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Abstract: Wheat is a highly relevant crop worldwide, and like other massive crops, it is susceptible to
foliar diseases, which can cause devastating losses. The current strategies to counteract wheat diseases
include global monitoring of pathogens, developing resistant genetic varieties, and agrochemical
applications upon diseases” appearance. However, the suitability of these strategies is far from
permanent, so other alternatives based on the stimulation of the plants’ systemic responses are being
explored. Plants’ defense mechanisms can be elicited in response to the perception of molecules
mimicking the signals triggered upon the attack of phytopathogens, such as the release of plant and
fungal cell wall-derived oligomers, including pectin and chitin derivatives, respectively. Among the
most studied cell wall-derived bioelicitors, oligogalacturonides and oligochitosans have received
considerable attention in recent years due to their ability to trigger defense responses and enhance the
synthesis of antipathogenic compounds in plants. Particularly, in wheat, the application of bioelicitors
induces lignification and accumulation of polyphenolic compounds and increases the gene expression
of pathogenesis-related proteins, which together reduce the severity of fungal infections. Therefore,
exploring the use of cell wall-derived elicitors, known as oligosaccharins, stands as an attractive
option for the management of crop diseases by improving plant readiness for responding promptly to
potential infections. This review explores the potential of plant- and fungal-derived oligosaccharins
as a practical means to be implemented in wheat crops.
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1. Introduction

The harvest of wheat in 2020 was around 757.6 million tons. For Central America and
the Caribbean, the production was below the estimated average this year [1]. Wheat plays
a dominant role in world food security since the Green Revolution [2]. However, the wheat
crop suffers from various diseases, including fungal and bacterial infections, resulting
in a significant drop in yield production and quality; additionally, wheat cultivation is
significantly affected by climate change. Fungi of the genus Puccinia is a leading cause
of yield loss in wheat globally: around 40% under favorable conditions. Puccinia fungus
caused one of the most devastating outbreaks in Mexico, implicated in crop production
losses up to 60% [3-5]. Fungal disease management typically relies on the chemical
control and selection of resistant genotypes [6]. Synthetic fungicides, mainly triazoles like
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propiconazole, triadimefon, or fenpropimorph, are commonly used to treat cereal fungal
diseases. This group of fungicides has low biodegradability and is consequently highly
persistent in soil and water.

Furthermore, they disrupt endocrine function in mice, fish, and possibly humans [7,8].
Resistant genetic lines of wheat turn out to be a convenient option for the environment.
However, the development cost is high, and the viability of their resistance is approximately
three to five years, which renders them limited as a long-term solution [9]. Therefore, new
approaches, preferably based on green methods, are needed to control fungal pathogens. It
is worth considering an alternative to the standard control; as mentioned earlier, strategies
use molecules that can emulate pathogens and induce the biosynthesis of antipathogenic
compounds. Since these molecules elicit physiological, biochemical, and molecular re-
sponses, they are called elicitors.

Elicitors are capable of performing signaling functions in plants [10]. Biotic elicitors
include microbial enzymes, fungal and bacterial lysates, yeast extracts, and polysaccharides
from the cell walls of microorganisms (e.g., chitin and glucans), polysaccharides that
arise from pathogen-drive degradation of the plant cell wall (pectin and its derivatives),
intracellular proteins synthesized by the plant cell in response to different types of stresses
or attack by pathogens, including plant hormones such as methyl jasmonate and salicylic
acid (SA), their derivatives, and analogs [11].

Oligochitosans originate from the hydrolysis of chitosan, and oligogalacturonides are
pectin-derived carbohydrate fragments resulting from hydrolysis of the middle lamella and
primary cell wall of plants [12]. Some carbohydrate polymers, generally oligosaccharides
or polysaccharides, have great potential as inducers of plant defense. The mechanism
by which elicitors can protect plants is still far from fully understood, but considerable
advances have been made. Plants possess a complex defense system that includes broad
and specific responses such as accumulation of reactive oxygen species (ROS), increased
expression of defense-related genes, activation of proteins that respond to pathogens,
and the synthesis of phytoalexins and phytohormones. Such responses appear to be
dependent on the plant species and type of elicitor. This review highlights wheat as one
of the main vegetal models for its role in worldwide nourishment, and the potential use
of oligosaccharin fragments derived from these carbohydrates either cell wall of plants
or fungi have an elicitor activity in the systemic acquired resistance (SAR) in wheat as
an alternative to decreasing the need for synthetic chemicals to protect this crop from
diseases [13-16].

2. The Route of Plant Defense

The pathogen-associated molecular patterns (PAMP) are molecules with conserved
features among pathogens that, upon perception, induce broad responses known to be the
first line of defense of plants [17]. Plant pattern recognition receptors (PRRs) recognize
PAMP and trigger a multifaceted immune response that increases tolerance to disease. In
order to identify specific microbial epitopes on the cell surface, PRRs have to transit through
intracellular compartments (from the endoplasmic reticulum through the Golgi apparatus
to the trans-Golgi network, and finally to the plasma membrane). Therefore, the correct
accumulation of PRRs in the plasma membrane is essential to trigger the immune response.

Furthermore, in the cell, PRRs are dynamically distributed through endocytic pro-
cesses highly regulated [18]. Once PRRs are activated, they drive a series of biochemical
and physiological responses to counteract pathogens called Pattern-Triggered Immunity
(PTI), which involves mitogen-activated protein kinase signaling, certain modifications to
histones, callose deposition, reactive oxygen species (ROS) explosion, and expression of
pathogen-related genes [19].

PAMPs can be components of the cell wall, including chitin, 3-glucans, ergosterol,
and mannan, in the case of fungi. At the same time, bacteria-derived PAMPs include lipoic
acid, peptidoglycans, and flagellin, which are highly conserved molecules essential for
these microorganisms’ physiology and life cycle [20,21]. PAMP detection depends directly
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on PRR, which also possesses a group of conserved domains that include extracellular
leucine-rich repeat receptor kinase or lysin motif domain and cytoplasmic kinase [17].
These domains are similar in structure to a family of plant transmembrane receptor-like
kinases that are crucial for recognizing elicitor molecules, and thus for their effectiveness on
the sequential expression of genes related to defense [22]; PAMPs triggers wall-associated
kinase proteins, increasing the expression of genes involved in quantitative resistance (basal
resistance) [23]. Upon PAMPs recognition, plants initiate a hypersensitive response (HR)
process, a complex multicellular process commonly associated with programmed cell death
in the presence of a pathogen. Although this HR mechanism leads to local cell death and
tolerance to the pathogen, both processes are physiologically and genetically decoupled,
e.g., the interaction between flax and Melampsora lini during flax rust developing [23].

If PRRs-mediated PAMPs perception fails, the pathogens depliage specialized effectors
in the cell to suppress PTI by manipulating and modifying PTI components. Plants
have developed a second layer of immunity, termed Effector Triggered Immunity (ETI),
triggered when intracellular resistance proteins detect avirulent effectors in cooperation
with accessory proteins. Indeed, there is a regulated process going from PTI to ETL The
ability of immune receptors to recognize appropriate ligands determines the magnitude of
plant resistance, which is in turn associated with the development of an active immunity:
when needed, PT1 leads to a lengthy response, more robust activation of transcription
factors, removal of harmful restrictions, and reinforcement of PTI pathways [24].

The phytohormones such as SA promote a potent response against pathogens that
includes local reactions at the site of infection and systemic acquired resistance (SAR)
activation. This mechanism protects plants from a broad spectrum of pathogens, including
viruses, phytoplasma, bacteria, fungi, and nematodes [25]. Through SAR, the plant is
self-defending against the colonization of additional pathogens by causing a systemic
defense reaction that includes strengthening cell walls and producing pathogenesis-related
proteins (PR) and phytoalexins [26].

ROS have been described as essential in the HR of plants, considering that oxidative
burst is one of the first responses to pathogens attack [27]. An increase in NADPH oxidase
enzymes produces ROS; furthermore, enzymes that detoxify ROS, such as catalase and
ascorbate peroxidase, are suppressed by SA and nitric oxide to accumulate ROS and limit
the pathogen’s advance beyond the site of infection. ROS participate in the activation of
mitogen-activated protein kinase in plants. The redox state regulates NPR1 (Non-expressor
of pathogenesis-related gen 1), an essential activator of SA-dependent defense responses
such as SAR [28]. NPR1 accumulates in the cytosol as an inactive oligomer. Once reduced,
it releases monomer units that migrate to the nucleus and interact with the reduced form
of TGA1, a transcription factor belonging to the group of bZIP transcription factors that
activate gene expression related to SA-dependent defense [29]. ROS can be regulatory
molecules for establishing systemic defenses against pathogens [30].

