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Abstract

To combat plant diseases, modern agriculture has a large arsenal of xenobiotic pesticides that
are toxic to microorganisms. However, the hazardous effects of such pesticides or their degradation
products on the environment and human health urgently require the search for new harmless and
environmentally safe means of plant pathogen control. In this regard, the attention of researchers is
attracted by the phenomenon of natural plant resistance, including the active plant immunity and
natural substances that can induce plant defense mechanisms (J.D. Jones et al., 2006; M. Albert, 2013;
L. Wiesel et al., 2014; E.J. Andersen et al., 2018; D.F. Klessig et al., 2018). Various microorganisms,
pathogenic or nonpathogenic to plants can serve as sources of such substances, including proteins and
peptides. When interacting with them, microbial proteins play the role of nonspecific resistance elicitors
recognized by plants as conserved microbial patterns (MAMPs or PAMPs) that induce the first line of
active plant defense (basic resistance, or PTI) (C. Zipfel, 2009; M.A. Newman, 2013; J. Guo,
Y. Cheng, 2022).. Other microbial proteins play the role of effectors involved in the development of
the disease, and, if recognized by host plants, can also activate defense responses as elicitors of race-
specific resistance (B.P. Thomma et al., 2011; W. Zhang et al., 2022; B.C. Remick et al, 2023). The
perception of microbial protein elicitors by plant receptors causes rapid responses and can lead to the
development of prolong systemic resistance in plants (T. Boller, G. Felix, 2009; J.B. Joshi et al., 2022;
S. Wang et al., 2023). Studying the properties and mechanisms of action of microbial proteins is new
and fast-paced research cluster, which results create the basis for one of the most eco-friendly avenue
in the field of plant protection and can lead to the development of novel effective biocontrol agents
for sustainable agriculture. Over the past few decades, in nonpathogenic and plant pathogenic fungi,
oomycetes, bacteria, and viruses, including those affecting agricultural crops, a number of elicitor
proteins have been identified that belong to the MAMP/PAMP type, as well as effectors that induce
specific immunity (ETI). The review below summarizes and analyzes information on the most
important advances in the identification and studying of elicitor proteins produced by various bacteria,
fungi, oomycetes, and viruses (D. Qutob et al., 2003; M. Tarallo et al., 2022; Q. Xu et al., 2022). If
the corresponding information is known, the peculiarities of the elicitor structure and their mechanisms
of action, namely, defense responses of various plants induced by the corresponding elicitors, are briefly
described. We also tried to illustrate the diversity of microorganism species able to produce elicitor
proteins, which trigger the mechanisms of both specific and nonspecific resistance. The examples of
protein and peptide elicitors, for which both basic and novel data are presented, are described in more
details. Such bacterial elicitors include flagellin, harpins (similar and differing effects of harpins and
flagellins are described), elongation factor Tu, cold shock proteins; elicitors produced by mycelial fungi
include effectors of Cladosporium fulvum, elicitors of pathogenic and nonpathogenic Fusarium fungi,
and recently discovered MAMPs/PAMPs and ETI-inducing proteins. The review also includes
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information on the oomycetal elicitors, microbial enzymes possessing eliciting properties, glycoproteins
and peptidoglycans, and vector proteins of viruses (Y. Jin et al., 2021; L. Cai et al., 2023). In addition,
the prospects for practical application of microbial elicitor proteins are described in a separate section
by the example of commercial preparations based on bacterial and fungal protein elicitors, which have
been developed in Russia and China and have proved their protective efficiency under field conditions
(Dzhavakhiya et al., 2003; W.P. Liu et al., 2007; J. Mao et al., 2010; Q. Dewen et al., 2017).

Keywords: biogenic elisitors, microbial proteins and peptides, vicrobial patterns, effectors,
PTI, ETI, plant defence responces, biocontrol, eco-friendly remedies

In intensive crop production, high crop yields cannot be achieved without
combating plant diseases. Currently, there are various approaches to crop protec-
tion (creation of resistant varieties, treatment with chemical pesticides, biocontrol
of plant pathogens using antagonistic microbes, crop rotation and other agrotech-
nical measures), among which breeding for resistance and the chemical method
are leading [1, 2]. However, environmental pollution combined with food safety
problems that arise from excessive or inappropriate use of pesticides [3, 4] and the
loss of crop productivity due to overcoming resistance by plant pathogens [5] are
of concern worldwide and stimulate for replenishing the arsenal of reliable and
safe means for harvest preservation. One such approach may be induced resistance
(IR) based on the activation of natural plant defense mechanisms. The most prom-
ising for practice are nonspecific systemic resistance (SR) and priming [6-8] when
local treatment with a certain inducer promotes the entire plant resistance to sev-
eral pathogens and accelerated defense response to a pathogen invasion [9, 10].

Studies of the molecular mechanisms of interaction between plants and
microorganisms have led to the identification of a number of metabolites, currently
known as biogenic elicitors, which, by activating plant signaling systems [11], trig-
ger certain protective responses leading to the formation of SR [12].

Noel T. Keen in 1975 was the first to propse the definishion “elicitor” to
refer to molecules capable of inducing phytoalexins. But now biogenic and non-
biogenic compounds that stimulate any type of plant defense response involved in
the formation systemic acquired resistance (SAR) or induced systemic resistance
(ISR) to pathogens and pests [13] are commonly called elicitors. Biogenic elicitors
do not have a general chemical structure and belong to a wide range of different
classes of compounds, including oligosaccharides, peptides, proteins and lipids.

Interacting with a variety of naturally occurring microorganisms, plants
recognize conservative patterns of molecular structures and metabolites common
to entire microbial taxa. These are MAMPs (microbe associated molecular pat-
terns) necessary for non-pathogenic, including beneficial, microorganisms, to ex-
ist, and PAMPs (pathogen associated molecular patterns). Additionaly, DAMPs,
the damage-associated molecular patterns (or danger-associated molecular pat-
terns) of some own plant metabolites are produced during pathogen invasion to
signal the danger of damage [7].

In essence, PAMPs, which combine metabolite molecules from phyto-
pathogenic fungi, bacteria, and oomycetes, are a subgroup of MAMPs [14].
MAMPs, PAMPs, and compounds that, like these biogenic patterns, cause re-
sistance are exogenous elicitors, while DAMPs are endogenous. Upon contact of
such microbial or endogenous patterns with pattern recognition receptors (PRRs)
[14-17], plants generate a cascade of signals [14, 18-22] that activate various
mechanism of plant innate immunity (base resistance) or patogen-triggered im-
munity (PTI) [23-25].

Protecting themselves from pathogens that have overcome PTI, plants,
using intracellular R-receptors, recognize their effectors, the proteins produced
by plant pathogens to disrupt the PAMPs and DAMPs reception or suppress the
defense reactions that PAMPs and DAMPs induce, thereby ensuring the host
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plant colonization [7].

Effectors recognized by R proteins initiate the second stage of active phy-
toimmunity, the effector triggered immunity (ETI) [26]. In general, PTI and ETI
are shaped by similar plant defense responses [27], including the hypersensitivity
response (HSR) [28, 29], although in the case of ETI the HSR develops more
frequently and more intensely, leading to rapid localization of pathogens [30, 31].

In microorganisms non-pathogenic for plants, phytopathogenic fungi, oo-
mycetes, bacteria and viruses that infect agricultural crops, a number of elicitor
proteins have been found that belong to the MAMP/PAMP type [7, 31-33], as
well as effectors, including race-specific, which, after recognition by the plant, can
act as specific elicitors [34]. To denote elicitors of the first type, the term general
elicitors is also used, which in the domestic scientific literature corresponds to the
term nonspecific elicitors [35].

The study of the properties and mechanisms of action of these elicitors
shape a new research cluster to proceed one of the most environmentally friendly
areas in plant protection.

The most promising are biogenic elicitors that cause SR and are biode-
gradable in nature without the formation of toxic products. Another promising
agents are those for which there are accessible sources and relatively cheap pro-
duction technologies can be developed. Many protein elicitors found in microor-
ganisms have these properties. For protein elicitors, in addition to being used
through seed or foliar treatments, constitutive or inducible expression of their
transgenes in plants is possible. Finally, the absence of a direct biocidal effect of
SR protein elicitors on plant pathogens minimizes the likelihood of developing
resistance to these protective agents.

Over the past few decades, significant progress has been made in identify-
ing microbial proteins that are involved in interaction with crop plants as inducers
of protective responses or as virulence factors. Now, there is a better understanding
how this interaction occurs at the molecular level, which signaling systems are
triggered by MAMP-type protein elicitors and how recognition of pathogen effec-
tor proteins involves ETI.

The data obtained indicate the promise of using resistance-inducing pro-
teins as new biocontrol agents. In this regard, publications on induced plant im-
munity to diseases and abiotic stress are increasingly appearing in Russian scien-
tific journals [36-38]. Non-protein compounds, mainly chitosan, synthetic ana-
logues and derivatives of plant signaling molecules salicylate (SA) and jasmonate
(JA) and substances reproducing their effect, are considered as inducers to be the
basis of created protective drugs. A number of reviews have examined in detail the
protective plant proteins and their role in immunity [39], and some publications
indicate the protective role of antimicrobial peptides of ribosomal and non-ribo-
somal synthesis from biocontrol fungi and bacteria [40]. However, microbial pro-
teins that induce disease resistance are not fully described.

