ishiga et al., 2021). 

 

Plants can adapt to a pathogen challenge and enhance their 

defensive potential by transitioning into a 'primed' state, in 

which their defense response is quicker and more powerful 
(Ando et al., 2021). The phenomenon of priming (Gong et al., 
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2019; Westman et al., 2019), i.e., elicitation of long-lasting 

disease resistance by various treatments using microorgan-

isms and their components to induce SAR and ISR responses 

(Vlot et al., 2021) makes the efficient vaccination of plants 

possible. 
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Figure 2. Chemical structures of the plant activators 

probenazole (A) and acibenzolar S-methyl (B). 
 

BIOLOGICALS INDUCING DISEASE RESISTANCE 
 

Biologicals (also called biologic plant protection agents) are 

either living microorganisms or their components, such as 

oligopeptides (including proteins) and oligonucleotides 

(including RNA and DNA) produced by them. Selected 

examples of biologicals tested for this purpose are listed in 

Table 1 (the list in the Table is not intended to be compre-
hensive).  

 

Virulent (invasive) pathogens 

Inducibility of plant disease resistance by virulent pathogens 

was first described by French scientists (independently from 

each other) at the turn of the 19th-20th century: they reported 

that plants may show resistance against a pathogen when 

infected a second time (Beauverie, 1901; Bernard, 1911; Ray, 

1901). Following these studies, numerous promising experi-

ments using virulent and attenuated pathogenic microorgan-

isms of plants as vaccinating agents have been carried out in 
the laboratory and the field: but, unfortunately, none of them 

led to successful applications in the field. To mention a few 

of the milestones: McKinney (1929) observed that infection 

of tobacco plants with one virus strain may repress the 

development of disease symptoms when re-inoculated with 

another strain. Later studies in the UK (Broadbent, 1976) and 

Hungary (Burgyan and Gaborjanyi, 1984) showed that the 

inoculation of tomato plants with a fairly severe strain of 

tomato mosaic virus, while significantly improving the 

quality of the fruit, failed to keep the plants symptomless 

during the whole growing season.  

 
Mild (attenuated) strains of pathogens  

Failures of experiments to efficiently protect plants from 

diseases via vaccination with virulent pathogens turned the 

 
1 It is worth mentioning that plant activators are registered as 

pesticides, although they have no antimicrobial activity in 

vitro. On the other hand, herbicide safeners are qualified as 

"inerts" (Liu et al., 2021; Sivey et al., 2015), although they 

exhibit significant biological activity in vitro and in planta. 
2 valto.nl/en/about-v10/faq (accessed 02.20.2022). 

researchers' attention to mild strains that occurred naturally 

or could be cost-effectively produced in the laboratory by 

heat-treatment, UV-light, or other methods (Johnson, 1926) 

(Chewachong et al., 2015). Early attempts using this 

approach showed great promise: for example, an almost 
symptomless mutant (MH-16 of TMV, isolated following the 

mutagenic treatment with nitrous acid) gave good cross-

protection against the virulent pathogen (Rast, 1972). Cross-

protection (i.e., homology-dependent resistance based on 

gene silencing) represents the phenomenon in which a 

previous infection by a mild isolate prevents attack by the 

virulent variant (Rast, 1972). 

 

More recent studies were initiated following the outbreak of 

the disease caused by Pepino mosaic virus (PepMV) in green-

house tomatoes (Solanum lycopsericum L.) in the Nether-

lands and Belgium in 2000 (and later everywhere in Europe). 
The rapid spread of the disease led to concentrated research 

efforts in both countries aiming for the control of the disease 

by exploiting the cross-protection provided by uniquely mild 

and stable PepMV isolates of different origins (Schenk et al., 

2010). These endeavors resulted in the development of two 

commercial plant vaccine products ('V10' 2 by Valto BV, De 

Lier, the Netherlands and 'PMV-01' 3 by DCM, Belgium, res-

pectively) against PepMV in tomatoes (Pechinger et al., 2019; 

Vermunt and Kaarsemaker, 2017). The new PepMV vaccines 

are now temporarily registered in Europe and North America.  

 

Similar efforts by researchers in Spain brought forth the 
creation of another PepMV vaccine that was established on 

mixed infection by its Sp13 and PS5 mild isolates, resulting 

in stable and broad-spectrum cross-protection against the 

virus (Aguero et al., 2018) and the development of a new, 

PepMV-based antiviral preparation, 'Abioprotect' 4 (regist-

ered for use in Spain in 2021 by Abiopep, Murcia, Spain) 

(Anastassiadou et al., 2021). 

 

In Japan, 'KYOTOBIKEN' CUBIO ZY-02 5 (an attenuated 

Zucchini yellow mosaic virus [ZYMV] preparation) was the 

first plant vaccine registered as a pesticide by Kyoto Biken 

Laboratories, Inc., Kyoto, Japan (Ogai et al., 2013; Tomitaka 
et al., 2018). The same laboratory registered for use an 

attenuated isolate of Pepper mild mottle virus (PMMoV; 

designated L3-163), commercialized as 'Green Pepper PM', a 

biological control agent (Ogai et al., 2013) against PMMoV. 

 

Furthermore, Tamura et al. (2013) carried out very promising 

investigations using apple latent spherical virus (ALSV)-

based vectors harboring part of a target viral genome (the 

authors called these ALSV vector vaccines). 

 

3 pmv-01.com/en/ (accessed 02.20.2022). 
4 abiopep.com/es/Services/AbioProtect (accessed 

02.20.2022). 
5 kyotobiken.co.jp/en/products/ca.html#forPlant (accessed 

02.20.2022). 

https://www.valto.nl/en/about-v10/faq
https://pmv-01.com/en/
https://www.abiopep.com/es/Services/AbioProtect
https://www.kyotobiken.co.jp/en/products/ca.html%23forPlant
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These vectors were shown to inhibit the multiplication and 

spread of three challenge viruses (Bean yellow mosaic virus, 

ZYMV, and Cucumber mosaic virus) via homology-depen-

dent resistance. In ZYMV-infected cucumber plants, even a 

highly unusual curative effect exerted by a plant vaccine was 
observed: symptoms of the disease symptoms after inocu-

lations with an ALSV vector vaccine (Tamura et al., 2013). It 

is worth mentioning, that, in contrast to cross-protection, a 

pre-existing community of microorganisms in the same host 

may engage in an antagonistic interaction and enhance the 

impact of the pathogen-induced disease (Walters et al., 2011).  

 

Table 1. Selected biologicals inducing cross-protection / disease resistance in plants 

 

Biological Plant / Pathogen Elicitor Reference 

Pathogen 

Virulent (invasive) 

Nicotinia tabacum L. / 

Tobacco mosaic virus, 

Tobacco necrosis virus, 

Turnip mosaic virus, 

Tomato ringspot virus 

Tobacco mosaic virus Ross, 1961B 

Attenuated / Mild isolate  
Lycopersicon esculentum 
L. 