There is a fragile balance in ROS concentration since their excess can be toxic to
the cell and lead to cell death. Antioxidant enzymes such as guaiacol peroxidase, su-
peroxide dismutase, enzymes of the glutathione ascorbate cycle, and catalase regulated
ROS. Additionally, although not exclusively by ascorbate peroxidase, dehydroascorbate
reductase, monodehydroascorbate reductase, and glutathione reductase. Other powerful
non-enzymatic antioxidants in cells are ascorbate, glutathione, carotenoids, tocopherols,
and phenolic compounds [31].

Plant infections, in addition to causing local responses (including ROS or HR), trigger
SAR. Contrariwise, higher ROS levels also suppress SAR, and since nitric oxide and ROS
operate in a feedback loop, ROS-mediated suppression of SAR may involve nitric oxide,
corroborating that an excessive accumulation of ROS could negatively regulate SAR [32].
During SAR, the signaling function shows similarities between SA- and nitric oxide-
triggered networks. Hence, crosstalk between SA- and nitric oxide-dependent pathways
might provide multiple points to coregulate these pathways. Thereby, facilitating a tighter
regulation could explain the differential gene expression induced in response to varying
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nitric oxide donor concentrations and SAR suppression seen in plants with high nitric
oxide levels [33].

During SAR, the plant alarm signals are spread by the phloem, mainly containing
two hormones, SA and jasmonic acid (JA), to transmit the alert to distal parts of the in-
fection sites, allowing plants to deal more quickly and to counteract biotic and abiotic
stresses [33,34] efficiently. In such enhanced cells, only in the presence of a pathogen,
defense compounds are synthesized. SA and JA maintain a mutually antagonistic rela-
tionship [34], although some cases where they have synergistic interactions have been
reported [35]. The crosstalk between jasmonate and SA of Arabidopsis is notorious. Other
phytohormones such as ethylene and abscisic acid regulate JA inactivation by SA or vice
versa [36].

Typically, SA activity is associated with biotrophic pathogens, as in aphid attacks,
the activation of SAR in plants like Arabidopsis and wheat. A family of transcription
factors called Non-Expressor Genes Related to Pathogenesis (NPR) directly controls the
transcription of PR-genes associated with the SA signaling pathway. In particular, NPR1 is
considered the master regulator of SA signaling [37,38]. It is stipulated that SAR depends
on SA. SAR is induced in wheat and tobacco plants either by an inducer or a pathogen. The
foliage of tobacco plants requires the production of phenylpropanoid pathway compounds
for the efficient development of SAR. Also, de novo production of phenylpropanoids can be
induced by SAR, which in wheat promotes a higher content of antioxidants in the bran [39].

3. Salicylic Acid: The Hormone of Plant Defense

Among endogenous plant growth regulators, salicylic acid is a unique phenolic class
compound with an essential role in modulating various physiological and metabolic pro-
cesses, such as growth regulation, thermogenesis, ethylene biosynthesis, flower induction,
seed germination and ion absorption by roots, stomatal movements, inhibition of leaf ab-
scission, accumulation of chlorophyll and carotenoids, photosynthesis, enzyme activation,
and plant maturation [40,41]. SA-mediated immune responses involve strengthening the
cell wall by increasing lignin and callose production, synthesizing antimicrobial secondary
metabolites like phytoalexins, and synthesizing antimicrobial proteins like glucanases and
chitinases, which may degrade the cell walls of pathogens [42].

SA has a role as a regulator of pathogens recognition. In plants, the endogenous con-
tent of SA and exogenous application of SA can trigger immune-like responses. SA levels
control the transcriptional reprogramming via the perception of NPR proteins with SA pro-
tein regulators; thus, positive and negative transcriptional regulation of SA biosynthesis is
required for fine-tuning. SA levels for optimal defense without causing unnecessary fitness
costs [43]. Salicylic acid signaling contributes to the tolerance to Fusarium graminearum in
wheat and barley due to the constitutive expression of NPR1 and NPR1-like genes [44].

SA biosynthesis occurs inside the chloroplasts, which can be carried out mainly by
two different metabolic pathways. One is derived from L-phenylalanine and catalyzed by
the enzyme phenylalanine ammonium lyase (PAL). Simultaneously, the second one, the
enzyme isochorismate synthase (ICS), uses chorismate as a precursor. How isochorismate
is converted to SA is still unclear, and several are missing links between immune receptors
and the activation of SA biosynthesis [45]. Both pathways start with chorismic acid.
The end product of the shikimic acid pathway, an alternative route to ICS, intervenes
in SA production. In some dicotyledonous plant models, such as Arabidopsis, Nicotiana
benthamiana, and tomato, most synthesized SA occurs via chorismate [46,47]. In wheat,
the predominant mechanisms by which SA is biosynthesized are still to be determined.
However, under freezing stress, wheat, cucumber, and watermelon synthesize SA through
PAL, but it is uncertain if, under biotrophic stress, wheat synthesizes SA through PAL or
ICS [48]; meanwhile, in other angiosperms, such as strawberry and soja under biotrophic
stress, SA biosynthesis occurs through both routes; ISC and PAL. Moreover, in strawberries,
chorismate mutase, salicylate hydroxylase, and isochorismate synthase act as effector genes
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related to the homeostasis of SA during host/pathogen interaction between strawberry
and C. fructicola.

The plant ICSs show quite distinct biochemical properties despite their sequence
similarities. These differences between ICSs biochemical properties in plants may reflect
the plant species-related particularities in SA production [49], as well as the complex
homeostasis of SA, in which both pathways may act cooperatively [50,51].

4. Types of Elicitors

Plants have the adaptability of priming; this prepares them to respond faster and
more vigorously to the stress caused by the attack of pathogens. Elicitors generate the
priming state, availed to activate plant responses such as the production of phytohormones
and phytoalexins, an increase in the expression of defense-related genes, and enhanced
synthesis of enzymes with antioxidant activity [52]. According to its nature, the elicitor
can be considered a biotic or abiotic driving factor. Abiotics include metal salts, physical
factors, or UV light. At the same time, biotics is far more diverse due to the immense nature
of chemical molecules produced or derived from biological agents with eliciting activities.

Table 1 shows different biotic elicitors applied to wheat or various crops in the last
decade to counteract stresses caused by pathogens or climatic and edaphological conditions.
The activity and effectivity of these elicitors have been evaluated in diverse developmental
stages of plants, such as seed, vegetative growth, fruit development, and postharvest
storage, using different application methods.
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Table 1. Examples of chemical /biological elicitors in crops.

Crop Stressor Elicitor Elicitor Type Concentration Mode of Application Triggered Response Reference

Tomato Ralstonia solanacearum SA Phytohormone 1uM Soaked seeds Increased the act1v1t1§ s of peroxidase [53]

and polyphenol oxidase enzymes

. . Fragments of cell wall + . Upregulation of PR proteins and )

Tomato Leveillula taurica COS + OGA fungal cell wall 50 ppm Foliar spray salicylic acid (SA)-related genes [54]
Rice Xunthomémas OTyzae pv: Methyl salicylate Phytohormone 75 and 100 mg L~! Soaked seeds Promoted early .growth. and Prov1ded [55]

ryzae better protection against diseases

. Saponin isolated from . 1 . Stimulation of peroxidase
Wheat Fusarium oxysporum. Agapanthus africanus Phytochemical 125 ug mL Foliar spray enzyme activity [56]
Citrus Low temperature Pectic oligosaccharides Fragments of cell wall 10gL™! Pos't ha%‘vest Spray Early defense signals [57]
application on fruits
5 ug mL~! (GXAG) e Initiation of freezing tolerance
Wheat Low temperature GXAG + ABA Fragments of cell wall +50 uM (ABA) Application in roots acquisition in winter plants [58]
. Upregulation of defense genes PI-1,
Potato Phytophthora infestans . COS.OGAS Fungal cell . 1 PR-1, and acidic PR-2 in potato [59]
FytoSave -OGA 1—F ts of 125¢ L~ Foliar spra
. . .. Y ( ) wa TABTIENIS & pray Induced defense dependent on OsPAL4
Rice Meloidogyne graminicola cell wall o [60]
gene expression in rice

Tobacco Botrytis cinerea PeBL2 Mlcroor.gamsm_ 50 uM Infiltrated leaves Generation (?f RO.S (H20, ar.ld (.)2_) [61]

Derived and systemic resistance activation

Upregulation of NtPAL, NtEDS1,

tobacco mosaic virus Microoreanism- NtLOX, and NtPDF, activated SA and
Tobacco and Pseudomonas PeFOC1 '8 5uM Infiltrated leaves JA /Et signaling pathways, induced [62]
; . Derived .
syringae pv. tabaci. callose, and phenolic
compounds deposition
Colletotrichum Induce specific accumulation of
Avocado o Chitosan Fungal cell wall 16 mg mL~! In vitro phenylpropanoids and an [63]
gloeosporioides - .
antifungal diene
Cucumber mosaic virus . 1 . Reduced viral load and upregulated )
Tomato (CMV) Chitosan Fungal cell wall 10 mL. plant Foliar spray PALS expression. [64]
-1
SA Phytohormone 2.5 mmol L Enhanced phenylpropanoid
Citrus Geotrichum candidum P. membranaefaciens Microorganism- 1 x 108 cells mL~! Wounded fruit pathway-related enzyme activities and [65]
derivate stimulated the synthesis of phenolic
Chitooligosaccharide Fungal cell wall 15gL! acids and lignin