This review analyzes the most important achievements in identification
and study of the properties of microbial elicitor proteins. Here, we consider both
conservative and specific elicitors. The former are bacterial, fungal and viral pro-
teins and peptides recognized by plants as MAMP/PAMP which provide plants
nonspecific resistance (PTI) and general defense reactions; the latter are effector
proteins of fungi and bacteria [41, 42]. The structural features of elicitors and the
mechanisms of their action, that is, the induced protective responses, if known,
are briefly described. We also tried to show the diversity of microorganism species
that are capable of producing elicitor proteins. A separate section is devoted to
protein-based elicitor drugs, including those developed in Russia and China which
have already proven their effectiveness in fields and have found practical application.



Endogenous elicitor proteins of the DAMP type, which play an important
role in IR, and mediator proteins involved in signal recognition and transduction,
are the own active molecules of plants, but not microorganisms, and therefore will
remain outside the scope of the review. In the section on glycoproteins and pep-
tidoglycans, only those are mentioned the elicitor activity of which is associated
with protein fragment.

Elisitor proteins and peptides of bacteria. Flagellin. Flagellin
of pathogenic and non-pathogenic bacteria is the most studied MAMP/PAMP
protein elicitor [43]. It is a globular acidic protein that forms the outer helical
filament of the bacterial flagellum. Flagellin is characterized by highly conserved
N- and C-terminal sequences, a very low content of tyrosine and phenylalanine,
the absence of tryptophan and cysteine, and therefore double bonds, and a very
high content of alanine, glutamic and aspartic amino acids [44]. This evolution-
arily conserved protein, vital for mobile bacteria, can be recognized by plants.
Plant flagellin-sensitive receptors (FLS) belong to the leucine-rich repeat receptor
kinase XII protein family (LRR-RLK XII) [45-47].

In most cases, plants recognize the flg22 epitope as an elistor capable of
inducing both local and systemic immune responses. The flg22 is a fragment of
N-terminal sequence consisting of 22 amino acids, the main motif of which con-
tains the 15 most conserved amino acid residues. Most plants have a receptor
FLS2 (flagellin-sensitive kinase) that recognizes this particular region of the pro-
tein [45, 48]). Interestingly, in the flagellin molecules that form the protofilaments
of the bacterial flagella, the flg22 oligopeptide is hidden inside the protein globule
and is not accessible to FLS2. However, in flagellin monomers, during flagellum
self-assembly or after their disintegration upon death, it becomes available to this
receptor [34] and acts as a potent elicitor at subnanomolecular concentrations
[33].

Other plants, in particular rice (Oryza sativa L.), are able to recognize a
fragment of the C-terminal region of flagellin (CD2-1) consisting of approximately
35 amino acid residues [49]. Tomato (Solanum licopersicy L.) and potato (S. fu-
berosum L.) plants recognize in the N-terminal region of flagellin the flglI-28
fragment differing from flg22 and having its own special receptor FLS3 [50, 51].

Upon recognition of flg22, the FLS2 receptor interacts with the serine-
threonine kinase BAK1 (brassinosteroid receptor), which activates the intracellular
kinase domains of these receptors [50], initiates elicitor signal transmission, and
induces systemic plant defense responses, leading to the formation of PTI [44, 51]
to all bacteria with flagella.

However, in the course of evolution, some bacteria, such as Pseudomonas
syringae pv. tomato, Xanthomonas campestris pv. campestris or Ralstonia solanacea-
rum have acquired modified flg22 sequences. This allows them to evade full recog-
nition by the FLS2 receptor when bacteria with this modification attack Arabidop-
sis (Arabidopsis thaliana 1.) Heynh or nightshade crops [33, 52]. Studies of the
molecular mechanisms of resistance of the Solanaceae family plants to pathogens
with modified flg22 led to the identification of the above-mentioned FLS3 recep-
tor which recognizes the flglI-28 sequence [53]. In particular, in potato, under
the influence of flglI-28, there is an active release of Ca2" ions into the cytosol,
a shift to the alkaline extracellular pH, generation of reactive oxygen species
(ROS), phosphorylation of mitogen-activated protein kinase and activation of
plant defense genes [54]. Interestingly, all protective reactions in the case of flglI-
28 are much more pronounced than in the case of flg22. It should be noted that
the ability of bacteria to modify flagellin elicitor peptides appears to be useful in
symbiotic interaction. For example, altered flg22, which legumes do not respond
to, is found in the nitrogen-fixing nodule bacterium Rhizobium meliloti. This helps



avoid triggering plant defense responses and provids an interaction beneficial to
both the bacterium and the host plant [33].

Thus, different plant species recognize different regions of flagellin, and
its peptides flg22, CD2-1 and flglI-28 act as active MAMP/PAMP elicitors of
PTI. Flagellin is also recognized by the Toll-like receptor TLRS5 of macrophages
and dendritic cells and activates innate immunity in higher animals. However,
TLRS5 does not interact with flg22, CD2-1, or flglI-28, but with another flagellin
domain formed by the N- and C-terminal regions of the peptide chain [42, 55].

FElongation factor Tu. Another conserved bacterial protein identified as a
MAMP/PAMP-type elicitor is elongation factor Tu (EF-Tu). Its discovery was
led to by studying the ability of extracts from R. solanacearum, Sinorhizobium mel-
iloti with a modified flg22, which is not available for FLS2 recognition, and from
a mutant strain of Escherichia coli with a defective flagellin gene to cause a re-
versible change in ion exchange in a suspension culture of Arabidopsis cells. It
turned out that the studied extracts, despite the absence of flg22 or its receptor,
induce this protective response typical of flagellin [56]. As a result, EF-Tu was
isolated from an FE. coli extract, the elicitor activity of which is responsible for the
elf18 peptide, consisting of 18 amino acid residues and localized in the N-terminal
sequence of the protein. The shorter N-terminal fragment of EF-Tu, the elf12 has
no inducing activity and acts as an elf18 antagonist.

The elf18 elicitor fragment is recognized by the EFR receptor. Like the
flagellin recognition receptors FLS, EFR belongs to subgroup XII of the LRR-
RLK family [47]. Genes encoding EFR-like proteins with high sequence similarity
in kinase domains are found in many plants, including Brassicaceae species and
rice, with different ectodomains determining elf18 recognition [33].

Subsequently, the contribution of individual amino acids to the elicitor
activity of elfl8 was evaluated by the alanine scanning method. Peptides with
amino acid residues at positions 1, 3, 6, 9, 10, 11, 12, or 13 replaced with alanine
had the same activity as elfl18. In contrast, substitutions at positions 2, 4, 5, and
7 resulted in a 10- to 400-fold decrease in peptide activity. When residues at
positions 2 and 5 were simultaneously replaced, activity reduced 50,000-fold [56].

N-terminal sequences with high homology to elf18 were found in EF-Tu
of a number of phytopathogenic bacteria, for example, Erwinia amylovora, E. chry-
santhemi, P. syringae, Xylella fastidiosa, S. meliloti and Agrobacterium tumefaciens.
Peptides of the latter two species, consisting of 18 amino acid residues, were as
active as elf18, and similar N-terminal peptides from P. syringae (a pathogen of
tomato) and X. fastidiosa (a pathogen of grapes, citrus, olives and other crops)
even at concentrations 4 and 7.5 times higher than the concentration of elf18 from
E. coli were less active [56, 57].

A detailed study of the structure of elfl8 and its functional relationship
with elicitor activity made it possible to use this peptide for in-depth investigtions
of the PTI development mechanisms. In particular, several years ago, through
translatome profiling of Arabidopsis leaves infiltrated with elf18, the molecular
mechanism of global translational reprogramming that occurs in plants during PTI
formation was elucidated [56].

Harpins. The protective properties of bacterial harpin proteins were first
discovered in the early 1990s by Z.-M. Wei and a group of researchers from the
laboratory of Steven V. Beer at Cornell University, USA. They found that one of
the proteins of the phytopathogenic bacterium Erwinia amylovora, which causes
fruit blight of the Rosacea family (harpin), can induce a hypersensitivity reaction
(HSR) and rapid death of the leaf blade in tobacco (Nicotiana tabacum), which is
not a host plant for this bacterium, and also cause reversible increase in pH in a
suspension of its cultured cells [58].



Almost at the same time (in 1993), a group of researchers headed by
S.Y. He [59] showed that an extracellular protein from P. syringae pv. syringae
cause a HSR response in plants that are not hosts for this bacterium. The harpinPss
protein (a product of the Arp gene) caused necrosis on the leaves of tobacco and
other plants [59]. It was later determined that the harpin Hpal from X. axonopodis
pv. glycines, the causative agent of soybean pustular spot, induces microwave cell
death in tobacco [60].

All currently known harpins belong to thermostable cysteine-deficient
acidic proteins with a relatively high content of glycine and serine residues [61,
62]. Harpins are introduced into plants by the type three secretion system (T3SS)
of gram-negative phytopathogenic bacteria during their interaction with the host
plant and can play the role of both effectors (T3 effector, T3E), necessary for
pathogenicity that disrupt the integrity of the host membrane, and elicitor micro-
bial patterns that induce protection against pathogens. In the latter case, treating
plants with harpins increases resistance to diseases and stimulates crop growth,
leading to an increase in yield and improvement in its quality. Moreover, the
harpin HrpN induces drought tolerance in Arabidopsis by activating the jasmonate-
dependent signaling pathway [63].