Pepino mosaic virus 
Pechinger et 
al., 2019 

Non-host  

Triticum aestivum L. / 

Blumeria graminis f. sp. 

tritici 

Blumeria graminis f. sp. 

hordei 
Ersek, 1973 

Beneficial 

Biocontrol agent 

Raphanus raphanistrum L. 

/ Fusarium oxysporum 

f.sp. raphani  

Pseudomonas fluorescens 
Hoffland et 

al., 1995 

Commensal 
Nicotiana attenuata L. / 

Fusarium oxysporum 

A consortium of Arthrobacter 

nitroguajacolicus, Bacillus 

cereus, B. megaterium, B. 

mojavensis, Pseudomonas 

azotoformans, P. frederiks-

bergensis 

Santhanam 

et al., 2015 

Symbiont Vitis vinifera L. Rhizophagus irregularis 
Goddard et 

al., 2021 

Peptide, protein 

Harpin 
Nicotinia tabacum L. / 

Tobacco mosaic  virus 

HpaXpm harpin protein 
(isolated from Xanthomonas 
phaseoli pv. manihotis) 

Kohl et al., 

2019 

Systemin 

Solanum melongena L. 
and Vitis vinifera L. / 
Botrytis cinerea 

Tomato systemin 
Molisso et 
al., 2021 

Enzyme 

Nicotinia tabacum L. and 

Solanum lycopersicum L. / 

Botrytis cinerea 

Xylanase 
Frias et al., 

2019 

Toxin 
Nicotinia tabacum L., 

Arabidopsis thaliana L. 
NEP1-like protein 

Kufner et 

al., 2009 

Oligo-

/polynucleotide 
Double-stranded RNAs 

Nicotiana benthamiana 

and Solanum lycopersicum 
L. / Tomato spotted wilt 

virus 

Exogenous application of 

dsRNAs targeting the nucleo-
capsid or the movement pro-

tein of the virus 

Tabein et 

al., 2020  
Tang et al., 

2021 

Oligo-

/polysaccharide 

Oligopectates, 

oligochitosans, and 

chitooligosaccharides 

Arabidopsis thaliana L. / 

Plectosphaerella 

cucumerina 

Exogenous application of 

oligosaccharides 

Moenne and 

Gonzalez, 

2021 

 

 

Non-host pathogens 

Non-host resistance (NHR) is defined as the immunity of a 

certain plant species to a wide range of non-adapted pathogen 

species (Lee et al., 2016). It can be constitutive or induced 

(Fonseca and Mysore, 2019; Niks and Marcel, 2009). The 

mechanisms behind NHR have not been identified yet. Pruitt 
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et al. (2021) speculated that NHR might be due to the pre-

sence of a broad variety of nucleotide-binding domain 

leucine-rich repeat receptors that recognize non-host patho-

gens and initiate an ETI-type response, while Lee et al. (2016) 

attribute NHR to PTI that triggers multi-layered basal 
resistance mechanisms.  These two models of non-host resist-

ance may not be mutually exclusive, as the relative contri-

bution of PTI may increase as a function of phylogenetic 

divergence time between host and non-host plant species 

(e.g., tobacco and tomato vs. tobacco and barley; Schulze-

Lefert and Panstruga, 2011). There are only a few examples 

of experiments studying the interactions of adapted and non-

adapted pathogenic and non-host microorganisms in plants 

(Barna et al. 2022 and references therein). One notable 

exception is reported by Ersek (1973), who found that the 

number of mildew colonies from inoculations with Erysiphe 

(current name Blumeria) graminis f. sp. tritici were power-
fully reduced by pre-inoculating wheat with the barley form 

of E. graminis (Erysiphe graminis f. sp. hordei). He also 

observed that the reduction was due to a local defense 

reaction by the plant in response to the previous inoculation 

(Ersek, 1973). In a continuation of this study, Barna et al. 

(2022) showed that defense responses elicited by Blumeria 

graminis f.sp. hordei in non-host wheat plants lead to a 

reduction of infection by the leaf rust Puccinia triticina. 

 

Beneficial microorganisms 

Beneficial microorganisms (fungi and bacteria) live either 
inside (endosphere) or outside (episphere: soil, and, in the 

case of rice, floodwater) of plant tissues (Doni et al., 2022). 

Typically, in modern agriculture, these microorganisms are 

used to improve the nutrient uptake of plants and also as plant 

growth regulators (Orozco-Mosqueda et al., 2021). As an 

additional advantageous effect, they may be capable of 

protecting the plants against different diseases by eliciting 

ISR (Romera et al., 2019). Thus, some beneficial microbes 

were shown to suppress the outbreak of viral plant diseases 

(Abo-Zaid et al., 2020) as well as to curb the bacterial blight 

of anthurium (Nakkeeran et al., 2020).  In addition, Pirifor-

mospora indica, a mycorrhiza-like fungus was shown to 
induce resistance in barley against powdery mildew and 

Fusarium culmorum (Waller et al. 2005).  

 

Precautionary notes: 1) plant pathogens may circumvent the 

immune system of the plant by targeting and manipulating its 

microbiome (Snelders et al., 2021) and 2) the ability of 

certain antifungal biocontrol agents (e.g., Trichoderma spp.) 

to suppress virulent pathogenic fungi involves mycopara-

sitism and antibiosis, in addition to inducing ISR in plants 

(Mukhopadhyay and Kumar, 2020). 

 

Proteins 

Harpin 

In nature, certain bacterial plant pathogens produce protein-

aceous inducers (called harpins) influencing the overall plant 

 
6 rxgreentechnologies.com/product/axiom  (accessed 

02.25.2022). 
7 planthealthcare.com/about/strategy (accessed 02.09.2022). 

growth, vigor, and the plant defense reaction known as the 

hypersensitive response, therefore they are considered as 

elicitors (Liu et al., 2020). The first harpin (designated as 

HrpN) was isolated from Erwinia amylovora by Wei et al. 

(1992), and later multiple harpins were identified and charac-
terized.  

 

Today, 'AXIOM' is a marketed harpin product, produced by 

Rx Green Technologies (Bedford NH, USA) 6. Other harpin-

based commercial products, such as 'ProAct', 'N-Hibit', 

'Employ', and 'H2Copla' (all contain Harpin αβ) were deve-

loped and marketed by Plant Health Care plc (Holly Springs 

NC, USA) and are available worldwide for use in a variety of 

crops. Noticeably, this company has recently developed its 

'PREtec' technology, which is based on the design of new, 

specific peptides/proteins that elicit disease resistance and 

increased growth of crop plants. The first product from this 
pipeline, 'Saori' (also known as 'PHC279'), was registered in 

Brazil in January 2021. As indicated on the company’s 

website 7 there are other PREtec products in their pipeline, 

including 'PHC949' and 'PHC414'. 