Arabidopsis Pseudormonas syringae Cellobiose Fragments of cell wall 100 uM In vitro Signaling similar to other [66]

pv. tomato

PAMPs/DAMPs,
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Crop Stressor Elicitor Elicitor Type Concentration Mode of Application Triggered Response Reference
. . . . Stimulated defense mechanisms,
Pea Aphanomyces euteiches Oligogalacturonides Fragments of cell wall 80 ug Injected plants including the SA pathway [67]
. . . . . Root application and Modulated the production of
; -1 PP P
Rice Sogatella furcifera 4-Fluorophenoxyacetic Synthetic chemical 0.5to5mg. L Foliar spray peroxidases, H,0, and flavenoids [68]
. Phytohormones+ fungal SA (1 mmol LV + . Reduced chilling injury and improved
Apricot Low temperature SA +COS cell wall 0.05% COS (w/o) Foliar spray fruit quality [69]
Enhanced the chitinase,
[3-1,3-glucanase, peroxidase,
-1 . o
Grapefruits Penicillium digitatum SA + Chitosan Phytohormones+ fungal ~ SA 2mM) +10gL Fruit dipped phenylalanine ammonia-lyase, and [70]

cell wall

chitosan (w/v)

polyphenoloxidase activities and
stimulated the synthesis of total
phenolic compounds content
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4.1. Eliciting Phytohormones

The phytohormones are small organic molecules that can influence physiological
processes in plants at low concentrations. They participate in several functions during the
different stages of plant development and senescence and help plants cope with abiotic
and biotic stresses throughout their life cycle [71]. Some phytohormones fulfill a double
function as a resource against pathogens and also as signaling agents. Salicylic acid is one
of them since its synthesis increases upon fungal attack [72]. The application of JA and SA
to wheat leaves promoted the activity of 3-1,3-glucanases and thaumatin-like proteins that
significantly reduced (up to 56%) the disease incited by Stagonospora nodorum. Hence, the
increased resistance in wheat to S. nodorum after SA and JA application may be related to
the accumulation of PR-proteins [73].

Salicylic acid influences a series of physiological processes such as plant growth. It
improved the level of the antioxidant system (catalase, peroxidase, superoxide dismutase,
and proline) when applied to mung beans exposed to aluminum stress. In such a study, the
increase in antioxidants was accompanied by decreased H,O, content and peroxidation of
membrane lipids, suggesting that SA detoxifies oxidative stress induced by Aluminum.
Improved plant growth reflects stress resistance, photosynthetic pigments, photosynthesis-
related attributes, and membrane stability index [41]. Wheat treated with 100 mM SA
accumulated higher levels of osmolytes and transcripts related to stress-associated genes.
In addition, SA treatment increased the total antioxidant capacity of wheat. It reduced
the detrimental effect of heat shock on soluble starch synthase activity as the synthesis
of starch granules, which may have relevant implications for adapting crops to heat [74].
In recent years, SA and other phytohormones have been used alone or combined with
different biotic elicitors as inductors of biochemical and physiological responses associated
with the upregulation in essential defense-related expression genes wheat (Table 2).

Table 2. The effect of elicitors on the regulation of defense-related genes expression in wheat.

. . Mode of Gene .
Pathogen Elicitor Application Up-Regulation Suggested Mechanisms Reference
Blumeria graminis . SA Foliar infiltration PI-PLC2, LOX, Induction of the [75]
sp. tritici octadecanoid pathway
Stagonospora nodorum. SA/JA Foliar spray GLU, TLPs Induced in response to infection [73]
Blumeria graminis f. . PR1, PR4, PR5, and Induction of plant
sp. tritici MEP Foliar spray PR9 defense systems 76l
Seed immersion and Increased number of trichomes
Sitobion avenae PeaTl foliar sor ICS, PR1, and higher accumulation of [77]
onar spray wax. Induced SA and JA levels
Fusarium culmorum Sodium bicarbonate Seed immersion B2H2, PAL Induction of plant [78]
defense systems
Blumeria graminis f. Ozone Gas PR1, LOX, PAL Expression induced via the [79]
sp. tritici SA pathway
PRL1, PR2, PRY, Induced expression of
CHI3 CHI4,
Blumeria graminis f TaNPR1 defense-related genes,
(e ’ Saccharin/PBZ Foliar spray ¢ including a WRKY-type [80]
sp- fritici PAL, LOX, transcription factor. Increased
AOS, WCI2, WCI3, oA 1A biosynthes
WRKY72a/b e an iosynthesis
Fusarium Activated antioxidant defense
SA Soil drench PAL responses and possible induced [81]

graminearum

systemic acquired resistance
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Table 2. Cont.

. . Mode of Gene .
Pathogen Elicitor Application Up-Regulation Suggested Mechanisms Reference
PR1, PR4, PR5,
A-Carrageenan Foliar spray PR8,13-lipoxygenase
2,PAL, PR15
Cytosine-phosphate
li dguanme leotid Foliar spray PR5 13_1.P R4, 2
oligodesoxynucleotide ,13-lipoxygenase Displayed antimicrobial
motifs (CpG ODN) PN
. activities, increased
Zymoseptoria tritici Spiruling platensi Foli PR1,13-lipoxygenase antioxidative processes, and 82]
piruting platensis onarspray 2, PAL, PR15 plant defense signaling of SA
PR4, and JA
Glycine betaine Foliar spray PR5,13-lipoxygenase
2,PAL, PR15
PR1, PR4, PR5,
Ergosterol Foliar spray PR8,13-lipoxygenase
2,PAL, PR15
Enhanced defense against the
hemibiotrophic fungus F.
Fusarium Green Leaf Volatile Cuvette Svstem PR1, PR4, PR5, graminearum, resulting in slower 83]
graminearum Z-3-Hexenyl Acetate y peroxidase disease progress, reduced :

symptom development, and
lower fungal growth

4.2. Eliciting Phytochemicals and Plant-Derived Compounds

Various compounds that come from plants can act as elicitors, among which we can
find volatile compounds, carbohydrates, saponins, proteins, peptides, and lipids. The food
industry uses A-carrageenan from red algae as an additive that could also protect tomato
plants by triggering JA-related gene expression [84].

Volatile organic compounds from plants can work as elicitors since many of these
compounds are produced and released by attacking herbivores or pathogens. In maize
seedlings, the green leaf volatiles as Z-3-hexenyl acetate (Z-3-HAC) can create a priming
agent against herbivorous insects.

Other phytochemicals that can be used as elicitors are saponins. The (25R)-5«-
spirostane-2,33,5a-triol 3-O-(O-«-L-rhamnopyranosyl-(1—2)-O-(3-D-galactopyra-nosyl-
(1—3))-B-D-glucopyranoside) saponin isolated from Agapanthus africanus elicits defense
responses of plants. It exerts direct antifungal activity and stimulates the in vitro peroxidase
enzyme activity in wheat [56].

Furthermore, the plant-derived cytokinins can promote Arabidopsis resistance to Pseu-
domonas syringae pv. tomato DC3000 since the cytokinin activated transcription factor ARR2
contributes specifically to the tolerance to P. syringae pv. tomato. The SA response factor
TGAS3 binds to ARR?2, and cytokinin modulates SA signaling to reduce susceptibility to
P. syringae pv. tomato. Therefore, applying exogenous cytokinins to plants could be a
strategy to increase their tolerance to pathogens [85].

Cell walls are mainly composed of carbohydrates, proteins, and aromatic compounds.
Pectins are among these carbohydrates comprising a complex family of polysaccharides,
including homogalacturonan, xylogalacturonan, and apiogalacturonan [12]. The partial
degradation of homogalacturonan releases oligogalacturonides (OGAS), oligomers of alpha-
1,4-linked galacturonosyl residues [86,87]. OGAS can elicit defense responses, including
the accumulation of ROS and PR proteins, and protect plants against pathogen infection.
In addition, OGAS is recognized by Wall Assoc. Kinase (WAK) receptor in N. tabacum and
Vitis vinifera [24].

4.3. Microorganism-Derived Elicitors

Some molecules derived from microorganism’s cells show activity as elicitors, e.g.,
a protein named PeFOC1 isolated from Fusarium oxysporum. This protein triggers the
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immune response and systemic acquired resistance in tobacco by inducing early reaction
events and HR in tobacco cells. In addition, PeFOC1 regulated PR gene expression, acti-
vated SA and JA/ethylene signaling pathways, and caused the deposition of callose and
phenolic compounds in tobacco as evidence of SAR induction [62]. Another example of
the elicitor capacity of microorganisms-derived compounds is PeBL2, a protein isolated
from Brevibacillus laterosporus A60, which triggered an early defensive response in N. ben-
thamiana revealed by ROS accumulation (H,O; and O, 7). In the systemic resistance of
tobacco against Botrytis cinerea, PeBL2 plays a vital role in the induction of defense-related
early events, as well as an HR [61]. The cutinase from Sclerotinia sclerotiorum also triggers
defense responses in tobacco plants by inducing an HR in leaves and producing many
signaling molecules and secondary metabolites involved in plant resistance, including the
PR proteins PR1a, PR2b, and lipoxygenase [88].