The discovery of the harpin Arp/hrc gene cluster in the mid-1980s and the
subsequent demonstration that these genes encode a family of TTSS proteins in
Gram-negative bacteria pathogenic to plants and animals, as well as plant symbi-
onts, was a major milestone in molecular phytopathology [64]. In particular, it
was found that in E. amylovora, the genes of the hrp cluster responsible for the
production of harpins also control the pathogenicity of the bacterium and its ability
to cause microwave death of plant cells [65]. In the X. oryzae genome, there were
discovered both Arp cluster containing the conserved Arp and hrc genes which
products can be recognized by plants and induce resistance, and the pathogenesis-
associated genes Apa [65, 66]. It was then established that activation of the expres-
sion of genes encoding harpins and the subsequent synthesis of these proteins
occurs during the interaction of the pathogen with the host plant [67, 68].

To date, hrp genes have been found in a number of phytopathogenic bac-
teria, including those of the genera Erwinia, Pantoea, Pseudomonas, Xanthomonas,
and Ralstonia [63], and several harpins have been identified, which, based on their
structure, are divided into four main groups HrpN, HrpZ1, HrpW1 and Hpal [61,
66, 69-72]. Some authors consider the HpaG harpins as a separate group [61, 69].
For each of these groups, several proteins with slight structural differences are
known to be produced by pathogens that attack various plants, e.g., citrus fruits
[73], soybeans [74], rice [75, 76], peppers [77], and cotton [70]. For example,
many Xanthomonas species secrete harpin effectors of the Hpal group. In partic-
ular, in the rice blight pathogen X. oryzae pv. oryzae, the harpin HpalXoo was
found [78]. Harpin HpalXag is isolated from X. axonopodis pv. glycines [73]. Strain
P. syringae pv. tomato DC3000 produces two types of harpins, HrpZ1 and HrpW1
[79]. The harpins HrpNEa, HrpNEch, HrpZPss and HrpZPsph are synthesized
by E. amylovora, E. chrysanthemi, P. syringae pv., syringae and pv. phaseolicola,
respectively [80-82]. Orthologues of the HrpW group were found in E. amylovora
(HrpW), P. syringae pv. syringae (HrpW1, HopAK1) and Ralstonia solanacearum
(PopW, PopAl), and HpaXm in X. citri subsp. malvacearum [64]. Howeber,
harpin-like proteins have not yet been found in bacteria pathogenic for cassava.

It has been established that harpins are not only capable of triggering a
local hypersensitivity response but also act as SAR elicitors [82]. Thus, the harpin
HrpZ1, which evokes a hypersensitivity response in various plant species, can ac-
tivate several of their signaling systems and trigger both early and later defense
responses [83]. It turned out that HrpZ1 harpins have high affinity for plant cell



membranes and specifically bind to them. This suggested that the development of
protective reactions in response to HrpZ1 occurs after its binding to the receptor.
Indeed, membranes of microsomes obtained from parsley cell culture contain a
protease-resistant thermostable binding site for the C-terminal fragment of HrpZ1
[84]. Interaction with plant receptors has also been shown for other harpins, in
particular, for the harpin HrpN from FE. amylovora which in vitro binds to the
small (6.5 kDa) HIPM protein associated with the plasma membrane of a recom-
binant yeast clone expressing this apple protein. Orthologs of HIPM were later
discovered in rice (OsHIPM) and Arabidopsis (AtHIPM) [85].

As for the protective reactions that harpins induce, along with microwaves
they often cause the ROS formation. Thus, harpins from P. syringae pv. glycinea
and X. oryzae pv. oryzae are capable of causing the generation of ROS in tobacco
cells, and one of the harpins from E. amylovora stimulates the formation of ROS
not only in tobacco cells, but also in A. thaliana. Treatment of a suspension culture
of grape cells with the commercial harpin-containing drug Messenger (EDEN
Bioscience Corp., USA) causes an intense oxidative burst and activation of the
stilbene synthase gene responsible for the synthesis of phytoalexin resveratrol [86].
S. Sang et al. [86] showed that harpins activate defense reactions through the
transmission of a signal generated in the apoplast with the participation of the
plant NADPH oxidase system. In transgenic Arabidopsis plants expressing the gene
for harpin HpalXoo, hydrogen peroxide is formed and accumulated in the cyto-
plasm and apoplasts. Suppression of apoplastic H2O2 production reduces both the
accumulation of ROS in the cytoplasm and the resistance of plants to bacterial
pathogens. These data suggest that apoplastic H2O2 undergoes cytoplasmic trans-
location to participate in plant defense against pathogens. Both harpin and H202
induce the expression of plant genes encoding enzymes involved in SR, such as
phenylalanine ammonia lyase (PAL), glutathione S-transferases (GST) and an-
thranilate synthase 1 (ASAl). In Arabidopsis, H2O2 enhances the expression of
PAL1 and GST, but not ASAI. It is assumed that harpins activate two different
signaling pathways, one to increase the formation of ROS and the expression of
PAL1 and GST mRNA, the other to increase the expression of GST and ASA1
independent of H2O2 [87].

Translation of genes encoding bacterial harpins into plants leads to in-
creased resistance to various pathogens. Thus, in transgenic cotton plants express-
ing the ApaXoo gene (one of the genes encoding harpins), when infected with the
pathogenic fungus Verticillium dahliae, increased ROS production was noted. Re-
combinant HpaG protein from X. oryzae pv. oryzicola effectively induced re-
sistance in rice [88], and in transgenic tobacco and beet plants expressing the
HrpZ protein gene from P. syringae pv. phaseolicola, resistance to rhizomania in-
creased [89].

As mentioned above, the structure of harpins isolated from different bac-
terial species varies, but the common ability of these proteins to induce resistance
to various pathogens in plants that do not serve as their hosts remains. In this
regard, studies have been carried out on the functions of individual fragments in
harpin molecules [69, 71, 89]. It was established that certain fragments of Hpal-
like harpins of X. citri subsp. malvacearum (fragment including amino acid residues
35-51) and X. oryzae pv. oryzae (fragment of residues 36-52) can induce a micro-
wave response [82]. In addition, it was shown that this reaction is caused by the
infiltration into tobacco leaves of a 24 amino acid fragment present in the C-
terminal region of the harpin HrpZ isolated from P. syringae [71]. It was also
found that the C-terminal fragment of the HrpZ1 protein from P. syringae pv.
phaseolicola has the properties of a PAMP-type elicitor and is capable of inducing
early plant defense responses, in particular, activating two protein kinases (MPK3



and MPK6) from the MAP kinase signaling cascade. Insertional mutagenesis of
the gene responsible for the synthesis of HrpZ1 confirmed the importance of the
the C-end sequences for the elicitor activity of the entire protein [86]. In addition,
when studying the functions of individual domains of harpin proteins, it was shown
that the fragment HpaG10-42 of the harpin HpaGXooc from X. oryzae that con-
tains amino acid residues from 10 to 42, serves as a more active inducer than the
full-length HpaGXooc protein. Under field conditions, the fragment HpaG10-42
increases resistance of rice plants to bacterial rot (X. oryzae pv. oryzae), blast
(Magnaporthe oryzae) and rhizoctonia (Rhizoctonia solani) [90]. The same HpaG10-
42 fragment can trigger defense reactions in wheat plants expressing it [91].

In general, studies of the elicitor properties of harpins indicate that these
bacterial proteins have all the important features of PAMPs: they are widely dis-
tributed in various bacterial species, bind to PRR receptors, and trigger primary
plant defense responses. The key determinants responsible for elicitor activity, at
least in some harpins, may be their fragments. In addition, the interaction of
harpins with plant receptors can lead not only to the development of SR due to
the activation of genes involved in the implementation of protective reactions in
plants, but also to the stimulation of their growth, improvement of the physiolog-
ical state and increase in yield [72, 73].

Comparison of the elicitor effects of harpins and flagellin. Flagellin and harp-
ins are evolutionarily distant bacterial MAMPs/PAMPs. A comparison of the re-
sponses of plant cells to the effects of flg22 and harpins shows a number of differ-
ences in mechanisms of their elicitor action. Thus, when treating cell cultures of
two grape varieties, it was found that the PTI-activating elicitor flg22, in contrast
to harpins, causes HSR cell death much less frequently. In addition, treatment
with harpin leads to a more rapid and intense development of the oxidative burst
compared to flg22 [84]. Recently L.B. Sands et al. [91] showed that harpin was
able to effectively induce hemp resistance to P. aphanidermatum and stimulate the
growth of infected plants. Treatment with flg22 did not cause protective reactions
and did not stimulate seedling growth. In this regard, the authors suggested that
the protective response induced by flg22 are not active enough to effectively sup-
press P. aphanidermatum infection in seedlings of plants of this species.