 

Natural toxins 

Hormesis is a term used in toxicology to describe a biphasic 

dose-response curve to a toxic compound when a low dose 

induces a beneficial effect while a high dose leads to toxic 

symptoms (Vargas-Hernandez et al., 2017). A possible 

example of such a hormetic effect is the ability of certain 

NEP1-like protein (NLP) toxins to elicit diverse defense 
reactions in dicotyledonous plants (Kufner et al., 2009). 
NLP toxins are general membrane disrupting agents and 

stimulate plant defenses by interfering with cell integrity. For 

example, elicitor NLP protein PaNie213 (isolated from 

Pythium aphanidermatum) was shown to trigger multiple 

defense responses in carrot, Arabidopsis, and tobacco, such 

as programmed cell death and de novo formation of 4-hydr-

oxybenzoic acid (Veit et al., 2001). 

 
Oligosaccharides 

Oligo- and polysaccharides (derived from the cell walls of 

plants, fungi, and bacteria during plant-pathogen interactions) 

are powerful plant resistance inducers (Moenne and Gonza-

lez, 2021). Recently, several oligosaccharide-based com-

mercial plant protection agents became available, including 

'Stemicol', 'Fytosave' and 'Activane' (developed by LIDA 

Plant Research, Valencia, Spain) 8 that are effective against 

fungal diseases and contain mixtures of oligopectates, oligo-

chitosans, and chitooligosaccharides to control fruit rot and 

downy mildew in different crops.  

 
The glucose polysaccharide laminarin (the main carbohydrate 

food reserve in brown algae [Laminaria digitata]) is a strong 

elicitor of plant defenses against different fungal diseases 

(Jamiolkowska, 2020). For example, the laminarin-based 

formulations 'Vacciplant Plant Defense Stimulant' is available 

8 lidaplantresearch.com/phytovaccines/?lang=en (accessed 

02.20.2022) 

https://www.rxgreentechnologies.com/product/axiom
https://www.planthealthcare.com/about/strategy
https://www.lidaplantresearch.com/phytovaccines/?lang=en
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worldwide from UPL Limited 9 (Mumbai, India) for boosting 

plant disease resistance, health, and yields.  

 

Chitosan is a linear polysaccharide consisting of glucosamine 

and N-acetyl glucosamine. Depending on their chemical 
structure, chitosan molecules may possess plant defense 

elicitor activity (Suarez-Fernandez et al., 2020). Formulated 

chitosan products are currently commercialized by several 

companies, such as Visjon Biologics 10 (Henrietta, Texas, 

USA) as 'Exceed SAR Plant Defense Booster', 'ARMOUR-

Zen' by Botryzen 11 (Dunedin, New Zealand), and ChiPro-

Plant by ChiPro GmbH, Bremen, Germany 12. 

 

Nucleic acids 

Recently, theoretical and practical efforts have intensified to 

develop RNA-based methods in plant protection (Rank and 

Koch, 2021). This approach utilizes the phenomenon of RNA 
interference (RNAi, i.e., RNA-mediated gene silencing), a 

well-known biochemical mechanism active in eukaryote 

organisms (Rank and Koch, 2021; Yu et al., 2022). Thus, 

double-stranded RNA molecules (dsRNAs) can be applied to 

regulate gene expression by targeting specific endogenous 

mRNA molecules to influence the expression of genes in the 

plants, phytopathogenic viruses, and fungi, as well as harmful 

insects. dsRNAs applied to plants topically can spread locally 

and systemically within the plants, reaching the pathogens, 

and may induce RNAi-mediated local and systemic plant 

resistance. Since this action is highly sequence-specific, the 
technology promises improved selectivity and safety, far 

surpassing those of the chemical pesticides (Rank and Koch, 

2021; Yu et al., 2022). There are several approaches to exploit 

the technology, including host-induced gene silencing, spray-

induced gene silencing, virus-induced gene silencing, and 

others, reaching highly impactful protection of plants against 

pests and diseases (Tang et al., 2021). 

 

Plant extracts 

Ethanolic extract of giant knotweed (Reynoutria sachali-

nensis F. Schmidt ex Maxim.) protects zucchini against 

powdery mildew (caused by Podosphaera xanthii) via 
eliciting an SA-dependent defense (Margaritopoulou et al., 

2020). The extract is commercialized as 'Regalia Biofun-

gicide' by Marrone Bio Innovations, Inc. 13 (Davis, Cali-

fornia, USA) to boost the defense mechanisms of plants 

against bacterial and fungal diseases. The active ingredient(s) 

of the giant knotweed extract have not been identified yet. 

 

Yeast cell wall preparation 

Several strains of brewers’ yeast (Saccharomyces cerevisiae) 

exhibit antimicrobial properties. S. cerevisiae was therefore 

investigated as a possible biocontrol agent, and cell wall 
preparations from the fungus were found to show plant 

resistance eliciting activity (De Miccolis Angelini et al., 

2019). The commercial product ‘Romeo’ developed by 

 
9 upl-ltd.com/be/product-details/vacciplant (accessed 

02.27.2022). 
10 visjonbiologics.com/resources (accessed 02.27.2022). 
11 botryzen.co.nz/armour-zen (accessed 02.27.2022). 
12 chipro.de/products/chiproplant/ (accessed 02.27.2022). 

Agrauxine 14 (Beaucouze, France) shows excellent protecting 

ability against several fungal diseases of different crops. 

 

CONCLUSIONS 

 
At the beginning of the twentieth century, the full potential of 

chemical plant protection was yet unknown, when Erwin F. 

Smith (1902) in his brilliant, visionary essay wrote: “Every 

decade will not be fortunate enough to stumble on a Bordeaux 
mixture”. The discovery of synthetic pesticides was consid-

ered as a breakthrough that provided a solid pillar for the 

Green Revolution, aiming to eradicate famine and poverty in 

the world (Komives, 2016). The negative impacts of pesticide 

use on human health and the environment have been 

discovered only decades later (Szekacs and Komives, 2017). 

Because of the widespread problems of pesticide-based plant 

protection, the EU's "Farm-To-Fork" strategy within the 

European Green Deal 15 targets a 50% reduction of the use of 

chemical pesticides by 2030. We believe, that plant protection 

technologies based on plant vaccinations may significantly 

contribute to these sustainability goals.  
 

On a final note, we would like to add that the technology of 

plant vaccination is not without risks (e.g., unpredictable side 

effects, lability of the formulated product, the possibility of 

genetic recombination in case of RNA, etc.). Therefore, this 

modern area of agriculture should be approached with caution 

and considered as a highly research-demanding field. 
 

OPEN ACCESS STATEMENT 

 

This article has been published under a Creative Commons 

Attribution 4.0 international license that provides immediate 

open access to its content on the principle that making 

research freely available to the public supports a greater 

global exchange of knowledge. 

 

ACKNOWLEDGMENTS 

 
We acknowledge with thanks Professor Laszlo Hornok 

(Hungarian University of Agriculture and Life Sciences, 

Godollo, Hungary), Dr. Balazs Barna, Dr. Zoltan Bozso, Dr. 