Chitin is a linear long-chain homo-polymer composed of N-acetyl glucosamine units
[poly(N-acetyl--D-glucosamine)] with acetamide groups at the C-2 positions in place of
the hydroxyl groups in the repeating unit of the macromolecular chain [89]. Although
commercial chitin is obtained mainly from crustaceans’ exoskeletons, fungi cell walls are
also a rich source of this compound. The fungus—plant warfare releases chitin fragments.
This mechanism is evolutionarily maintained, making chitin one of the most outstanding
PAMPs. In tobacco, the Lysin domain of plant cells recognizes chitin fragments by an
extracellular kinase (CHRK1), eliciting the plant defense response and inducing the biosyn-
thesis of ROS, phytoalexins, and protein phosphorylation [90]. The cell surface receptors of
chitin, CERK1 (chitin elicitor receptor kinase 1), LYK5 (lysin motif receptor kinase 5), and
CEBiP (chitin elicitor binding protein) recognize chitin and its derivatives (chitosan and
chitooligosaccharides) in A. thaliana and rice, while the receptors LYR4 and LYK9 exert this
chitin recognizing function in soybean, and LYM2 and CERK in other legumes [24,91-93].
Despite the vast availability of chitin, its extreme insolubility is a significant problem
confronting the development of processes and uses based on this compound [89].

The first derivative of chitin is chitosan, a linear polysaccharide consisting of 2-
acetamido-2-deoxy-[3-D-glucose (N-acetylglucosamine) and 2-amino-2-deoxy-3-D-glucose
(N-glucosamine) units linked by (3-glycosidic bonds (1-4), which can have different pro-
portions of N-acetylglucosamine [94]. The presence of amino groups in the molecule
structure converts this polymer into a natural cationic polyelectrolyte with pKa~6.5, which
gives it particular properties [95]. Amongst polysaccharides and natural polymers, the
cationic nature of chitosan is peculiar, and most applications can be related to this feature.
Chitosan has unique characteristics such as biocompatibility and biodegradability and
possesses reactive functional groups that make it useful in different areas. It shows a
series of bioactive properties: analgesic, antimicrobial (antibacterial, antifungal), antioxi-
dant, anti-inflammatory, antacid, hypolipidemic, antidiabetic, anticancer, antitumor, and
bioadhesive [89].

It can effectively maintain the quality of fruits and vegetables and control postharvest
decomposition during storage and shelf life. Chitosan is a known inductor of plant defense
reactions. It can also be used in multi-component edible coatings, providing the desired
protection barrier for the fruit, and serving as a vehicle to incorporate specific additives
such as minerals, vitamins, essential oils, and other nutraceutical compounds [96]. Chitosan
activates the defense processes in plant cells, chelation of metals, and suppresses the supply
and assimilation of essential nutrients for microbial growth. Likewise, the positive charge
of the amino groups of chitosan could increase its degree of deacetylation, which accrues
the antimicrobial properties of chitosan [96].

Chitosan has also been used in vegetable crops such as potato, in which foliar ap-
plications of high molecular weight chitosan (200-558 mg/ha) and hydrolyzed chitosan
achieved 15% to 30% better yield [97]. In peach, chitosan, and oligochitosans, treatments
delayed fruit softening and senescence. They showed to effectively control brown rot due
to an increase in the production of the antioxidant enzyme catalase, chitinase, glucanase,
and the expression of the peroxidase and glucanase genes [98].
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An exciting feature of chitosan is the excellent biological activity exerted by its fractions
with a lower molecular weight called chitooligosaccharides (COS) [99]. The poor solubility
of unmodified chitosan in organic solvents also limits its utilization [100]. Unlike chitosan,
its hydrolyzed products (chitosan oligomers or COS) quickly dissolve in water due to
their short-chain lengths and free amino groups found in the D-glucosamine unit [101].
COS exerts bioactive properties such as antiviral, antibacterial, and antioxidant activities.
They are growth promoters and decrease the susceptibility of plants to abiotic stress dam-
age [102]. COS concentration and degree of acetylation are essential in determining their
inducing activity. The biological activity of chitin fragments is dependent on the degree of
polymerization, with the highest reported activity for the degree of polymerization =7 or 8
and little or no activity for small oligomers, with a degree of polymerization < 5 [103].

COS favors the production of secondary metabolites in plants. In addition, they induce
ion flow, ROS production, activation of mitogen-activated protein kinases, expression of
defense genes, synthesis of phytoalexins, strengthening of the cell wall, and in some cases,
induction of cell death [104].

The application of COS solution in rice seedlings decreased the severity of Pyricularia
grisea and increased the enzymatic activity of PAL, glucanase, and chitinase [105]. In
soybean, both chitosan and chitin oligosaccharides increased the enzymatic activity of PAL
and tyrosine ammonium lyase, enzymes that actively participate in the defense mechanisms
of plants [104]. Likewise, the application of COS increased resistance to C. gloeosporioides in
navel oranges by increasing the activity of PAL enzymes, chitinase, peroxidase, and the
accumulation of glycoproteins rich in hydroxyproline, improving orange quality during
storage as related to a decreased susceptibility to anthracnose [106].

5. Elicitors and Their Effect on Wheat

Wheat is a crop of economic relevance and a model to approach technological alterna-
tives in agriculture. The use of elicitors to enhance wheat production and quality through
activation of defense responses against phytopathogens is not an exception; therefore, a
wide range of elicitor types have been studied (Table 2).

Inorganic substances such as ozone induce wheat responses, increasing antioxidant
enzyme activities; lipid peroxidation; HyO, and Ca*? levels; also decreasing Blumeria
graminis f. sp. tritici invasion [79]. Sodium bicarbonate is another inorganic substance
that has been evaluated in wheat to activate plant defense against Fusarium culmorum
(Table 1) [78].

Non-pathogenic endophytic bacteria promote the protection of plants against the
attack of pathogens. Inoculation of wheat seeds of the “Alixan” and “Altigo” varieties with
Paenibacillus sp. strain B2 induced systemic resistance in wheat and suppressed the level
of infection by M. graminicola more than 59%. The genes involved in wheat basal defense
pathways, ROS production, and the synthesis of flavonoids, SA, and JA, appear to play a
vital role in the resistance to M. graminicola [107]. Wheat seedlings treated with a liquid
microbial fermentation derivative (MFP) product obtained from a mixture of bacteria and
yeast showed reduced powdery mildew pustules and increased PR genes’ expression. It is
essential to develop alternative methods to conventional fungicides to counteract resistance
development. For instance, agar supplemented with MFP inhibited the germination and
differentiation of powdery mildew. Therefore, an MFP elicitor may provide an effective
method to control fungi development in wheat [76].

The infiltration of SA in wheat leaves modified lipid metabolism by stimulating the
synthesis of phosphatidic acid and inducing the octadecanoid pathway, changing the set of
fatty acids, and reducing the content of unsaturated fatty acids caused partial resistance
against Blumeria graminis f. sp. tritici [75]. The combination of phytohormones and other
elicitors was functional in the acquisition of freezing tolerance in winter wheat. GXAG
(carbohydrate elicitor composed of monosaccharides of the cell wall) has demonstrated a
synergistic effect when applied before ABA, which suggests the ability of GXAG to increase
cell receptivity to ABA signaling.
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Durum wheat seeds were treated with chitosan and inoculated with Fusarium gramin-
earum fungus that causes root rot. An increased concentration of total phenols and enhanced
enzymatic activity of PAL, polyphenol oxidase, guaiacol peroxidase, and ascorbate peroxi-
dase reduced the root rot disease severity in greenhouse and field conditions. Chitosan
did not affect the germination performance of wheat. On the contrary, the application of
chitosan is an alternative against soil pathogens in wheat seeds and seedlings [108].

The exogenous application of COS in wheat seeds improved shoot and root lengths
in both fresh and dry weight of wheat seedlings. The decreased lipid peroxidation of the
membrane also increased the chlorophyll content and caused an increase in the antioxidant
activity of superoxide dismutase, peroxidase, catalase, and ascorbate peroxidase. Interest-
ingly COS affected the tolerance of wheat seedlings to cold stress strictly related to their
DP [102]. In addition, the application of COS to wheat seedlings increased the enzymatic
activity of chitinase and glucanase. COS with a polymerization degree from three to four
units exerted a more potent effect at higher dose concentrations [109]. Moreover, COS is
recognized as PAMPs by potential PRRs: W5G2U8, W5HY42, and W5I0R4 proteins that
function as COS binding sites in wheat, suggesting possible interactions between plasma
membrane proteins on the surface of the plasma membrane of the wheat protoplast [110].