X. Chang et al. [92] found that flg22 induces the accumulation of jasmoate
in rock grape plants (Vitis rupestris Scheele), while harpins do not cause such an
effect, although activation of JA-dependent signaling, as noted above, can occur
under their influence, increasing resistance to abiotic stress [64]. Moreover, signal
transduction associated with JA-dependent signal transmission involving ethylene
(ET) was observed after treatment of hemp seedlings with both harpin and flg22.
Both of these bacterial elicitors are capable of stimulating the expression of similar
defense genes and inducing similar plant defense responses [93, 94]. In addition,
harpins, like flg22, can activate the salicylate-dependent signaling pathway that
leads to SAR [95]. However, in contrast to flg22, which causes typical PTI, the
defense responses that are characteristic of ETI are more often developed in re-
sponse to harpins [96], but sometimes the type of defense response depends on
the way the plants are treated. For example, charipne from E. amylovora, when
infiltrated into intercellular spaces, causes a microwave reaction, and when sprayed
on plants, it induces SAR [58]. It is possible that the combined use of these elic-
itors can lead to synergism due to the simultaneous activation of PTI and ETI,
and significantly enhance the plant defense response [96].

Cold shock proteins. Cold shock proteins (CSP) are widespread in pro- and
eukaryotes. All of them contain conserved CSD domains (cold shock domain),
have the ability to bind to nucleic acids and activate or suppress the expression of
a large number of genes involved in cell division, differentiation and encoding a



variety of protective proteins [97-99].

Bacterial CSPs comprise a family of proteins with a molecular mass of
about 7 kDa, consisting of a single amino acid sequence of about 70 amino acid
residues in length [98]. The synthesis of CSP is activated at low temperatures and
represents one of the mechanisms of adaptation of organisms to unfavorable en-
vironmental conditions. CSPs, originally discovered in cold-stressed bacteria, were
later shown to be synthesized constitutively as well as in response to other stresses
[99]. As in bacteria, in plants CSPs promote adaptation to cold, and alien CSPs
are recognized as components of MAMPs/PAMPs and induce resistance to path-
ogens. The elicitor activity of bacterial CSPs of the CspB family was first demon-
strated by classical experiments in which a reversible change in ion exchange on
the plasmalemma of the plant cell was recorded by a reversible increase in the
extracellular pH of a plant cell suspension culture as one of the earliest protective
responses [99, 100].

It was discovered that one of the surface domains of CSP, including an
RNA-binding domain known as RNP-1 (or NPCS), is responsible for the ability
to induce a rapid response in cultured tomato, tobacco and potato cells. Further
research showed that many other species of the family Solanaceae recognize a
highly conserved RNP-1 domain motif of a peptide containing 22 aromatic and
basic amino acid residues called csp22as as MAMP/PAMP. Its receptors are the
LRR-RL kinase CORE discovered in the cultivated tomato species Solanum lyco-
persicum L. and the receptor-like protein NbCSPR from Nicotiana benthamiana
Domin [101]. Homologs of NbCSPR are found only in some Solanaceae species
and are absent in . lycopersicum, while LRR-RLKs homologous to CORE are
found in a number of Solanaceae species, including Solanum and Nicotiana spe-
cies. Transgenic Arabidopsis plants expressing CORE become sensitive to csp22,
which makes them more resistant to the pathogenic strain P. syringae pv. tomato.
The minimum amino acid sequence of csp22 which activates defense responses in
plant cells has 15 amino acid residues. This highly conserved csp15 epitope induces
plant defense responses. In particular, at a concentration of about 0.1 nM it in-
duces an oxidative burst in tobacco and potato cells, but is not recognized as an
elicitor by rice and cucumber (Cucumis sativus L.) cells [100].

CspD is another cold shock protein isolated from Bacillus thuringiensis and
is also known as microbial factor 2 (MF2). The B. thuringiensis gene encoding this
7.2 kDa thermostable low molecular weight protein was cloned and sequenced
(AY272058, GenBank, https://www.ncbi.nlm.nih.gov/genbank/). It turned out
that its nucleotide sequence and the amino acid sequence of CspD have high
homology with other bacterial CSPs. Like csp22 or csp15, CspD causes a reversible
change in ion exchange in cultured tobacco cells, but, unlike these elicitors, it is
able to activate a protective response in tomato and rice cells and induce nonspe-
cific systemic resistance in various monocots (rice, wheat) and dicotyledons (to-
mato, tobacco, potatoes) plants to pathogenic fungi, oomycetes and viruses [101].
Thus, after applying CspD to wheat leaves or spraying potato and rice seedlings
with this elicitor, an increase in resistance to the pathogens of septoria (Para-
stagonospora nodorum), late blight (Phytophthora infestans) and blast (M. oryzae)
was observed [102].

Exposure of tobacco plants to CspD reduced its infection by tobacco mo-
saic virus (TMV) and potato virus X. The cspl5 peptide of the CspD protein
(VKWEFNAEKGFGFITP) also had elicitor activity. Its addition to a suspension
of cultured tobacco cells activated the H* pump and caused a reversible change
in extracellular pH. This peptide, like CspD itself, exhibited inducing activity in
model plant—pathogen systems. Treatment of tobacco leaf halves with 1 to 10 mM
cspl5 1 day before TMV inoculation led to a sharp decrease in the number of



necrosis on the treated halves compared to control halves or untreated leaves of
the same plant [102]. Application of csp15 to the surface of discs cut from potato
tubers enhanced the HSR of cells to P. infestans and caused the accumulation of
salicylic acid in the tissues of tubers treated with this peptide [103]. Transgenic
tobacco lines of the necrotic cultivar Xanthi NN and the TMV-susceptible cultivar
Samsun nn exhibited increased resistance to Alternaria longipes and TMV, and
CspD expression positively correlated with plant resistance to both pathogens
[103].

Eliminator proteins and peptides of filamentous fungi.
Like bacteria, micromycete fungi synthesize a number of proteins and peptides
with the functions of nonspecific or specific elicitors.

Resistance-inducing effectors of Cladosporium fulvum. Specific protein elic-
itors of the phytopathogenic fungus C. fulvum cysteine-containing peptides Avr2,
Avrd, Avr4E, Avr9 Ecpl, Ecp2, Ecp4 and Ecp5 were discovered and studied in
detail by a group of researchers from Wageningen University, the Netherlands, led
by P.J. de Wit [104, 105]. These effectors function as virulence factors. By binding
chitin, they prevent its detection by pattern recognition receptors when tomato is
infected by compatible races of the fungus and prevent the degradation of chitin
by plant chitinases [106]. However, tomato (the host plant for C. fulvum) has an
efficient system for recognizing these effectors, after which plant defense re-
sponses, including HSR, are induced [107].

The Avr4 elicitor consists of 101 amino acids, including 6 cysteine resi-
dues, and Avr9 is a 28 amino acid peptide. The sequences of Avr4 and Avr9 have
low homology. The mature Avr2 peptide contains 58 amino acids 8 of which are
cysteine. After processing of larger precursor proteins by fungal and/or plant pro-
teases, mature peptides are found in the tomato apoplast and induce HSR in plants
with complementary resistance genes cf4, cf9, or ¢f2, followed by other defense
responses [31, 106]. Below, as examples, three (Avr4, Avr9, Ecp6) of the currently
identified Avr and Ecp elicitors will be discussed in more detail.

Like most fungal effectors, Avr4 and Avr9 enter plants through the secre-
tory pathway of the endoplasmic reticulum of C. fulvum and are recognized by R
gene products as race-specific elicitors. Avr4 recognizes and binds the receptor-
like protein Cf4 without kinase activity. In addition, the interaction of Cf4 with
the receptor-like kinase OBIR1 may be necessary for the HSR [108, 109]. The
HSR induction in response to Avr9 can apparently occur as a result of its recog-
nition in one of two ways, i.e., after the formation of Avr9 complex with a high-
affinity binding site and subsequent interaction with the membrane-anchored ex-
tracellular receptor glycoprotein protein Cf-9, or after a direct low-affinity binding
of Avr9 to Cf-9 [99, 100]. Infiltration of Avrd and Avr9 into tomato tissue leads
to the specific activation of an entire arsenal of plant defense responses, including
electrolyte leakage, stimulation of plasma membrane H-ATPase, ROS generation
with oxidative burst, increased lipoxygenase activity and induction of PR proteins
B-glucanase and chitinase [31].

Ecpb6 is another chitin-binding effector protein that C. fulvum secretes into
the apoplast when colonizing tomato plants. It contains three lysine motifs LysM 1,
LysM2 and LysM3. LysM2 and LysM3 are proposed to form domains required
for interaction with chitin, and LysM1 may be recognized by the plant because it
is able to trigger a response in tomato cell suspension culture [110]. It is assumed
that in tomato plants that develop HSR when Ecpb6 is infiltrated a hypothetical
receptor called Cf-Ecp6 is localized on the cell surface [111]. Regarding the dis-
tribution of specific elicitors similar to those described here for C. fulvum, homo-
logs of Avr4 are found in fungi from the class Dothideomycetes, and Ecp6-like
genes are widespread in the fungal kingdom [112, 113].