Gabor Gullner, and Dr. Lorant Kiraly (all of the Plant 

Protection Institute, ARC, ELRN, Budapest, Hungary) for 

their valuable suggestions and constructive criticism while 

preparing the manuscript. 
 

REFERENCES 

 
Abo-Zaid, G.A., Matar, S.M., Abdelkhalek, A., 2020. 

Induction of plant resistance against tobacco mosaic virus 

using the biocontrol agent Streptomyces cellulosae isolate 

Actino 48. Agronomy 10, 1620.  

13 marronebio.com/products/regalia/ (accessed 02.27.2022). 
14 agrauxine.com/en/produit/romeo/ (accessed 02.27.2022). 
15 ec.europa.eu/food/horizontal-topics/farm-fork-strategy_en 

(accessed 02.09.2022). 

https://www.upl-ltd.com/be/product-details/vacciplant
https://www.visjonbiologics.com/resources
https://www.botryzen.co.nz/armour-zen
http://chipro.de/products/chiproplant/
https://marronebio.com/products/regalia/
https://agrauxine.com/en/produit/romeo/
https://ec.europa.eu/food/horizontal-topics/farm-fork-strategy_en


 © 2022 The Author(s). Ecocycles © European Ecocycles Society, ISSN 2416-2140                                                       Volume 8, Issue 1 (2022) 
 

46 

 

DOI: 10.3390/agronomy10111620 

 

Aguero, J., Gómez-Aix, C., Sempere, R.N., García-Villalba, 

J., García-Núñez, J., Hernando, Y., Aranda, M.A., 2018. 

Stable and broad spectrum cross-protection against Pepino 
mosaic virus attained by mixed infection. Front. Plant Sci. 9.  

DOI: 10.3389/fpls.2018.01810 

 

Anastassiadou, M., Arena, M., Auteri, D., Brancato, A., Bura, 

L., Cabrera, L.C., Chaideftou, E., Chiusolo, A., Crivellente, 

F., Lentdecker, C.D., Egsmose, M., Fait, G., Greco, L., 

Ippolito, A., Istace, F., Jarrah, S., Kardassi, D., Leuschner, R., 

Lostia, A., Lythgo, C., Magrans, O., Mangas, I., Miron, I., 

Molnar, T., Padovani, L., Morte, J.M.P., Pedersen, R., Reich, 

H., Santos, M., Sharp, R., Szentes, C., Terron, A., Tiramani, 

M., Vagenende, B., Villamar‐Bouza, L., 2021. Peer review of 

the pesticide risk assessment of the active substances Pepino 
Mosaic Virus, EU strain, mild isolate Abp1 and Pepino 

Mosaic Virus, CH2 strain, mild isolate Abp2. EFSA J. 19, 

e06388.  

DOI: 10.2903/j.efsa.2021.6388 

 

Ando, S., Jaskiewicz, M., Mochizuki, S., Koseki, S., Miya-

shita, S., Takahashi, H., Conrath, U., 2021. Priming for 

enhanced ARGONAUTE2 activation accompanies induced 

resistance to cucumber mosaic virus in Arabidopsis thaliana. 

Mol. Plant Pathol. 22, 19–30.  

DOI: 10.1111/mpp.13005 
 

Barna, B., Mate, G., Preuss, J., Harrach, B.D., Gullner, G., 

Manninger, K., Fodor, J., 2022. Defence responses triggered 

by Blumeria graminis f.sp. hordei in non-host wheat geno-

types results in a decrease in Puccinia triticina infection. J. 

Phytopathol. 170, 82–90.  

DOI: 10.1111/jph.13057  

 

Beauverie, J., 1901. Essais d’immunisation des végétaux 

contre les maladies cryptogamiques. CR Acad Sci Ser III 133, 

107–110. 

 
Bernard, N., 1911. Sur la fonction fongicide des bulbes 

d’ophrydées. Ann. Sci. Nat. Bot. Biol. 9, 221–234. 

 

Boylston, A., 2012. The origins of inoculation. J. R. Soc. 

Med. 105, 309–313.  

DOI: 10.1258/jrsm.2012.12k044 

 

Broadbent, L., 1964. The epidemiology of tomato mosaic. 

VII. The effect of TMV on tomato fruit yield and quality 

under glass. Ann. Appl. Biol. 54, 209–224.  

DOI: 10.1111/j.1744-7348.1964.tb01185.x 
 

Broadbent, L., 1976. Epidemiology and control of tomato 

mosaic virus. Annu. Rev. Phytopathol. 14, 75–96.  

DOI: 10.1146/annurev.py.14.090176.000451 

 

Burgyan, J., Gaborjanyi, R., 1984. Cross-protection and 

multiplication of mild and severe strains of TMV in tomato 

plants. J. Phytopathol. 110, 156–167.  

DOI: 10.1111/j.1439-0434.1984.tb03404.x 

Chang, Y., Yan, H., Liou, R., 2014. A novel elicitor protein 

from Phytophthora parasitica induces plant basal immunity 

and systemic acquired resistance. Mol. Plant Pathol. 16, 123–

136.  

DOI: 10.1111/mpp.12166 
 

Chewachong, G.M., Miller, S.A., Blakeslee, J.J., Francis, 

D.M., Morris, T.J., Qu, F., 2015. Generation of an attenuated, 

cross-protective Pepino mosaic virus variant through 

alignment-guided mutagenesis of the viral capsid protein. 

Phytopathology 105, 126–134.  

DOI: 10.1094/phyto-01-14-0018-r 

 

De Kesel, J., Conrath, U., Flors, V., Luna, E., Mageroy, M.H., 

Mauch-Mani, B., Pastor, V., Pozo, M.J., Pieterse, C.M.J., Ton, 

J., Kyndt, T., 2021. The induced resistance lexicon: Do’s and 

don’ts. Trends Plant Sci. 26, 685–691.  
DOI: 10.1016/j.tplants.2021.01.001 

 

Doni, F., Suhaimi, N.S.M., Mispan, M.S., Fathurrahman, F., 

Marzuki, B.M., Kusmoro, J., Uphoff, N., 2022. Microbial 

contributions for rice production: From conventional crop 

management to the use of ‘omics’ technologies. Int. J. Mol. 

Sci. 23, 737.  

DOI: 10.3390/ijms23020737 

 

Ersek, T., 1973. Defense reaction induced by a primary 

inoculation with barley powdery mildew on wheat seedlings. 
Acta Phytopathol. Acad. Sci. Hung. 9, 293–300. 

 

Fonseca, J.P., Mysore, K.S., 2019. Genes involved in nonhost 

disease resistance as a key to engineer durable resistance in 

crops. Plant Sci. Int. J. Exp. Plant Biol. 279, 108–116.  