OGAS decreased the level of Blumeria graminis f. sp. tritici infection in wheat as a
decrease in haustoria formation and an increase in the accumulation of autofluorescent
compounds in papillae but did not activate PAL [111].

6. Future Perspective and Limitations

The current trend in product development is to generate regenerative products, mean-
ing that they do not contribute to the collection or extraction of raw materials from nature.
COS can be obtained from chitin extracted from the exoskeletons of shrimp, which have
become a problematic residue in shrimp-producing zones. Meanwhile, OGAS can be
obtained with a good yield from pectin obtained from citric residues. Therefore, the pro-
duction of both elicitors as active ingredients supposes an alternative use for food industry
by-products worldwide and contributes to the circular economy model. Initially, the low
performance of obtaining COS was a significant limitation for large-scale applications.
However, the processes and techniques for obtaining good quality oligosaccharins at high
yields, either by chemical or enzymatic methods, are becoming efficient over time.

Nowadays, there are patented products on the market, such as fytosave®, whose
active substance is a complex of COS-OGAS. According to the low-risk phytosanitary
category, these products are included in Europe’s list of active substances. The fytosave®
shows effectivity in potatoes and rice [54,59,60]. To date, no application of this product in
grains has been reported.

The biotic nature of oligosaccharins allows them to be used in organic farming. How-
ever, a possible limitation on the use of these products is that both OGAS and COS are
potential carbon sources for microorganisms. In wheat, it is still unknown if upregulation
of defense-associated gene expression by the effect of oligosaccharins is able to induce
resistance and trigger the production of phytoalexins, increase the concentration of plant
defense-associated phytohormones, and if the application of these elicitors is an efficient
strategy to the overall stimulation of systemic acquired resistance.

7. Conclusions

The application of plant- and fungal-derived oligosaccharides has improved resistance
to various pathogens in plants such as potato, rice, orange, and tomato, which highlights
the oligosaccharins potential to develop practical means to be implemented in the pro-
duction of wheat crops. The elicitation mechanisms of oligosaccharins in plants include
the accumulation of ROS and glycoproteins rich in hydroxyproline and the induction of
the expression of genes coding for the PR proteins PI-1, PR-1, acid PR-2, PAL, peroxidase,
and for proteins required for the synthesis of SA. Wheat has specific receptors of COS and
OGAS that allow their recognition as PAMP molecules and then trigger signaling similar
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to that which occurs when attacked by a biotrophic pathogen, thus activating the defense
system in an environmentally friendly manner for sustainable plant protection.

Author Contributions: Conceptualization, L.C.O.-M., M.AM.-T. and E.A.-H.; formal analysis,
E.A.Q.-O., L.C.O.-M. and M.A.M.-T; writing—original draft preparation, L.C.O.-M., E.A.-H. and
E.A.Q.-O.; writing—review and editing, M.AM.-T,, JJ.V.-O., ABE-R. and LV-A,; supervision
M.AM.-T. All authors have read and agreed to the published version of the manuscript.

Funding: Laura Celina Ochoa-Meza acknowledges graduate scholarship support from CONACYT
of the government of México. This work was supported by the Research Program of CIAD, A.C.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: No data were used to support this study.

Conflicts of Interest: All authors declare no conflict of interest.

References

1. FAO Crop Prospects and Food Situation-Quarterly Global Report No. 4. Available online: http://www.fao.org/3/cb2334en/CB2
334EN.pdf (accessed on 10 January 2021).

2. Curtis, T.; Halford, N.G. Food Security: The Challenge of Increasing Wheat Yield and the Importance of Not Compromising Food
Safety. Ann. Appl. Biol. 2014, 164, 354-372. [CrossRef]

3.  Buendia-Ayala, B.L. La Incidencia de Roya Amarilla y La Calidad Industrial Del Grano y La Masa En Trigo Harinero. Rev. Mex.
Cienc. Agricolas 2019, 10, 143-154.

4. Zhang, P; Li, X.; Gebrewahid, T.W.,; Liu, H.; Xia, X.; He, Z.; Li, Z; Liu, D. QTL Mapping of Adult-Plant Resistance to Leaf and
Stripe Rust in Wheat Cross SW 8588 /Thatcher Using the Wheat 55K SNP Array. Plant Dis. 2019, 103, 3041-3049. [CrossRef]

5. Kolmer, J.A.; Herman, A.; Ordofiez, M.E.; German, S.; Morgounov, A.; Pretorius, Z.; Visser, B.; Anikster, Y.; Acevedo, M. Endemic
and Panglobal Genetic Groups, and Divergence of Host-Associated Forms in Worldwide Collections of the Wheat Leaf Rust
Fungus Puccinia triticina as Determined by Genotyping by Sequencing. Heredity 2020, 124, 397-409. [CrossRef] [PubMed]

6. Kirby, E.; Paulitz, T.; Murray, T.; Schroeder, K.; Chen, X. Disease management for wheat and barley. In Advances in Dryland
Farming in the Inland Pacific Northwest; Yorgey, G., Kruger, C.E., Eds.; Washington State University Extension: Pullman, WA, USA,
2017; pp. 399-467.

7. Chu, S-H,; Liao, P-H.; Chen, P-J.; Goetz, A.K,; Dix, D.]. Toxicogenomic Effects Common to Triazole Antifungals and Conserved
between Rats and Humans. Toxicol. Appl. Pharmacol. 2009, 238, 80-89. [CrossRef]

8. Maurya, R.; Dubey, K,; Singh, D.; Jain, A.K.; Pandey, A K. Effect of Difenoconazole Fungicide on Physiological Responses and
Ultrastructural Modifications in Model Organism Tetrahymena Pyriformis. Ecotoxicol. Environ. Saf. 2019, 182, 109375. [CrossRef]
[PubMed]

9.  Huerta Espino, J.; Rodriguez Contreras, M.; Rodriguez Garcia, M.; Villasefior Mir, H.E.; Leyva Mir, S.G.; Espitia Rangel, E. Genetic
Variation of Resistence against Puccinia triticina E. in Durum Wheats from Oaxaca, México. Rev. Fitotec. Mex. 2011, 34, 35-41.

10. Thakur, M.; Sohal, B.S. Role of Elicitors in Inducing Resistance in Plants against Pathogen Infection: A Review. ISRN Biochem.
2013, 2013, 1-10. [CrossRef]

11.  Ramirez-Estrada, K.; Vidal-Limon, H.; Hidalgo, D.; Moyano, E.; Golenioswki, M.; Cusid6, R.; Palazon, J. Elicitation, an Effective
Strategy for the Biotechnological Production of Bioactive High-Added Value Compounds in Plant Cell Factories. Molecules 2016,
21, 182. [CrossRef]

12. Caffall, K.H.; Mohnen, D. The Structure, Function, and Biosynthesis of Plant Cell Wall Pectic Polysaccharides. Carbohydr. Res.
2009, 344, 1879-1900. [CrossRef]

13. Li, Y, Li, L.; Zhao, M.; Guo, L.; Guo, X; Zhao, D.; Batool, A.; Dong, B.; Xu, H.; Cui, S.; et al. Wheat FRIZZY PANICLE Activates
VERNALIZATION1-A and HOMEOBOX4-A to Regulate Spike Development in Wheat. Plant Biotechnol. |. 2021, 19, 1141-1154.
[CrossRef] [PubMed]

14. Yadav, T.; Kumar, A.; Yadav, RK; Yadav, G.; Kumar, R.; Kushwaha, M. Salicylic Acid and Thiourea Mitigate the Salinity and
Drought Stress on Physiological Traits Governing Yield in Pearl Millet- Wheat. Saudi ]. Biol. Sci. 2020, 27, 2010-2017. [CrossRef]

15. Gawlik-Dziki, U.; Dziki, D.; Nowak, R.; Swieca, M.; Olech, M.; Pietrzak, W. Influence of Sprouting and Elicitation on Phenolic
Acids Profile and Antioxidant Activity of Wheat Seedlings. J. Cereal Sci. 2016, 70. [CrossRef]

16.  Arturo Enriquez-Guevara, E.; Aispuro-Hernandez, E.; Martinez-Téllez, I. Oligosacarinas Derivadas de Pared Celular: Actividad
Biolégica y Participacion En La Respuesta de Defensa de Plantas. Rev. Mex. Fitopalogia 2010, 28, 144-155.

17.  Zipfel, C. Early Molecular Events in PAMP-Triggered Immunity. Curr. Opin. Plant Biol. 2009, 12, 414-420. [CrossRef]

18. Rosa, P; Stigliano, E. Bringing PTI into the field. In Applied Plant Biotechnology for Improving Resistance to Biotic Stress; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 45-61.