C. fulvum is also known to produce the protein CFHNNI1 homologous to
the translation factor bZIP. This non-specific elicitor induces the expression of
lehsr203, a marker gene for HSR and causes resistance in non-host plants belong-
ing to three different families. Transgenic tobacco plants with the gene encoding
CfHNNI1 acqured resistant to P. parasitica var. nicotianae, P. syringae pv. tabaci
and TMV. The ability of CFHNNI1 to induce HSR is due to amino acid residues
conserved for bZIP factors. It has also been shown that its mechanism of action
is not associated with activation of the JA/ET-dependent signaling pathway and
that the elicitor activity of CFHNNII1 is reduced under the influence of inducers
of SA-dependent signaling [31].

Eliminators of phytopathogenic and non-pathogenic Fusarium fungi. Like
C. fulvum, the pathogen causative agent of tomato Fusarium wilt Fusarium ox-
ysporum f. sp. lycopersici (FOL) produces cysteine-rich effector proteins that are
recognized by plants with complementary resistance genes. One such effector,
called the SIX1 protein, was the first avirulence factor discovered in FOL and
other root-invading plant pathogens [113]. After maturation of the 32 kDa pre-
cursor, a 12 kDa polypeptide from the central part of SIX1, containing 6 cysteine
residues, is secreted into the xylem sap of infected plants and induces protective
response in tomato lines with a gene for resistance to this effector. In F. oxysporum,
at least 11 small cysteine-rich proteins of the SIX1 type have been identified and
it has been shown that at least three of them (SIX1, SIX3/SIX4) play the role of
avirulence factors, which in tomato varieties and lines with gene I (I-1, I-2, I-3)
induce resistance to FOL forms specific for different host plants. A homolog of
SIX1 was also found in F. graminearum [113].

From the mycelium of the non-pathogenic tomato strain F. oxysporum
CS-20 which protects plants from FOL strains that cause wilt, the elicitor CS20EP
was isolated. CS20EP is the main polypeptide of the protein fraction which re-
duces the damage to tomato by this pathogen by weakening symptoms and slowing
down the development of the disease. CS20EP is a small cysteine-rich basic pro-
tein (pl 9.87) with a molecular weight of approximately 10 kDa, containing 23%
hydrophobic amino acid residues. Its cysteine motif is composed of 11 cysteine
residues of which 6 are located in the N-termus. The fraction containing CS20EP
induces a rapid reversible change in extracellular pH in tomato cell culture, in-
creased chitinase activity in the root system of its seedlings, and provides a sys-
temic increase in the expression of genes encoding the mediator protein PR-1, a
SAR marker, in leaves. It is suggested that this elicitor may be secreted by strain
CS-20 and contribute to its biocontrol effect [114].

In another biocontrol agent, the non-pathogenic wheat isolate F. sambuci-
num FS-94, protein elicitors were also discovered and partially identified which,
unlike CS20EP, induce systemic and local resistance of plants not only to FOL
[115], but also to pathogens of root rot of wheat (Fusarium spp., Bipolaris sorokin-
iana) [116] and gray rot of cruciferous crops (Phoma lingam). These nonspecific
elicitors combine a fraction of proteins ranging from 40 kDa to 67 kDa in size the
main polypeptide component of which has a molecular mass of ~ 50 kDa, and
activate both early and later defense responses of dicotyledonous and monocoty-
ledonous plants. In particular, in a suspension culture of wheat cells of Triticum
aestivum L. and T. kiharae Dorof. et Migush. these proteins cause a reversible
change in ion exchange and increase cell tolerance to lysis caused by F. culmorum.
In seedlings from treated 7. kiharae seeds, they upregulate the expression of genes
for defensin-like antimicrobial peptides (AMPs) highly homologous to the Tk-
AMP-D and Ec-AMP-D1 defensins found in wheat and wild cereals, respectively.
These AMPs in micromolar concentrations are active against several phytopatho-
genic fungi, including Fusarium spp. and H. sativum (syn. B. sorokiniana).



From culture filtrates of F. oxysporum f. sp. erythroxyli (FOE) which causes
vascular wilt of coca plants (Erythroxylum coca Lam.), the Nepl protein (24 kDa)
with a conserved GHRHDWE domain was isolated. It induces necrosis and ET
production in many dicotyledonous plant species. In tobacco leaves, Nepl causes
the accumulation of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase and
ACC oxidase involved in the synthesis of ET, and in plant cell culture it causes a
reversible change in ion exchange and the ROS generation [32]. Genetically un-
related but having similar activity proteins of the same size were found in F. ac-
cuminatum and F. avenaceum, and a protein homologous to the elicitor PaNie213
from Pythium aphanidermatum described hereinbelow was identified in FOE. Alt-
hough Nepl from FOE activates many of the same processes as typical elicitors
in model tests, it has pronounced phytotoxicity towards dicotyledons and does not
induce plant disease resistance. Moreover, it may act as a contact herbicide that
promotes plant pathogen rather than plant protection [117]. Currently, Nepl-like
proteins (NLPs) have been found in many plant-associated microorganisms, and
some of them produce NLPs that are not phytotoxic. Thus, the biotroph Hyalo-
peronospora arabidopsidis, the causative agent of Arabidopsis downy mildew se-
cretes 10 noncytotoxic NLPs which do not cause necrosis, but trigger PTI mech-
anisms and induce resistance to H. arabidopsidis. One of these NLPs, HaNLP3,
activates the expression of a large set of Arabidopsis defense genes, acting as a
MAMP-type elicitor. Interestingly, a 24 kDa fragment from the central part of the
NLP of some other fungi, as well as bacteria, is also capable of activating PTI
[118].

Flicitors from other micromycetes. Various proteins and peptides with elici-
tor properties have been identified in other phytopathogenic filamentous fungi
belonging to necrotrophs or hemibiotrophs, as well as in saprotrophic antagonists
of these phytopathogens.

The race-specific elicitor NIPI, a product of the AvrRrs1 gene, was isolated
from the cultural filtrate of Rhynchosporium secalis, the causative agent of blight
of rye and barley. This gene encodes an 82 amino acid protein, which, after cleav-
age of the signal peptide, is converted into a mature 60 amino acid protein con-
taining 10 cysteine residues in five intramolecular disulfide bonds. In barley vari-
eties with the Rrsl gene that are resistant to incompatible races of R. secalis, NIPI
induces necrosis and accumulation of pathogenesis-related proteins PR-1, PR-5,
PR-9 and PR-10. It is also capable of causing necrosis in barley plants, regardless
of their genotype, by stimulating the HT-ATPase activity in the plasma membrane
of plant cells. Along with this, in virulent races of the pathogen it works as a toxic
effector. Variations in the biological properties of NIPI depend on its primary
structure. At least four isoforms of NIP1 are known which differ significantly in
bioactivity [119].

Many antagonist strains in some species of the genus Trichoderma are
widely used in agricultural practice as biocontrol agents. Hydrophobins, the low
molecular weight (less than 20 kDa) secreted hydrophobic fungal proteins with a
conserved motif of eight cysteine residues forming four disulfide bonds, have elic-
itor activity. Thus, the elicitor Sm1 was detected in the culture filtrates of Tricho-
derma virens Gv29-8 [120]. The authors report that this hydrophobin-like protein
has a high percentage of hydrophobic residues (40%) and includes four cysteines
and three tryptophans. Mature Sml, with a calculated molecular mass of
12.55 kDa and a pI 5.78, consists of 120 amino acids and appears to undergo
post-translational modification as it contains sulfation, phosphorylation, and N-
glycosylation sites. Sm1 does not have phyto- and fungitoxicity. In rice plants
and cotton cotyledons treated with Sml, it triggers local and systemic responses,
namely, ROS generation, superoxide dismutase expression, production of oxylipins,



phytoalexins, synthesis of PR proteins, an increase in their activity, and prevents
plant colonization by the anthracnose pathogen. Elicitor activity was also detected
in two other hydrophobins from the group of low molecular weight cysteine-con-
taining fungal proteins, the EPL1 (12.6 kDa, pl 5.5-5.7) and EPLT4 (EPL1 hom-
olog) produced by T. atroviride and T. asperellum, respectively [121, 122]. Another
hydrophobin with elicitor activity, named HYTLO1, was isolated from 7. longi-
brachiatum MK1 [123]. It is completely similar to the HYTRAI1 protein from 7.
harzianum T22 and is a 7.2 kDa protein with eight cysteine residues located, like
in other hydrophobins, in a conserved motif. Along with the ability to inhibit the
growth of certain microbes and to stimulate plant growth, HYTLOI1 serves as a
strong stimulator of plant defense responses. Its infiltration into tomato leaves
leads to the development of local and systemic resistance to the gray mold path-
ogen (B. cinerea) due to HSR, generation of an oxidative burst in plant cells and
increased transcription or activity of PR proteins [124].

The SCFE1 and PebCl1 proteins are nonspecific elistors produced by the
phytoptogenic necrotrophic fungi Sclerotinia sclerotiorum and B. cinerea, respec-
tively [125, 127]. SCFEI is a secreted protein found in vitro in culture fluid, and
PebCl is isolated from mycelium. It has been shown that in Arabidopsis plants,
SCFEI is recognized by the receptor-like protein RLP30 and, interacting with the
BAKI kinase, induces defense responses characteristic of PTI [125]. Treatment of
tomato seedlings with the PebCl1 protein (36 kDa, pl 4.85) increased their re-
sistance to the pathogen and led to an increase in the content of enzymes associ-
ated with its development (PAL and polyphenoloxidase) and ROS generation in
plant tissues, and also stimulated the development of the root system of wheat
seedlings and their drought tolerance [29].