DOI: 10.1016/j.plantsci.2018.07.002 

 

Frias, M., Gonzalez, M., Gonzalez, C., Brito, N., 2019. A 25-

residue peptide from Botrytis cinerea xylanase BcXyn11A 

elicits plant defenses. Front. Plant Sci. 10. 

DOI: 10.3389/fpls.2019.00474 

 
Fu, D.-Q., Ghabrial, S., Kachroo, A., 2009. GmRAR1 and 

GmSGT1 are required for basal, R gene-mediated and 

systemic acquired resistance in soybean. Mol. Plant-Microbe 

Interact. MPMI 22, 86–95.  

DOI: 10.1094/mpmi-22-1-0086 

 

Goddard, M.-L., Belval, L., Martin, I.R., Roth, L., Laloue, H., 

Deglène-Benbrahim, L., Valat, L., Bertsch, C., Chong, J., 

2021. Arbuscular mycorrhizal symbiosis triggers major 

changes in primary metabolism together with modification of 

defense responses and signaling in both roots and leaves of 
Vitis vinifera. Front. Plant Sci. 12, 1675.  

DOI: 10.3389/fpls.2021.721614 

 

Gong, B.-Q., Guo, J., Zhang, N., Yao, X., Wang, H.-B., Li, J.-

F., 2019. Cross-microbial protection via priming a conserved 

immune co-receptor through juxtamembrane 

phosphorylation in plants. Cell Host Microbe 26, 810-822.e7.  

DOI: 10.1016/j.chom.2019.10.010 

 

https://doi.org/10.3390/agronomy10111620
https://doi.org/10.3389/fpls.2018.01810
https://doi.org/10.2903/j.efsa.2021.6388
https://doi.org/10.1111/mpp.13005
https://doi.org/10.1111/jph.13057
https://doi.org/10.1258/jrsm.2012.12k044
https://doi.org/10.1111/j.1744-7348.1964.tb01185.x
https://doi.org/10.1146/annurev.py.14.090176.000451
https://doi.org/10.1111/j.1439-0434.1984.tb03404.x
https://doi.org/10.1111/mpp.12166
https://doi.org/10.1094/PHYTO-01-14-0018-R
https://doi.org/10.1016/j.tplants.2021.01.001
https://doi.org/10.3390/ijms23020737
https://doi.org/10.1016/j.plantsci.2018.07.002
https://doi.org/10.3389/fpls.2019.00474
https://doi.org/10.1094/MPMI-22-1-0086
https://doi.org/10.3389/fpls.2021.721614
https://doi.org/10.1016/j.chom.2019.10.010


 © 2022 The Author(s). Ecocycles © European Ecocycles Society, ISSN 2416-2140                                                       Volume 8, Issue 1 (2022) 
 

47 

 

Hoffland, E., Pieterse, C.M.J., Bik, L., van Pelt, J.A., 1995. 

Induced systemic resistance in radish is not associated with 

accumulation of pathogenesis-related proteins. Physiol. Mol. 

Plant Pathol. 46, 309–320. 

DOI: 10.1006/pmpp.1995.1024 
 

Ishiga, T., Sakata, N., Ugajin, T., Ishiga, Y., 2021. Acibenzo-

lar-S-methyl and probenazole activate stomatal-based 

defense at different times to control bacterial blight of 

cabbage. J. Gen. Plant Pathol. 87, 30–34.  

DOI: 10.1007/s10327-020-00965-9 

 

Iwata, M., 2001. Probenazole - a plant defence activator. 

Pestic. Outlook 12, 28–31.  

DOI: 10.1039/b100805f 

 

Jamiolkowska, A., 2020. Natural compounds as elicitors of 
plant resistance against diseases and new biocontrol 

strategies. Agronomy 10, 173.  

DOI: 10.3390/agronomy10020173 

 

Jenner, E., 1798. An Inquiry into the Causes and Effects of 

the Variolæ Vaccinæ. Sampson Low, London. 

 

Johnson, J., 1926. The attenuation of plant viruses and the 

inactivating influence of oxygen. Science 64, 210.  

DOI: 10.1126/science.64.1652.210 

 
Jones, J.D.G., Dangl, J.L., 2006. The plant immune system. 

Nature 444, 323–329.  

DOI: 10.1038/nature05286 

 

Ke, Y., Deng, H., Wang, S., 2017. Advances in understanding 

broad-spectrum resistance to pathogens in rice. Plant J. 90, 

738–748.  

DOI: 10.1111/tpj.13438 

 

Kiraly, L., Kunstler, A., Bacso, R., Hafez, Y., Kiraly, Z., 2013. 

Similarities and differences in plant and animal immune 

systems - what is inhibiting pathogens? Acta Phytopathol. 
Entomol. Hung. 48, 187–205.  

DOI: 10.1556/aphyt.48.2013.2.1 

 

Kohl, J., Kolnaar, R., Ravensberg, W.J., 2019. Mode of action 

of microbial biological control agents against plant diseases: 

Relevance beyond efficacy. Front. Plant Sci. 10. DOI: 

10.3389/fpls.2019.00845 

 

Komives, T., 2016. Chemical plant protection. Past. Present. 

Future? Ecocycles 2, 1–2.  

DOI: 10.19040/ecocycles.v2i1.47 
 

Komives, T., Kiraly, Z., 2019. Disease resistance in plants: 

The road to phytoalexins and beyond. Ecocycles 5, 7–12.  

DOI: 10.19040/ecocycles.v5i1.132 

 

Kostoff, D., 1929. Acquired immunity in plants. Genetics 14, 

37–77. 

 

Kufner, I., Ottmann, C., Oecking, C., Nurnberger, T., 2009. 

Cytolytic toxins as triggers of plant immune response. Plant 

Signal. Behav. 4, 977–979. 

DOI: 10.4161/psb.4.10.9669 

 
Lee, S., Whitaker, V.M., Hutton, S.F., 2016. Mini review: 

Potential applications of non-host resistance for crop 

improvement. Front. Plant Sci. 7, 997.  

DOI: 10.3389/fpls.2016.00997 

 

Liu, B., Kaurilind, E., Jiang, Y., Niinemets, U., 2018. Methyl 

salicylate differently affects benzenoid and terpenoid volatile 

emissions in Betula pendula. Tree Physiol. 38, 1513–1525.  

DOI: 10.1093/treephys/tpy050 

 

Liu, S., Deng, X., Zhou, X., Bai, L., 2021. Assessing the 

toxicity of three “inert” herbicide safeners toward Danio 
rerio: Effects on embryos development. Ecotoxicol. Environ. 

Saf. 207, 111576.  

DOI: 10.1016/j.ecoenv.2020.111576 

 

Liu, Y., Zhou, X., Liu, W., Huang, J., Liu, Q., Sun, J., Cai, X., 

Miao, W., 2020. HpaXpm, a novel harpin of Xanthomonas 

phaseoli pv. manihotis, acts as an elicitor with high thermal 

stability, reduces disease, and promotes plant growth. BMC 

Microbiol. 20, 4.  