19. Zipfel, C. Plant Pattern-Recognition Receptors. Trends Immunol. 2014, 35, 345-351. [CrossRef]

20. Molina, A.; Sanchez-Vallet, A.; Sanchez-Rodriguez, C. Inmunidad Innata En Plantas y Resistencia a Patégenos: Nuevos Conceptos

y Potenciales Aplicaciones En Proteccion Vegetal. Phytoma 2007, 192, 43-46.


http://www.fao.org/3/cb2334en/CB2334EN.pdf
http://www.fao.org/3/cb2334en/CB2334EN.pdf
http://doi.org/10.1111/aab.12108
http://doi.org/10.1094/PDIS-02-19-0380-RE
http://doi.org/10.1038/s41437-019-0288-x
http://www.ncbi.nlm.nih.gov/pubmed/31863032
http://doi.org/10.1016/j.taap.2009.04.016
http://doi.org/10.1016/j.ecoenv.2019.109375
http://www.ncbi.nlm.nih.gov/pubmed/31299474
http://doi.org/10.1155/2013/762412
http://doi.org/10.3390/molecules21020182
http://doi.org/10.1016/j.carres.2009.05.021
http://doi.org/10.1111/pbi.13535
http://www.ncbi.nlm.nih.gov/pubmed/33368973
http://doi.org/10.1016/j.sjbs.2020.06.030
http://doi.org/10.1016/j.jcs.2016.06.011
http://doi.org/10.1016/j.pbi.2009.06.003
http://doi.org/10.1016/j.it.2014.05.004

Polymers 2021, 13, 3105 14 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

Yang, C.; Yu, Y.; Huang, J.; Meng, F; Pang, J.; Zhao, Q.; Islam, M.A.; Xu, N.; Tian, Y,; Liu, J. Binding of the Magnaporthe Oryzae
Chitinase MoChial by a Rice Tetratricopeptide Repeat Protein Allows Free Chitin to Trigger Immune Responses. Plant Cell 2019,
31, 172-188. [CrossRef]

Feechan, A ; Turnbull, D.; Stevens, L.].; Engelhardt, S.; Birch, PR.J.; Hein, I.; Gilroy, E.M. The Hypersensitive Response in PAMP-
and Effector-Triggered Immune Responses. In Plant Programmed Cell Death; Springer International Publishing: Cham, Switzerland,
2015; pp. 235-268.

van de Wouw, A.P,; Idnurm, A. Biotechnological Potential of Engineering Pathogen Effector Proteins for Use in Plant Disease
Management. Biotechnol. Adv. 2019, 37, 107387. [CrossRef]

Poltronieri, P; Brutus, A.; Reca, I.B.; Francocci, F.; Cheng, X.; Stigliano, E. Engineering plant leucine rich repeat-receptors for
enhanced pattern-triggered immunity (PTI) and effector-triggered immunity (ETI). In Applied Plant Biotechnology for Improving
Resistance to Biotic Stress; Elsevier: Amsterdam, The Netherlands, 2019; pp. 1-31, ISBN 9780128160305.

Nic-Matos, G.; Narvdez, M.; Peraza-Echeverria, S.; Saenz, L.; Oropeza, C. Molecular Cloning of Two Novel NPR1 Homologue
Genes in Coconut Palm and Analysis of Their Expression in Response to the Plant Defense Hormone Salicylic Acid. Genes Genom.
2017, 39, 1007-1019. [CrossRef]

Palmer, I.A.; Chen, H.; Chen, J.; Chang, M.; Li, M.; Liu, E; Fu, Z.Q. Novel Salicylic Acid Analogs Induce a Potent Defense
Response in Arabidopsis. Int. |. Mol. Sci. 2019, 20, 3356. [CrossRef]

Sanzén Gémez, D.; Zavaleta Mejia, E. Respuesta de Hipersensibilidad, Una Muerte Celular Programada Para Defenderse Del
Ataque Por Fitopatégenos. Rev. Mex. Fitopatol. 2011, 29, 154-164.

Garcia-Brugger, A.; Lamotte, O.; Vandelle, E.; Bourque, S.; Lecourieux, D.; Poinssot, B.; Wendehenne, D.; Pugin, A. Early Signaling
Events Induced by Elicitors of Plant Defenses. Mol. Plant-Microbe Interact. 2006, 19, 711-724. [CrossRef]

Mou, Z.; Fan, W.; Dong, X. Inducers of Plant Systemic Acquired Resistance Regulate NPR1 Function through Redox Changes.
Cell 2003, 113, 935-944. [CrossRef]

Benezer—Benezer, M.; Castro-Mercado, E.; Garcia-Pineda, E. La Produccion de Especies Reactivas de Oxigeno Durante La
Expresion de La Resistencia a Enfermedades En Plantas. Rev. Mex. Fitopatol. 2008, 26, 56—61.

Mittler, R. ROS Are Good. Trends Plant Sci. 2017, 22, 11-19. [CrossRef]

Cui, W,; Lee, ].Y. Arabidopsis Callose Synthases CalS1/8 Regulate Plasmodesmal Permeability during Stress. Nat. Plants 2016, 2.
[CrossRef]

Singh, A.; Lim, G.-H.; Kachroo, P. Transport of Chemical Signals in Systemic Acquired Resistance. J. Integr. Plant Biol. 2017, 59,
336-344. [CrossRef] [PubMed]

Choi, HW.,; Klessig, D.F. DAMPs, MAMPs, and NAMPs in Plant Innate Immunity. BMC Plant Biol. 2016, 16, 232. [CrossRef]
Beckers, G.J.M.; Spoel, S.H. Fine-Tuning Plant Defence Signalling: Salicylate versus Jasmonate. Plant Biol. 2006, 8, 1-10. [CrossRef]
[PubMed]

Yang, D.L.; Yang, Y.; He, Z. Roles of Plant Hormones and Their Interplay in Rice Immunity. Mol. Plant 2013, 6, 675-685. [CrossRef]
Tocho, E.; Lohwasser, U.; Borner, A.; Castro, A.M. Mapping and Candidate Gene Identification of Loci Induced by Phytohormones
in Barley (Hordeum vulgare L.). Euphytica 2014, 195, 397-407. [CrossRef]

Biirger, M.; Chory, J. Stressed Out About Hormones: How Plants Orchestrate Immunity. Cell Host Microbe 2019, 26, 163-172.
[CrossRef] [PubMed]

Ramos, O.F,; Smith, C.M,; Fritz, A.K.; Madl, R.L. Salicylic Acid-Mediated Synthetic Elicitors of Systemic Acquired Resistance
Administered to Wheat Plants at Jointing Stage Induced Phenolics in Mature Grains. Crop. Sci. 2017, 57, 3122-3128. [CrossRef]
Kohli, S.K.; Handa, N.; Sharma, A.; Kumar, V.; Kaur, P.; Bhardwaj, R. Synergistic Effect of 24-Epibrassinolide and Salicylic Acid on
Photosynthetic Efficiency and Gene Expression in Brassica juncea L. Under Pb Stress. Turk. J. Biol. 2017, 41, 943-953. [CrossRef]
Alj, B. Salicylic Acid Induced Antioxidant System Enhances the Tolerence to Aluminium in Mung Bean (Vigna radiata L. Wilczek)
Plants. Indian J. Plant Physiol. 2017, 22, 178-189. [CrossRef]

van Butselaar, T.; van den Ackerveken, G. Salicylic Acid Steers the Growth-Immunity Tradeoff. Trends Plant Sci. 2020, 25, 566-576.
[CrossRef]

Ding, P; Ding, Y. Stories of Salicylic Acid: A Plant Defense Hormone. Trends Plant Sci. 2020, 25, 549-565. [CrossRef] [PubMed]
Sarowar, S.; Alam, S.T.; Makandar, R.; Lee, H.; Trick, H.N.; Dong, Y.; Shah, J. Targeting the Pattern-triggered Immunity Pathway
to Enhance Resistance to Fusarium graminearum. Mol. Plant Pathol. 2019, 20, 626-640. [CrossRef]

Zhang, Y.; Li, X. Salicylic Acid: Biosynthesis, Perception, and Contributions to Plant Immunity. Curr. Opin. Plant Biol. 2019, 50,
29-36. [CrossRef]

Rangel Sanchez, G.; Castro Mercado, E.; Beltran Pefia, E.; Reyes de la Cruz, H.; Garcia Pineda, E. El Acido Salicilico y Su
Participacion En La Resistencia a Patégenos En Plantas. Bioldgicas 2010, 12, 90-95.