Elicitor proteins PemG1 (36 kDa, Ip 4.7) and PevDl1 (~ 16 kDa) were
found in the phytopathogenic hemibiotrophs M. oryzae and Verticillium dahliae,
respectively [126, 127]. PemGl1 is thermostable and activates the rice control sys-
tem against M. oryzae, as well as the resistance of rice and Arabidopsis to bacterial
infections. In these plants, it induces overexpression of genes that control the SA-
dependent pathway of elicitor signal transmission, transient expression of PR pro-
tein genes, accumulation of ROS and a rice SAR marker OsPR-1a, and increases
the activity of cellulase and alcohol dehydrogenase. Calcium channel blockers
prevent PemG1-induced accumulation of OsPR-1a. Arabidopsis mutants defective
in JA/ET-dependent signaling, after treatment with PemG1 exhibit increased re-
sistance to bacterial infection, while mutants with impaired signal transduction via
the salicylate pathway, on the contrary, do not respond to exposure to the elicitor.
This suggests that PemG1 functions as an activator of salicylate- and Ca2?*-de-
pendent signaling and a SAR elicitor [127]. In order to obtain the predicted PevD1
protein and confirm its elicitor properties, the gene encoding PevD1 in V. dahliae
was introduced into E. coli. Plants treated with recombinant PevD1 acquired SR
to TMV. In response to treatment of cultured tobacco cells with the elicitor, a
change in ion exchange occurred, which was recorded by the alkalinization of the
suspension. In treated tobacco plants, the production of hydrogen peroxide in-
creased, the deposition of callose occurred, and the synthesis of phenols and lignin
was enhanced [128]. V. dahliae also secretes 65 kDa and 28 kDa glycoproteins
which induce the synthesis of phytoalexin gossypol in cultured cotton cells. Using
enzymatic proteolysis and periodate oxidation of carbohydrates, the protein com-
ponent was shown to be responsible for the elicitor activity of these glycoproteins
[7, 31].

Alternaria tenuissima is a source of several elicitor proteins, such as the
SAR inducer of Hripl which induces HSR cell death in tobacco and the expres-
sion of genes associated with SR to TMV [129]. The same species produces the



elicitors PeaT1 and PeaT?2. PeaT?2 is highly similar to the multifunctional structural
membrane proteins prohibitins. In addition to inducing resistance, it can stimulate
seed germination and root growth in wheat [130]. PeaT1 is a thermostable acidic
protein (Ip 4.22) isolated from fungal mycelium, which, like Hripl, induces to-
bacco SR but does not cause HSR. By expression in E. coli, recombinant PeaTl
(~ 22.6 kDa) was produced. Bioinformatic analysis of its structure showed that
PeaTl is a conserved protein of plant pathogens that contains a UBA domain
associated with ubiquitin. The UBA motif, consisting of approximately 45 amino
acid residues, is present in various proteins involved in cell signaling through re-
ceptor-like protein kinases. PeaTl, lacking the UBA domain, is unable to induce
SR. Data on the structure of the signal peptide of this elicitor suggest that it enters
the endoplasmic reticulum and not the plant apoplast. There is also evidence for
the existence of protein binding sites for PeaT1 on the plasma membrane of to-
bacco plant cells which may transmit signals into the cytoplasm of cells, causing
SAR [131].

Recently discovered fungal MAMPs/PAMPs and ETI elistors. Recently, a
gene encoding a novel effector CsSP1 (a small protein with a predicted molecular
mass of 25.9 kDa and Ip 8.84) which is secreted by this pathogen during infection
was discovered in the hemibiotroph B. sorokiniana. The amino acid sequence of
CsSP1 is similar to sequences inducing necrosis and production of ET specific
Nep elicitors in other fungi [32, 119]. This effector is required for the pathogen to
infect, overcome PTI, and successfully develop in wheat plants. It acts as an elic-
itor that triggers ETI in the host plant. New elicitors also include the small protein
PeSyl (11 kDa) which was found in the actinomycete Saccharothrix yanglingensis
Hhs.015, an endophyte that increases plant resistance to pathogens. It has been
established that PeSyl actively induces HSR, and the recombinant protein PeSyl
causes early protective responses (e.g., ROS generation, callose deposition) and
transduction of elicitor signal. This leads to increased resistance to S. sclerotiorum
and P. capsici in tobacco (N. benthamiana) and resistance to P. syringae pv. tomato
in tomato. PeSyl interacts with a specific, previously unknown receptor-like cy-
toplasmic kinase RSyl (Response to PeSy1). These results and the ability of PeSy1
to enhance the expression of PTI marker genes suggest that it acts as a MAMP-
type elicitor [132]. New effectors, the orthologues of Ecp (C. fulvum) were also
found in the fungus Dothistroma septosporum that attacks pine trees. Some of the
proteins induce HSR and contribute to the development of resistance in plants
that are not hosts of the pathogen [133]. Finally, very recently, two new proteins,
Fg02685 and Fg62 found in a causative agent of wheat head blight Fusarium gra-
minearum, are required by the fungus for colonization and are secreted into the
apoplast during plant infection by the pathogen [134, 135].

The small protein Fg02685 has been identified as a new fungal PAMP. In
tobacco (N. benthamiana), it causes protective responses typical of PTI, namely
HSR cell death, expression of plant genes associated with nonspecific resistance,
activation of the MAP kinase signaling cascade, accumulation of ROS and callose.
The receptor-like kinases BAK1 and SOBIR1 are not involved in the recognition
of Fg02685, and the conserved a-helical motif of the N-terminal region is respon-
sible for the ability to induce HSR. The elicitor activity of Fg02685 is due to the
32-amino acid N-terminal motif, the FgNP32 peptide, which increases plant re-
sistance to Fusarium and Phytophthora species. Interestingly, homologues of
Fg02685 are frequently found in rust fungi (Puccinia spp.) and other micromy-
cetes, as well as among Phytophthora species and other oomycetes [136]. Fg62
causes resistance of N. benthamiana to P. capsici. A signal peptide is responsible
for its HSR-inducing activity. This protein does not have conserved cysteine
domains, but contains 7 cysteine residues. In N. benthamiana it induces the



expression of two PTI marker genes. Apparently, Fg62 is an orphan protein; se-
quences homologous to Fg62 have so far been found only in F. culmorum and
F. pseudograminearum [136].

Elicitors of oomycetes. Elisitins. Elicitins are small (~ 10 kDa) hy-
drophilic proteins of Phytophthora, Pythium and some other oomycetes, highly
conserved within the family Pythiaceae. They have been convincingly character-
ized as PAMPs. All elicitins can bind sterols. Therefore, it is generally accepted
that oomycetes, which are not capable of synthesizing these metabolites, use elic-
itins as transporters of plant sterols into their cells, including for embedding
sterols into zoospore membranes. However, these proteins are not oomycete ef-
fectors. Moreover, Pythiaceae species produce a number of effectors to neutralize
the activity of elicitins. For this activity, the sterol-binding ability is not decisive,
but, by increasing the fluidity of the plasmalemma of infected plant cells, it can
probably contribute to both signal transduction and induced ROS generation [137-
139]. Some authors propose to consider elicitins as avirulence factors associated
with resistance at the species level which represent an intermediate link between
PAMPs and specific elicitors [140].

Elicitins were discovered back in the late 1980s as elicitors of the HSR in
tobacco infected with P. cryptogea or P. capsici, but continue to be intensively
studied to this day. They have been studied in most detail in P. cryptogea, P.
capsici, P. parasitica, P. megasperma and P. infestans and are known under the
names cryptogein (CRY), capsicin (CAP), parasiticin (PAR), megaspermine and
INF1, respectively. A total of 100 sequences of these proteins have now been
analyzed [139]. Based on the primary structure, they are divided into several clas-
ses and into acidic (o) and alkaline (B) proteins, and according to their coding
genes, into true elicitins (ELI) and elicitin-like proteins (ELL) that form phylo-
genetic clades different in their HSR-inducing activity among different species
[138, 140]. Comprehensive studies of ELI and ELL proteins disclosed their struc-
ture and provided information about their reception and role in the interactions
of oomycetes with plants [138, 140]. It has been established that all elicitins con-
tain a signal peptide, a highly conserved domain consisting of 98 amino acids with
6 non-variing cysteine residuesthat form 3 disulfide bridges, and variable C-termi-
nal sequences. Typically, the C-terminal domains of ELI and ELL proteins (with
the exception of the ELI-1 clade) are enriched in threonine, serine, and proline
[138]. A study of the three-dimensional structure of B-CRY and other elicitins
from the ELI-1 clade showed that their conserved domains are formed by five a-
helices, one B-antiparallel sheet, and one w-loop [137]. ELIs are thought to be
secreted into the extracellular space, while some ELL proteins are likely anchored
in the plasma membrane (including the membrane of motile zoospores) and the
cell wall of oomycetes [141].