DOI: 10.1186/s12866-019-1691-4 

 
Margaritopoulou, T., Toufexi, E., Kizis, D., Balayiannis, G., 

Anagnostopoulos, C., Theocharis, A., Rempelos, L., 

Troyanos, Y., Leifert, C., Markellou, E., 2020. Reynoutria 

sachalinensis extract elicits SA-dependent defense responses 

in courgette genotypes against powdery mildew caused by 

Podosphaera xanthii. Sci. Rep. 10, 3354. 

DOI: 10.1038/s41598-020-60148-6  

 

McKinney, H.H., 1929. Mosaic diseases in the Canary 

Islands, West Africa, and Gibraltar 557-578. 

 

Mejri, S., Magnin-Robert, M., Randoux, B., Ghinet, A., 
Halama, P., Siah, A., Reignault, P., 2021. Saccharin provides 

protection and activates defense mechanisms in wheat against 

the hemibiotrophic pathogen Zymoseptoria tritici. Plant Dis. 

105, 780–786.  

DOI: 10.1094/pdis-05-20-1106-re 

 

De Miccolis Angelini, R.M., Rotolo, C., Gerin, D., Abate, D., 

Pollastro, S., Faretra, F., 2019. Global transcriptome analysis 

and differentially expressed genes in grapevine after 

application of the yeast-derived defense inducer cerevisane. 

Pest Manag. Sci. 75, 2020–2033. 
DOI: 10.1002/ps.5317  

 

 

Moenne, A., Gonzalez, A., 2021. Chitosan-, alginate- 

carrageenan-derived oligosaccharides stimulate defense 

against biotic and abiotic stresses, and growth in plants: A 

historical perspective. Carbohydr. Res. 503, 108298.  

DOI: 10.1016/j.carres.2021.108298 

 

https://doi.org/10.1006/pmpp.1995.1024
https://doi.org/10.1007/s10327-020-00965-9
https://doi.org/10.1039/B100805F
https://doi.org/10.3390/agronomy10020173
https://doi.org/10.1126/science.64.1652.210
https://doi.org/10.1038/nature05286
https://doi.org/10.1111/tpj.13438
https://doi.org/10.1556/APhyt.48.2013.2.1
https://doi.org/10.3389/fpls.2019.00845
https://doi.org/10.19040/ecocycles.v2i1.47
https://doi.org/10.19040/ecocycles.v5i1.132
https://doi.org/10.4161/psb.4.10.9669
https://doi.org/10.3389/fpls.2016.00997
https://doi.org/10.1093/treephys/tpy050
https://doi.org/10.1016/j.ecoenv.2020.111576
https://doi.org/10.1186/s12866-019-1691-4
https://doi.org/10.1038/s41598-020-60148-6
https://doi.org/10.1094/PDIS-05-20-1106-RE
https://doi.org/10.1002/ps.5317
https://doi.org/10.1016/j.carres.2021.108298


 © 2022 The Author(s). Ecocycles © European Ecocycles Society, ISSN 2416-2140                                                       Volume 8, Issue 1 (2022) 
 

48 

 

Molisso, D., Coppola, M., Aprile, A.M., Avitabile, C., Natale, 

R., Romanelli, A., Chiaiese, P., Rao, R., 2021. Colonization 

of Solanum melongena and Vitis vinifera plants by Botrytis 

cinerea is strongly reduced by the exogenous application of 

tomato systemin. J. Fungi 7, 15.  
DOI: 10.3390/jof7010015 

 

Mukhopadhyay, R., Kumar, D., 2020. Trichoderma: a 

beneficial antifungal agent and insights into its mechanism of 

biocontrol potential. Egypt. J. Biol. Pest Control 30, 133. 

DOI: 10.1186/s41938-020-00333-x 

 

Najdabbasi, N., Mirmajlessi, S.M., Dewitte, K., Ameye, M., 

Mand, M., Audenaert, K., Landschoot, S., Haesaert, G., 2021. 

Green leaf volatile confers management of late blight disease: 

A green vaccination in potato. J. Fungi Basel Switz. 7, 312.  

DOI: 10.3390/jof7040312 
 

Nakkeeran, S., Suganyadevi, M., Rajamanickam, S., 2020. 

Understanding the molecular basis on the biological 

suppression of bacterial leaf blight of anthurium exerted by 

Bacillus subtilis (BIO3) through proteomic approach. 3 

Biotech 10, 468.  

DOI: 10.1007/s13205-020-02456-2 

 

Niks, R.E., Marcel, T.C., 2009. Nonhost and basal resistance: 

how to explain specificity? New Phytol. 182, 817–828.  

DOI: 10.1111/j.1469-8137.2009.02849.x 
 

Ninkovic, V., Glinwood, R., Unlu, A.G., Ganji, S., Unelius, 

C.R., 2021. Effects of methyl salicylate on host plant 

acceptance and feeding by the aphid Rhopalosiphum padi. 

Front. Plant Sci. 12. 

DOI: 10.3389/fpls.2021.710268 

 

Ochoa-Meza, L.C., Quintana-Obregon, E.A., Vargas-Aris-

puro, I., Falcon-Rodriguez, A.B., Aispuro-Hernandez, E., 

Virgen-Ortiz, J.J., Martinez-Tellez, M.Á., 2021. Oligosaccha-

rins as elicitors of defense responses in wheat. Polymers 13, 

3105.  
DOI: 10.3390/polym13183105 

 

Ogai, R., Kanda-Hojo, A., Tsuda, S., 2013. An attenuated 

isolate of Pepper mild mottle virus for cross protection of 

cultivated green pepper (Capsicum annuum L.) carrying the 

L3 resistance gene. Crop Prot. 54, 29–34.  

DOI: 10.1016/j.cropro.2013.07.008 

 

Orozco-Mosqueda, M. del C., Flores, A., Rojas-Sánchez, B., 

Urtis-Flores, C.A., Morales-Cedeño, L.R., Valencia-Marin, 

M.F., Chávez-Avila, S., Rojas-Solis, D., Santoyo, G., 2021. 
Plant growth-promoting bacteria as bioinoculants: Attributes 

and challenges for sustainable crop improvement. Agronomy 

11, 1167.  

DOI: 10.3390/agronomy11061167 

 

Park, S.-W., Kaimoyo, E., Kumar, D., Mosher, S., Klessig, 

D.F., 2007. Methyl salicylate is a critical mobile signal for 

plant systemic acquired resistance. Science 318, 113–116.  

DOI: 10.1126/science.1147113 

Pechinger, K., Chooi, K.M., MacDiarmid, R.M., Harper, S.J., 

Ziebell, H., 2019. A new era for mild strain cross-protection. 

Viruses 11, 670.  

DOI: 10.3390/v11070670 

 
Pollard, A.J., Bijker, E.M., 2021. A guide to vaccinology: 

from basic principles to new developments. Nat. Rev. 

Immunol. 21, 83–100.  