Garcion, C.; Lohmann, A.; Lamodiére, E.; Catinot, J.; Buchala, A.; Doermann, P.; Métraux, J.P. Characterization and Biological
Function of the Isochorismate Synthase2 Gene of Arabidopsis. Plant Physiol. 2008, 147, 1279-1287. [CrossRef]

Wang, W.; Wang, X.; Zhang, X.; Wang, Y.; Huo, Z.; Huang, M.; Cai, J.; Zhou, Q.; Jiang, D. Involvement of Salicylic Acid in Cold
Priming-Induced Freezing Tolerance in Wheat Plants. Plant Growth Regul. 2020, 93, 117-130. [CrossRef]

Yokoo, S.; Inoue, S.; Suzuki, N.; Amakawa, N.; Matsui, H.; Nakagami, H.; Takahashi, A.; Arai, R.; Katou, S. Comparative Analysis
of Plant Isochorismate Synthases Reveals Structural Mechanisms Underlying Their Distinct Biochemical Properties. Biosci. Rep.
2018, 38. [CrossRef]


http://doi.org/10.1105/tpc.18.00382
http://doi.org/10.1016/j.biotechadv.2019.04.009
http://doi.org/10.1007/s13258-017-0566-z
http://doi.org/10.3390/ijms20133356
http://doi.org/10.1094/MPMI-19-0711
http://doi.org/10.1016/S0092-8674(03)00429-X
http://doi.org/10.1016/j.tplants.2016.08.002
http://doi.org/10.1038/nplants.2016.34
http://doi.org/10.1111/jipb.12537
http://www.ncbi.nlm.nih.gov/pubmed/28304135
http://doi.org/10.1186/s12870-016-0921-2
http://doi.org/10.1055/s-2005-872705
http://www.ncbi.nlm.nih.gov/pubmed/16435264
http://doi.org/10.1093/mp/sst056
http://doi.org/10.1007/s10681-013-1003-2
http://doi.org/10.1016/j.chom.2019.07.006
http://www.ncbi.nlm.nih.gov/pubmed/31415749
http://doi.org/10.2135/cropsci2015.11.0697
http://doi.org/10.3906/biy-1707-15
http://doi.org/10.1007/s40502-017-0292-1
http://doi.org/10.1016/j.tplants.2020.02.002
http://doi.org/10.1016/j.tplants.2020.01.004
http://www.ncbi.nlm.nih.gov/pubmed/32407695
http://doi.org/10.1111/mpp.12781
http://doi.org/10.1016/j.pbi.2019.02.004
http://doi.org/10.1104/pp.108.119420
http://doi.org/10.1007/s10725-020-00671-8
http://doi.org/10.1042/BSR20171457

Polymers 2021, 13, 3105 15 0f 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

He, C.; Duan, K,; Zhang, L.; Zhang, L.; Song, L.; Yang, ].; Zou, X.; Wang, Y.; Gao, Q. Fast Quenching the Burst of Host Salicylic
Acid Is Common in Early Strawberry / Colletotrichum fructicola Interaction. Phytopathology 2019, 109, 531-541. [CrossRef] [PubMed]
Shine, M.B.; Yang, J.-W.; El-Habbak, M.; Nagyabhyru, P.; Fu, D.-Q.; Navarre, D.; Ghabrial, S.; Kachroo, P.; Kachroo, A. Cooperative
Functioning between Phenylalanine Ammonia Lyase and Isochorismate Synthase Activities Contributes to Salicylic Acid
Biosynthesis in Soybean. New Phytol. 2016, 212, 627-636. [CrossRef] [PubMed]

Moreno-Escamilla, J.O.; Alvarez-Parrilla, E.; de la Rosa, L.A.; Nufiez-Gastélum, ].A.; Gonzalez-Aguilar, G.A.; Rodrigo-Garcia, J.
Effect of Elicitors in the Nutritional and Sensorial Quality of Fruits and Vegetables. In Preharvest Modulation of Postharvest Fruit
and Vegetable Quality; Elsevier Inc.: Amsterdam, The Netherlands, 2018; pp. 71-91, ISBN 9780128098080.

Narasimhamurthy, K.; Soumya, K.; Udayashankar, A.C.; Srinivas, C.; Niranjana, S.R. Elicitation of Innate Immunity in Tomato by
Salicylic Acid and Amomum nilgiricum against Ralstonia solanacearum. Biocatal. Agric. Biotechnol. 2019, 22, 101414. [CrossRef]
van Aubel, G.; Cambier, P; Dieu, M.; van Cutsem, P. Plant Inmunity Induced by COS-OGA Elicitor Is a Cumulative Process That
Involves Salicylic Acid. Plant Sci. 2016, 247, 60-70. [CrossRef]

Kalaivani, K.; Kalaiselvi, M.M.; Senthil-Nathan, S. Effect of Methyl Salicylate (MeSA), an Elicitor on Growth, Physiology and
Pathology of Resistant and Susceptible Rice Varieties. Sci. Rep. 2016, 6. [CrossRef] [PubMed]

Cawood, M.E.; Pretorius, J.C.; van der Westhuizen, J.H.; van Heerden, FR. A Saponin Isolated from Agapanthus africanus
Differentially Induces Apoplastic Peroxidase Activity in Wheat and Displays Fungicidal Properties. Acta Physiol. Plant. 2015, 37,
1-8. [CrossRef]

Vera-Guzman, A.M.; Lafuente, M.T.; Aispuro-Hernandez, E.; Vargas-Arispuro, I.; Martinez-Tellez, M.A. Pectic and Galacturonic
Acid Oligosaccharides on the Postharvest Performance of Citrus Fruits. HortScience 2017, 52, 264-270. [CrossRef]

Zabotin, A.L; Barisheva, T.S.; Trofimova, O.L; Toroschina, T.E.; Larskaya, I.A.; Zabotina, O.A. Oligosaccharin and ABA Synergisti-
cally Affect the Acquisition of Freezing Tolerance in Winter Wheat. Plant Physiol. Biochem. 2009, 47, 854-858. [CrossRef]
Clinckemaillie, A.; Decroés, A.; van Aubel, G.; Carrola dos Santos, S.; Renard, M.E.; van Cutsem, P.; Legreve, A. The Novel
Elicitor COS-OGA Enhances Potato Resistance to Late Blight. Plant Pathol. 2017, 66, 818-825. [CrossRef]

Singh, R.R.; Chinnasri, B.; de Smet, L.; Haeck, A.; Demeestere, K.; van Cutsem, P.; van Aubel, G.; Gheysen, G.; Kyndt, T. Systemic
Defense Activation by COS-OGA in Rice against Root-Knot Nematodes Depends on Stimulation of the Phenylpropanoid Pathway.
Plant Physiol. Biochem. 2019, 142, 202-210. [CrossRef] [PubMed]

Jatoi, G.H.; Lihua, G.; Xiufen, Y.; Gadhi, M.A.; Keerio, A.U.; Abdulle, Y.A.; Qiu, D. A Novel Protein Elicitor PeBL2, from
Brevibacillus laterosporus A60, Induces Systemic Resistance against Botrytis cinerea in Tobacco Plant. Plant Pathol. ]. 2019, 35,
208-218. [CrossRef]

Li, S.; Nie, H,; Qiu, D.; Shi, M.; Yuan, Q. A Novel Protein Elicitor PeFOC1 from Fusarium oxysporum Triggers Defense Response
and Systemic Resistance in Tobacco. Biochem. Biophys. Res. Commun. 2019, 514, 1074-1080. [CrossRef] [PubMed]

Xoca-Orozco, L.-A.; Aguilera-Aguirre, S.; Vega-Arreguin, J.; Acevedo-Hernandez, G.; Tovar-Pérez, E.; Stoll, A.; Herrera-Estrella,
L.; Chacén-Lopez, A. Activation of the Phenylpropanoid Biosynthesis Pathway Reveals a Novel Action Mechanism of the Elicitor
Effect of Chitosan on Avocado Fruit Epicarp. Food Res. Int. 2019, 121, 586-592. [CrossRef] [PubMed]

Rendina, N.; Nuzzaci, M.; Scopa, A.; Cuypers, A.; Sofo, A. Chitosan-Elicited Defense Responses in Cucumber Mosaic Virus
(CMV)-Infected Tomato Plants. . Plant Physiol. 2019, 234-235, 9-17. [CrossRef]

Zhou, W,; Qian, C.; Li, R;; Zhou, S.; Zhang, R.; Xiao, J.; Wang, X.; Zhang, S.; Xing, L.; Cao, A. TaNAC6s Are Involved in the Basal
and Broad-Spectrum Resistance to Powdery Mildew in Wheat. Plant Sci. 2018, 277. [CrossRef]

de Azevedo Souza, C.; Li, S.; Lin, A.Z.; Boutrot, F.; Grossmann, G.; Zipfel, C.; Somerville, S.C. Cellulose-Derived Oligomers Act
as Damage-Associated Molecular Patterns and Trigger Defense-like Responses. Plant Physiol. 2017, 173. [CrossRef]

Selim, S.; Sanssené, J.; Rossard, S.; Courtois, J. Systemic Induction of the Defensin and Phytoalexin Pisatin Pathways in Pea (Pisum
sativum) against Aphanomyces euteiches by Acetylated and Nonacetylated Oligogalacturonides. Molecules 2017, 22, 1017. [CrossRef]
[PubMed]

Wang, W.; Zhou, P; Mo, X,; Hu, L.; Jin, N.; Chen, X;; Yu, Z.; Meng, ].; Ertb, M.; Shang, Z.; et al. Induction of Defense in Cereals by
4-Fluorophenoxyacetic Acid Suppresses Insect Pest Populations and Increases Crop Yields in the Field. Proc. Natl. Acad. Sci. USA.
2020, 117. [CrossRef]