Like many other MAMPs/PAMPs, elicitins are recognized by PRRs, in-
cluding receptor-like kinases such as SERK3/BAK1 which are among the major
PTI receptors for microbial elicitors [139] and can directly or indirectly interact
with specific R elicitor receptors [140]. Elicitin receptors likely recognize their
conserved domain. It was established that a specific region of the w-loop contains
a highly conserved leucine residue at position 41 which is important for the per-
ception of elicitins by different plant species [141].

Plants that respond to elicitin exposure by developing a local HSR or SAR
belong to different families. Thus, in addition to tobacco, the protective effect of
elicitins was demonstrated in tomatoes, peppers, potatoes, turnips, radishes, peas,
grapevines, citrus fruits and oak seedlings, and the response varied among different
taxa and among different plants within the same taxon [139]. The lysine or valine
residues at position 13 and lysine at position 39 plays a key role in inducing the



HSR and necrosis formation, and the SAR-inducing activity of elicitins results
from a combination of several features of the primary structure, including overall
surface charge and the presence of specific lysine residues [138].

Treatment of plants with elicitins before inoculation increases resistance
to pathogenic oomycete species and to other pathogens, including causative agents
of bacterial diseases [138-142].

Like many other resistance inducers, elicitins cause early plant defense
responses, namely, a reversible shift in extracellular pH [139] and explosive ROS
generation associated with activation of plant NADPH oxidase and MAP kinase
cascade. However, except for Nicotiana spp. and some Solanum species, the oxi-
dative burst induced by elicitins does not always lead to HSR cell death and ne-
crosis, sometimes the HSR develops under the influence of a later burst of ROS
that is characteristic of elicitins [138, 139] with phosphorylation of MAP kinases
and a long-term increase in their activity [140]. Initially, SA-mediated develop-
ment of SARs and accumulation of PR proteins were considered the main effects
of elicitin exposure in plants [142]. However, it was later discovered that treatment
of tomato with INF1 and B-CRY or ELL protein from non-pathogenic Pythium
oligandrum induces plant resistance to bacterial wilt, powdery mildew and P. par-
asitica by activating the JA/ET-dependent elicitor signal transduction pathway
characteristic of ISR and the expression of PR protein genes [138, 139, 142]. Thus,
elicitins can be considered as effective elicitors of nonspecific SR, triggering both
SA-dependent and JA/ET-dependent signaling.

Other elicitors of oomycetes. In addition to elicitins, elicitor proteins and
peptides such as Pep-13, PB90, PaNie213, and CBEL are known in Pythiaceae
species.

The Pep-13 peptide is a 13 amino acid motif responsible for the elicitor
activity of the transglutaminase family protein GP42 (42 kDa) found in the cell
wall of P. sojae, and CBEL is a late blight lectin that binds cellulose and is involved
in adhesion to plant cells [7]. Pep-13 is highly conserved among Phytophthora
species and is highly active. It induces typical PTI protective responses in potato
and parsley cells at extremely low concentrations (~ 1 nM) [143]. Mutations that
alter the composition of Pep-13 abolish both elicitor and transglucominase activ-
ities [143]. PaNie2l3 from P. aphanidermatum is capable of inducing HSR in
Arabidopsis and other plants. The mature protein (25 kDa) consists of 213 amino
acid residues, is synthesized as a 234 amino acid precursor with a signal peptide
and has a proteinase cleavage site. It induces de novo synthesis of 4-hydroxyben-
zoic acid in cultured carrot cells, callus formation in Arabidopsis, and necrosis of
tobacco and tomato leaves [144]. An elicitor protein similar to PaNie was isolated
from P. megasperma f. sp. glycinea, P. infestans and P. parasitica [145]. PB90 pro-
tein (90 kDa) was isolated from the culture filtrate of the cotton late blight path-
ogen P. boehmeriae. Its infiltration into the leaves of tobacco, which is not the
host of this pathogen, causes HSR, induces the synthesis of ROS (H202), the
accumulation of SA and an increase in the activity of protective enzymes peroxi-
dase (POD) and PAL [32]. It is also reported that a glycoprotein (15 kDa) struc-
turally similar to some elicitins was found in the cultural filtrate of P. colocasiae,
the causative agent of late blight in Colocasia esculenta. A polypeptide fragment of
this glycoprotein is responsible for its ability to induce an increase in the activity
of POD, PAL and lipoxygenase [145].

Microbial enzymes with elicitor properties. When plants are
infected, necrotrophic pathogens secrete various enzymes that break down the
cellulosic and hemicellulosic components of the plant cell wall to make nutrients
available. Some of the enzymes are recognized by plants and act as elicitors of
defense responses, and the ability of these enzymes to induce resistance in the vast



majority of cases is not related to their enzymatic activity.

The best known examples of elicitor enzymes are fungal and bacterial xy-
lanases. Thus, the ET biosynthesis-inducing endoxylanase EIX from 7. viride has
been well characterized. When it infiltrates tomato or tobacco leaves, early and
late protective responses develop (HSR, ROS generation of and expression of PR
protein genes, synthesis of fioalexins) [146]. It has been established that EIX is
recognized by tomato plants as MAMP and binds to LRR-type receptors LeEix1
and LeFix2; The HSR and ET production are initiated only by contact with
LeFEix2, and LeEix1 acts as a decoy receptor [147]. The enzyme is synthesized as
a 25 kDa precursor and undergoes post-translational glycosylation. The fungus
secretes a mature protein (22 kDa), enriched in glycine, serine, tyrptophan, tyro-
sine and threonine and free of lysine, alanine, leucine and glutamine. Mutant
forms of EIX that have lost endogluconase activity retain the ability to induce
HSR. Plant defense responses are also induced by xylanase II from 7. reesei and
xylanases from F. graminearum [148]. The elicitor activity of xylanase is attributed
to the TKLGE sequence, in which replacement of the terminal threonine (T) and
glutamate (E) residues with valine and threonine, respectively, results in the loss
of the protective properties of EIX. In endoxylonase Xynl1A from B. cinerea, a
25-residue peptide Xyn25 is responsible for elicitor activity, inducing HSR and
the expression of a number of protective genes [149]. In turn, the protective ac-
tivity of this peptide is due to a short conserved sequence of 4 amino acids, but
not the catalytic activity [146].

Endocellulase EG1 from R. solani contains a putative 227 amino acid
protein with a signal peptide and a glycosyl hydrolase domain. By replacing the
aspartic acid residue at position 32 with alanine, a catalytically inactive enzyme
was ptoduced. This altered enzyme was expressed in yeast and purified to homo-
geneity. The recombinant EG1 (rEG1), devoid of enzymatic activity, fully retained
the properties of the elicitor. It induced cell death in the leaves of corn, tobacco
and Arabidopsis, and also enhanced the expression of genes for SAR markers and
a number of protective enzymes and PR proteins in corn and tobacco (PRla,
POD, PAL, chitinase, B-1,3-gluconase, etc.). In addition, rEG1 caused the accu-
mulation of ROS, a reversible shift in extracellular pH to alkaline, the accumula-
tion of Ca2* ions and ethylene biosynthesis in a suspension of cultured tobacco
cells. In experiments with infection of maize plants with R. solani, HSR cell death
was also associated with EG1 expression [150].

The MF3 protein (microbial factor 3, 16.9 kDa) was isolated from the
culture fluid and cell homogenate of P. fluorescens. This protein is capable of
inducing a wide-range SR in plants against viruses, fungi, and nematodes [151].
It was identified as peptidyl-prolyl-cis/trans-isomerase, and a fragment of the con-
served enzyme region consisting of 29 amino acid residues (IIPGLEKALEGK-
AVGDDDLEVAVEPEDAYG) is responsible for its elicitor activity. The peptide
retains the protective properties of the full-length protein [151] and can cause the
accumulation of SA in tobacco leaves treated with it, possibly due to an increased
expression of the isochorismate synthase gene, which catalyzes the SA synthesis.

Glycoproteins and peptidoglycans. Glycoproteins (GPs) result
from post-translational glycosylation of proteins and regulate several biological
processes vital for microorganisms. Phytopathogenic fungi secrete some of the GPs
when infecting plants, using them as effectors that promote virulence. The carbo-
hydrate moiety of such effectors regulates their stability, activity, conformational
folding, target transport, and cellular localization [152], but may also determine
the effector/elicitor activity of microbial GPs. Thus, GP SIpl (syn. LysM 1) se-
creted by M. oryzae binds chitin and prevents the interaction of this PAMP with
its receptor in rice cells (CEBiP), and only the glycosylated protein acts in this



way. Unglycosylated Slpl is prone to rapid degradation, so unbound chitin be-
comes available again to CEBiP and triggers a defense response [153]. GP frac-
tions of the cell walls and culture filtrate of P oligandrum, capable of inducing the
expression of genes for resistance to phytopathogens and the accumulation of en-
zymes associated with it in wheat and sugar beet, lost this ability after autoclaving
or enzymatic proteolysis. Howeve, periodate, which attacks the carbohydrate frag-
ment of GP, did not affect the elicitor activity of these fractions [154].

Bacterial peptidoglycans represent a separate group of elistors from the
category of complex proteins. Since the cell walls of almost all their species contain
peptidoglycan, plants recognize it as a nonspecific elicitor. In particular, in Ara-
bidopsis, tobacco, and rice, this bacterial PAMP was shown to activate early de-
fense responses such as an increase in the concentration of calcium ions in the
cytoplasm and the generation of ROS [155].