DOI: 10.1038/s41577-020-00479-7 

 

Pruitt, R.N., Gust, A.A., Nurnberger, T., 2021. Plant 

immunity unified. Nat. Plants 7, 382–383.  

DOI: 10.1038/s41477-021-00903-3 

 

Rank, A.P., Koch, A., 2021. Lab-to-field transition of RNA 

spray applications – How far are we? Front. Plant Sci. 12, 

2243.  
DOI: 10.3389/fpls.2021.755203 

 

Rast, A.T.B., 1972. M II-16, an artificial symptomless mutant 

of tobacco mosaic virus for seedling inoculation of tomato 

crops. Neth. J. Plant Pathol. 78, 110–112. 

 

Ray, J., 1901. Les maladies cryptogamiques des végétaux. 

Rev Gen Bot 13, 145–151. 

 

Romera, F.J., García, M.J., Lucena, C., Martínez-Medina, A., 

Aparicio, M.A., Ramos, J., Alcántara, E., Angulo, M., Pérez-
Vicente, R., 2019. Induced systemic resistance (ISR) and Fe 

deficiency responses in dicot plants. Front. Plant Sci. 10.  

DOI: 10.3389/fpls.2019.00287 

 

Ross, A. F., 1961A. Localized acquired resistance to plant 

virus infection in hypersensitive hosts. Virology 14, 329–339.  

DOI: 10.1016/0042-6822(61)90318-x 

 

Ross, A. Frank, 1961B. Systemic acquired resistance induced 

by localized virus infections in plants. Virology 14, 340–358.  

DOI: 10.1016/0042-6822(61)90319-1 

 
Sakata, N., Ishiga, T., Taniguchi, S., Ishiga, Y., 2020. 

Acibenzolar-S-methyl activates stomatal-based defense 

systemically in Japanese radish. Front. Plant Sci. 11. 

DOI: 10.3389/fpls.2020.565745 

 

Santhanam, R., Luu, V.T., Weinhold, A., Goldberg, J., Oh, Y., 

Baldwin, I.T., 2015. Native root-associated bacteria rescue a 

plant from a sudden-wilt disease that emerged during 

continuous cropping. Proc. Natl. Acad. Sci. 112, E5013–

E5020.  

DOI: 10.1073/pnas.1505765112 
 

Sardina, J.R., 1926. Formation of antibodies in plants (in 

German). Angew Bot 8, 289–303. 

 

Schenk, M.F., Hamelink, R., van der Vlugt, R.A.A., Vermunt, 

A.M.W., Kaarsenmaker, R.C., Stijger, I.C.C.M.M., 2010. The 

use of attenuated isolates of Pepino mosaic virus for cross-

protection. Eur. J. Plant Pathol. 127, 249–261.  

DOI: 10.1007/s10658-010-9590-4 

https://doi.org/10.3390/jof7010015
https://doi.org/10.1186/s41938-020-00333-x
https://doi.org/10.3390/jof7040312
https://doi.org/10.1007/s13205-020-02456-2
https://doi.org/10.1111/j.1469-8137.2009.02849.x
https://doi.org/10.3389/fpls.2021.710268
https://doi.org/10.3390/polym13183105
https://doi.org/10.1016/j.cropro.2013.07.008
https://doi.org/10.3390/agronomy11061167
https://doi.org/10.1126/science.1147113
https://doi.org/10.3390/v11070670
https://doi.org/10.1038/s41577-020-00479-7
https://doi.org/10.1038/s41477-021-00903-3
https://doi.org/10.3389/fpls.2021.755203
https://doi.org/10.3389/fpls.2019.00287
https://doi.org/10.1016/0042-6822(61)90318-x
https://doi.org/10.1016/0042-6822(61)90319-1
https://doi.org/10.3389/fpls.2020.565745
https://doi.org/10.1073/pnas.1505765112
https://doi.org/10.1007/s10658-010-9590-4


 © 2022 The Author(s). Ecocycles © European Ecocycles Society, ISSN 2416-2140                                                       Volume 8, Issue 1 (2022) 
 

49 

 

Schulze-Lefert, P., Panstruga, R. 2011. A molecular evolu-

tionary concept connecting nonhost resistance, pathogen host 

range, and pathogen speciation. Trends in Plant Science 16(3) 

116-125.  

DOI: 10.1016/j.tplants.2011.01.001  
 

Singewar, K., Fladung, M., Robischon, M., 2021. Methyl 

salicylate as a signaling compound that contributes to forest 

ecosystem stability. Trees 35, 1755–1769.  

DOI: 10.1007/s00468-021-02191-y 

 

Sivey, J.D., Lehmler, H.-J., Salice, C.J., Ricko, A.N., 

Cwiertny, D.M., 2015. Environmental fate and effects of 

dichloroacetamide herbicide safeners: “Inert” yet biologically 

active agrochemical ingredients. Environ. Sci. Technol. Lett. 

2, 260–269.  

DOI: 10.1021/acs.estlett.5b00220 
 

Smith, E.F., 1911. Bacteria in relation to plant diseases. 

Volume 2. 93-94. Carnegie Institution of Washington, 

Washington, D.C. 

DOI: 10.5962/bhl.title.20583 

 

Snelders, N.C., Petti, G.C., Berg, G.C.M. van den, Seidl, 

M.F., Thomma, B.P.H.J., 2021. An ancient antimicrobial 

protein co-opted by a fungal plant pathogen for in planta 

mycobiome manipulation. Proc. Natl. Acad. Sci. 118.  

DOI: 10.1073/pnas.2110968118 
 

Suarez-Fernandez, M., Marhuenda-Egea, F.C., Lopez-Moya, 

F., Arnao, M.B., Cabrera-Escribano, F., Nueda, M.J., Gunsé, 

B., Lopez-Llorca, L.V., 2020. Chitosan induces plant horm-

ones and defenses in tomato root exudates. Front. Plant Sci. 

11. 

DOI: 10.3389/fpls.2020.572087 

 

Szekacs, A., Komives, T., 2017. Research directions in plant 

protection chemistry. Ecocycles 3, 4–12.  

DOI: 10.19040/ecocycles.v3i2.71 

 
Tabein, S., Jansen, M., Noris, E., Vaira, A.M., Marian, D., 

Behjatnia, S.A.A., Accotto, G.P., Miozzi, L., 2020. The 

induction of an effective dsRNA-mediated resistance against 

tomato spotted wilt virus by exogenous application of double-

stranded RNA largely depends on the selection of the viral 

RNA target region. Front. Plant Sci. 11. 

DOI: 10.3389/fpls.2020.533338 

 

Tamura, A., Kato, T., Taki, A., Sone, M., Satoh, N., 

Yamagishi, N., Takahashi, T., Ryo, B.-S., Natsuaki, T., 

Yoshikawa, N., 2013. Preventive and curative effects of 
Apple latent spherical virus vectors harboring part of the 

target virus genome against potyvirus and cucumovirus 

infections. Virology 446, 314–324.  