Effectors of phytoviruses. The interaction between viruses and
plants serves as a convenient model for studying the molecular mechanisms of
antiviral phytoimmunity. The introduction of viral particles into plant cells triggers
defense mechanisms, including microwaves, leading to rapid isolation of the path-
ogen in the cells of plants resistant to it. These processes involve small interfering
RNAs, which suppress or disrupt the synthesis of viral nucleic acids, preventing
its replication. During evolution, phytoviruses acquired the ability to synthesize
specific effectors, i.e., the viral suppressors of RNA silencing (VSR), the main role
of which is to suppress RNA interference (RNAi). VSRs have been shown to cause
plant gene silencing and thus allow viruses to overcome PTI [156]. VSR, like other
viral gene expression products with diverse functions, are recognized by plant re-
ceptor R proteins, which leads to viral RNA silencing.

Thus, tobacco plants of the species N. glutinosa have a set of proteins that
cause RNA silencing of phytopathogenic viruses. Poleroviruses capable of infecting
this species have a PO protein that functions as a VSR. The target of PO is the
ARGONAUTEI gene product AGOI1, a plant protein and a catalytic component
of the RISC (RNA-induced silencing complex, a protein complex that ensures gene
silencing via the RNAi mechanism) [157]. It was noted that the action of other
VSRs is also directed towards AGO1. For example, its degradation is caused by P25
of the potato virus X, which leads to the suppression of the HSR in N. glutinosa.

The RNAI inhibitory properties of PO of different polerovirus isolates de-
pend on intraspecific differences in its structure. When comparing the suppressive
activity of PO from two different isolates of cereal yellow dwarf cereal yellow dwarf
Polerovirus (amily Luteoviridae) CYDV-RPV, it was found that the presence of
proline in the C-terminus reduces the stability of this protein and negatively affects
its suppressor activity. It is likely that the high conformational rigidity of proline
contributes to the structural destabilization of the protein molecule, which in-
creases with increasing temperature. Replacing proline with other amino acids,
such as serine, improves the structural stability of PO [158]. It is precisely this
substitution that has been found in some natural isolates of poleroviruses that
successfully infect cereals. It was also found that a mutation resulting in the re-
placement of the C-terminal proximal proline with serine in PO with low suppres-
sive activity from the CYDV-RPYV isolate which weakly infects plants at elevated
temperatures, restores the activity of this protein [156-158]. Interestingly, in nat-
ural populations of poleroviruses, mutants spontaneously arise in which proline is
replaced by serine. To induce HSR in plants, a complete functional protein PO is
required. VSR mutants with amino acid substitutions in the F-box motif of this
protein lost their suppressive activity and, as a result, could not cause HSR. Main-
taining the structure of the protein F-box motif appears to be important for the
ability of PO to cause degradation of the AGOI1 protein, which leads to disruption



of the RNA silencing mechanism.

When studying the interaction of N. glutinosa plants with the turnip yellow
virus (TuYV), the potato leaf roll virus (PLRYV), and the cucurbit virus aphid borne
yellows virus (CABYYV), it was found that the resistance of this species to these
viruses is associated with the ability of the PO proteins TuYV (POTu), PLRV
(POPL), and CABYV (POCA) to induce HSR in cultivar TW59. Plants of other
cultivars of this species recognize only POPL from PLRV [159]. Genetic analysis
showed that in N. glutinosa the resistance gene RPOI (resistance to poleroviruses
1) inherited as a dominant allele is responsible for the ability to recognize POTu.
Effector proteins have been identified in many phytoviruses, which, like PO, ex-
hibit RNAi-inhibitory properties, suppressing the protective silencing of viral
RNA:s in infected plants, therefore silencing is considered the main mechanism of
ETI to these pathogens.

Prospects for the use of elicitor proteins of microorgan-
isms in agriculture and examples of protective drugs developed
on their basis. Due to the variety of microbial proteins that can be perceived
by plants as elicitors, causing rapid development of responses in low doses, acti-
vating the general or race-specific SR of plants and leading to long-term protection
against phytopathogens, researchers are seeking to evaluate the possibilities of us-
ing these elicitors to increase crop yields [26, 160-162]. For example, the protec-
tive effectiveness of elicitor proteins from FS-94 has been confirmed by three-year
field trials. It has been shown that pre-sowing treatment of spring wheat seeds
significantly reduces the prevalence and weakens the symptoms of Fusarium and
helminthosporium root rots throughout the growing season, resulting in increased
yield [116]. From a practical point of view, the attractiveness of protein elicitors
is also due to the fact that some of them increase plant resistance to abiotic stress
and have a positive effect on their growth and development (https://doraa-
gri.com/pro-duct/buy-harpin-protein/). In general, the prospects for including
elicitors in environmentally friendly scenarios for protecting crops from diseases
based on stimulating active phytoimmunity seem very promising. However, this
research area still remains relatively new and under-demanded. So far, only a small
number of elicitor proteins and commercial drugs created on their basis are known,
which have found wide practical application.

The first protein elicitor-based drug for agricultural practeice was harpin.
Under the trade name Messenger, by 2000 it was registered in the USA by the
Eden Biotechnology Company and approved for use on all crops. The U.S. Envi-
ronmental Protection Agency awarded the drug the Presidential Green Chemistry
Challenge Award for plant protection and agricultural product safety in 2001. The
drug was used to protect crops of tobacco, vegetables and fruits in the USA, Mex-
ico, Spain and other countries. Messenger also was temporary registred in China,
and since 2007 its use on tomato, pepper, tobacco and rapeseed has been ap-
proved.

In 2008, a license for the production of harpin was acquired by the Chinese
company Dora Agri to produce the drug Dora Immune (https://doraagri.com/pro-
duct/buy-harpin-protein/). Over the past five years, the drug has been supplied to
the Chinese market, as well as to the markets of Central and South America and
Western Europe. It is proposed to be used as a plant health factor, which activates
the immune system and affects the expression of genes responsible for growth and
activation of defense reactions. Dora Immune is used to treat seeds, roots and
leaves and is approved for use on apple, plum, kiwi, nectarine, avocado, mango,
citrus fruits, cherries, grapes, hemp, tobacco and some other plants. According to
the manufacturer, treating plants with this drug improves product quality, increases
yields, protection against diseases, the shelf life of fruits by 5-7 days and their



sugar content by 10-25%. However, such effectiveness is achieved only if the
working solution is prepared no more than 6 hours before spraying, and is seeds
are treated no more than 30 minutes before planting. In addition, when used
together with preparations containing salts of heavy metals, the effectiveness of
treatments may noticeably decrease, since the latter adsorb protein, preventing its
contact with plant receptors.

Another convincing example is the PeaT1 protein from A. tenuissima [129,
130] which is also produced by A. alfernata [160]. In 2014, the Institute of Plant
Protection of China registered PeaT1 in China as the active ingredient of a pro-
tective drug with an immunostimulating effect, commercially named ATaiLing
[160]. It is manyfactured by the Chinese company Zhongbao Chemicals Co.,
Limited. It has been shown that ATaiLing inhibits the expression of viral genes
and repair pathological changes in plant tissues affected by viruses. In addition,
ATaiLing induces multiple plant defense responses against insect pests. The drug
is effective against rice streak disease, tomato yellow leaf curl virus, and tobacco
mosaic virus. It is important to highlight that it provides protection against one of
the most damaging citrus diseases, Huanglongbing (citrus greening disease, or pin-
yin) caused by Candidatus Liberibacter. Due to the high effectiveness of the drug,
its sales since entering the market has reached 200 tons per year with an annual
profit of 70 million yuan. To date, Atailing is used on 5 million hectares of culti-
vated areas in China. A number of agrochemical companies are negotiating the
possibility of using the drug in America and Western Europe. Currently, in Russia,
the Altbiotech company is registering a biological product based on peptidyl-prolyl
cis/trans isomerase (MF3) the elicitor properties of which were first discovered
and studied at the All-Russian Research Institute of Phytopathology [151]. The
structure and elicitor functions of the protein were patented in Russia, European
and Asian countries and in the USA [162]. Testing an MF3-based drug in three
different agroclimatic zones showed its antiviral effectiveness on commercial po-
tato plantings, the ability to improve the physiological state of plants and the
possibility to increase harvest, in toxicological test, no toxicity was shown for la-
boratory animals. The protein elicitor AMEP412 from B. subtilis which induces
systemic resistance to bacteria may also be promising as a biocontrol agent [163].

Thus, induced disease resistance becomes an attractive alternative to
chemical pesticides in plant protection. The induced response is activated by elic-
itors, including proteins. Elicitors are recognized by various receptors, control sev-
eral signaling pathways and induce various protective responses in plans. Despite
the fact that a large number of specific and non-specific biogenic elicitors are
currently known, only few are used in practice to protect agricultural crops. Nev-
ertheless, a wide arsenal of elicitor proteins in microorganisms, the ongoing in-
tensive search for new microbial proteins that activate plan immunity, and inno-
vative methods for their screening suggest that new elicitor proteins will be iden-
tified to become the basis of drugs for crop protection.
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