DOI: 10.1016/j.virol.2013.08.019 

 

Tang, J., Gu, X., Liu, J., He, Z., 2021. Roles of small RNAs 

in crop disease resistance. Stress Biol. 1, 6.  

DOI: 10.1007/s44154-021-00005-2 

 

Tomitaka Y., Kubota K., Tsuda S., 2018. Development and 

utilization of plant vaccines in Japan. Presented at the 

Proceedings of the 2018 International Symposium on 

Proactive Technologies for Enhancement of Integrated Pest 

Management of Key Crops, Special Publication of TARI No. 
215, pp. 134–144. 

 

Tripathi, D., Raikhy, G., Kumar, D., 2019. Chemical elicitors 

of systemic acquired resistance - Salicylic acid and its 

functional analogs. Curr. Plant Biol., Plant-Pathogen 

Interactions and their Control: Conventional vs. Modern 

Approach 17, 48–59.  

DOI: 10.1016/j.cpb.2019.03.002 

 

Vargas-Hernandez, M., Macias-Bobadilla, I., Guevara-

Gonzalez, R.G., Romero-Gomez, S. de J., Rico-Garcia, E., 

Ocampo-Velazquez, R.V., Alvarez-Arquieta, L. de L., Torres-
Pacheco, I., 2017. Plant hormesis management with 

biostimulants of biotic origin in agriculture. Front. Plant Sci. 

8, 1762.  

DOI: 10.3389/fpls.2017.01762 

 

Veit, S., Worle, J.M., Nurnberger, T., Koch, W., Seitz, H.U., 

2001. A novel protein elicitor (PaNie) from Pythium aphani-

dermatum induces multiple defense responses in carrot, 

Arabidopsis, and tobacco. Plant Physiol. 127, 832–841.  

DOI: 10.1104/pp.010350 

 
Vermunt, A.M.W., Kaarsemaker, R.C., 2017. Multi-genotype 

cross-protection against Pepino mosaic virus in tomato. Crop 

Prot. 96, 116–122.  

DOI: 10.1016/j.cropro.2017.02.007 

 

Vlot, A.C., Sales, J.H., Lenk, M., Bauer, K., Brambilla, A., 

Sommer, A., Chen, Y., Wenig, M., Nayem, S., 2021. Systemic 

propagation of immunity in plants. New Phytol. 229, 1234–

1250.  

DOI: 10.1111/nph.16953 

 

Waller, F., Achatz, B., Baltruschat, H., Fodor, J., Becker, K., 
Fischer, M., Heier, T., Hückelhoven, R., Neumann, C., von 

Wettstein, D., Franken, P., Kogel, K.-H., 2005. The 

endophytic fungus Piriformospora indica reprograms barley 

to salt-stress tolerance, disease resistance, and higher yield. 

Proc. Natl. Acad. Sci. U. S. A. 102, 13386–13391.  

DOI: 10.1073/pnas.0504423102 

 

Walters, D.R., Paterson, L., Sablou, C., Walsh, D.J., 2011. 

Existing infection with Rhynchosporium secalis 

compromises the ability of barley to express induced 

resistance. Eur. J. Plant Pathol. 130, 73–82.  
DOI: 10.1007/s10658-010-9733-7 

 

Wei, Z.-M., Laby, R.J., Zumoff, C.H., Bauer, D.W., He, S.Y., 

Collmer, A., Beer, S.V., 1992. Harpin, elicitor of the 

hypersensitive response produced by the plant pathogen 

Erwinia amylovora. Science.  

DOI: 10.1126/science.1621099 

 

https://doi.org/10.1016/j.tplants.2011.01.001
https://doi.org/10.1007/s00468-021-02191-y
https://doi.org/10.1021/acs.estlett.5b00220
https://doi.org/10.5962/bhl.title.20583
https://doi.org/10.1073/pnas.2110968118
https://doi.org/10.3389/fpls.2020.572087
https://doi.org/10.19040/ecocycles.v3i2.71
https://doi.org/10.3389/fpls.2020.533338
https://doi.org/10.1016/j.virol.2013.08.019
https://doi.org/10.1007/s44154-021-00005-2
https://doi.org/10.1016/j.cpb.2019.03.002
https://doi.org/10.3389/fpls.2017.01762
https://doi.org/10.1104/pp.010350
https://doi.org/10.1016/j.cropro.2017.02.007
https://doi.org/10.1111/nph.16953
https://doi.org/10.1073/pnas.0504423102
https://doi.org/10.1007/s10658-010-9733-7
https://doi.org/10.1126/science.1621099


 © 2022 The Author(s). Ecocycles © European Ecocycles Society, ISSN 2416-2140                                                       Volume 8, Issue 1 (2022) 
 

50 

 

Westman, S.M., Kloth, K.J., Hanson, J., Ohlsson, A.B., 

Albrectsen, B.R., 2019. Defence priming in Arabidopsis – a 

meta-analysis. Sci. Rep. 9, 13309.  

DOI: 10.1038/s41598-019-49811-9 

 
Wu, Z., Wang, G., Zhang, B., Dai, T., Gu, A., Li, X., Cheng, 

X., Liu, P., Hao, J., Liu, X., 2021. Metabolic mechanism of 

plant defense against rice blast induced by probenazole. 

Metabolites 11, 246.  

DOI: 10.3390/metabo11040246 

 

Yang, F., Wang, H., Zhi, C., Chen, B., Zheng, Y., Qiao, L., 

Gao, J., Pan, Y., Cheng, Z., 2021. Garlic volatile diallyl 

disulfide induced cucumber resistance to downy mildew. Int. 

J. Mol. Sci. 22, 12328.  

DOI: 10.3390/ijms222212328 

 

Yu, T.-Y., Sun, M.-K., Liang, L.-K., 2021. Receptors in the 

induction of the plant innate immunity. Mol. Plant-Microbe 

Interactions MPMI-07-20-0173-CR.  
DOI: 10.1094/mpmi-07-20-0173-cr 

 

Yu, Y., Gui, Y., Li, Z., Jiang, C., Guo, J., Niu, D., 2022. 

Induced systemic resistance for improving plant immunity by 

beneficial microbes. Plants 11, 386.  

DOI: 10.3390/plants11030386 

 

Zhou, M., Wang, W., 2018. Recent advances in synthetic 

chemical inducers of plant immunity. Front. Plant Sci. 9.  

DOI: 10.3389/fpls.2018.01613 

 

 

 

 

© 2022 by the author(s). This article is an open-access article distributed under the terms and conditions of 

the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

 

https://doi.org/10.1038/s41598-019-49811-9
https://doi.org/10.3390/metabo11040246
https://doi.org/10.3390/ijms222212328
https://doi.org/10.1094/MPMI-07-20-0173-CR
https://doi.org/10.3390/plants11030386
https://doi.org/10.3389/fpls.2018.01613
https://creativecommons.org/licenses/by/4.0/