Cui, K.; Shu, C.; Zhao, H.; Fan, X; Cao, J.; Jiang, W. Preharvest Chitosan Oligochitosan and Salicylic Acid Treatments Enhance
Phenol Metabolism and Maintain the Postharvest Quality of Apricots (Prunus armeniaca L.). Sci. Hortic. 2020, 267. [CrossRef]
Shi, Z.; Wang, E; Lu, Y.; Deng, ]. Combination of Chitosan and Salicylic Acid to Control Postharvest Green Mold Caused by
Penicillium digitatum in Grapefruit Fruit. Sci. Hortic. 2018, 233, 54-60. [CrossRef]

Xin, P,; Guo, Q.; Li, B.; Cheng, S.; Yan, J.; Chu, J. A Tailored High-Efficiency Sample Pretreatment Method for Simultaneous
Quantification of 10 Classes of Known Endogenous Phytohormones. Plant Commun. 2020, 1, 100047. [CrossRef] [PubMed]
Maag, D.; Erb, M.; Kollner, T.G.; Gershenzon, ]. Defensive Weapons and Defense Signals in Plants: Some Metabolites Serve Both
Roles. BioEssays 2015, 37, 167-174. [CrossRef] [PubMed]

Jayaraj, J.; Muthukrishnan, S.; Liang, G.H.; Velazhahan, R. Jasmonic Acid and Salicylic Acid Induce Accumulation of 3-1,3-
Glucanase and Thaumatin-like Proteins in Wheat and Enhance Resistance against Stagonospora nodorum. Biol. Plant. 2004, 48,
425-430. [CrossRef]


http://doi.org/10.1094/PHYTO-02-18-0043-R
http://www.ncbi.nlm.nih.gov/pubmed/30130146
http://doi.org/10.1111/nph.14078
http://www.ncbi.nlm.nih.gov/pubmed/27411159
http://doi.org/10.1016/j.bcab.2019.101414
http://doi.org/10.1016/j.plantsci.2016.03.005
http://doi.org/10.1038/srep34498
http://www.ncbi.nlm.nih.gov/pubmed/27725719
http://doi.org/10.1007/s11738-015-1992-7
http://doi.org/10.21273/HORTSCI11466-16
http://doi.org/10.1016/j.plaphy.2009.04.004
http://doi.org/10.1111/ppa.12641
http://doi.org/10.1016/j.plaphy.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31302409
http://doi.org/10.5423/PPJ.OA.11.2018.0276
http://doi.org/10.1016/j.bbrc.2019.05.018
http://www.ncbi.nlm.nih.gov/pubmed/31097222
http://doi.org/10.1016/j.foodres.2018.12.023
http://www.ncbi.nlm.nih.gov/pubmed/31108785
http://doi.org/10.1016/j.jplph.2019.01.003
http://doi.org/10.1016/j.plantsci.2018.09.014
http://doi.org/10.1104/pp.16.01680
http://doi.org/10.3390/molecules22061017
http://www.ncbi.nlm.nih.gov/pubmed/28629201
http://doi.org/10.1073/pnas.2003742117
http://doi.org/10.1016/j.scienta.2020.109334
http://doi.org/10.1016/j.scienta.2018.01.039
http://doi.org/10.1016/j.xplc.2020.100047
http://www.ncbi.nlm.nih.gov/pubmed/33367242
http://doi.org/10.1002/bies.201400124
http://www.ncbi.nlm.nih.gov/pubmed/25389065
http://doi.org/10.1023/B:BIOP.0000041097.03177.2d

Polymers 2021, 13, 3105 16 of 17

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Kumar, R.R.; Sharma, S.K.; Goswami, S.; Verma, P; Singh, K.; Dixit, N.; Pathak, H.; Viswanathan, C.; Rai, R.D. Salicylic
Acid Alleviates the Heat Stress-Induced Oxidative Damage of Starch Biosynthesis Pathway by Modulating the Expression of
Heat-Stable Genes and Proteins in Wheat (Triticum aestivum). Acta Physiol. Plant. 2015, 37, 1-12. [CrossRef]

Tayeh, C.; Randoux, B.; Laruelle, F; Bourdon, N.; Reignault, P. Phosphatidic Acid Synthesis, Octadecanoic Pathway and Fatty
Acids Content as Lipid Markers of Exogeneous Salicylic Acid-Induced Elicitation in Wheat. Funct. Plant Biol. 2016, 43, 512.
[CrossRef]

Twamley, T.; Gaffney, M.; Feechan, A. A Microbial Fermentation Mixture Primes for Resistance against Powdery Mildew in
Wheat. Front. Plant Sci. 2019, 10, 1241. [CrossRef] [PubMed]

Li, L.; Wang, S.; Yang, X.; Francis, F; Qiu, D. Protein Elicitor PeaT1 Enhanced Resistance against Aphid (Sitobion avenae) in wheat.
Pest. Manag. Sci. 2020, 76, 236-243. [CrossRef] [PubMed]

Antalova, Z.; BleSa, D.; Martinek, P.; Matus$insky, P. Transcriptional Analysis of Wheat Seedlings Inoculated with Fusarium
culmorum under Continual Exposure to Disease Defence Inductors. PLoS ONE 2020, 15, e0224413. [CrossRef]

Pazarlar, S.; Cetinkaya, N.; Bor, M.; Ozdemir, F. Ozone Triggers Different Defence Mechanisms against Powdery Mildew (Blumeria
graminis DC. Speer f. Sp. tritici) in Susceptible and Resistant Wheat Genotypes. Funct. Plant Biol. 2017, 44, 1016-1028. [CrossRef]
Phuong, L.T.; Zhao, L.; Fitrianti, A.N.; Matsui, H.; Noutoshi, Y.; Yamamoto, M.; Ichinose, Y.; Shiraishi, T.; Toyoda, K. The Plant
Activator Saccharin Induces Resistance to Wheat Powdery Mildew by Activating Multiple Defense-Related Genes. J. Gen. Plant.
Pathol. 2020, 86, 107-113. [CrossRef]

Sorahinobar, M.; Niknam, V.; Ebrahimzadeh, H.; Soltanloo, H.; B2ehmanesh, M.; Enferadi, S.T. Central Role of Salicylic Acid in
Resistance of Wheat against Fusarium graminearum. J. Plant. Growth Regul. 2016, 35, 477-491. [CrossRef]

le Mire, G.; Siah, A.; Marolleau, B.; Gaucher, M.; Maumené, C.; Brostaux, Y.; Massart, S.; Brisset, M.N.; Haissam Jijakli,
M. Evaluation of L-Carrageenan, CpG-ODN, Glycine Betaine, Spirulina Platensis, and Ergosterol as Elicitors for Control of
Zymoseptoria tritici in Wheat. Phytopathology 2019, 109. [CrossRef] [PubMed]

Ameye, M.; Audenaert, K.; de Zutter, N.; Steppe, K.; van Meulebroek, L.; Vanhaecke, L.; de Vleesschauwer, D.; Haesaert, G.;
Smagghe, G. Priming of Wheat with the Green Leaf Volatile Z-3-Hexenyl Acetate Enhances Defense against Fusarium graminearum
but Boosts Deoxynivalenol Production. Plant Physiol. 2015, 167, 1671-1684. [CrossRef]

Mercier, L.; Lafitte, C.; Borderies, G.; Briand, X.; Esquerré-Tugayé, M.T.; Fournier, J. The Algal Polysaccharide Carrageenans Can
Act as an Elicitor of Plant Defence. New Phytol. 2001, 149, 43-51. [CrossRef]

Choi, J.; Huh, S.U.; Kojima, M.; Sakakibara, H.; Paek, K.H.; Hwang, I. The Cytokinin-Activated Transcription Factor ARR2
Promotes Plant Immunity via TGA3/NPR1-Dependent Salicylic Acid Signaling in Arabidopsis. Dev. Cell 2010, 19, 284-295.
[CrossRef]

Ridley, B.L.; O'Neill, M.A.; Mohnen, D. Pectins: Structure, Biosynthesis, and Oligogalacturonide-Related Signaling. Phytochemistry
2001, 57, 929-967. [CrossRef]

Ferrari, S.; Savatin, D.V;; Sicilia, F.; Gramegna, G.; Cervone, F.; de Lorenzo, G. Oligogalacturonides: Plant Damage-Associated
Molecular Patterns and Regulators of Growth and Development. Front. Plant Sci. 2013, 4, 49. [CrossRef]

Zhang, H.; Wu, Q.; Cao, S.; Zhao, T.; Chen, L.; Zhuang, P.; Zhou, X.; Gao, Z. A Novel Protein Elicitor (SsCut) from Sclerotinia
sclerotiorum Induces Multiple Defense Responses in Plants. Plant Mol. Biol. 2014, 86, 495-511. [CrossRef]

Morin-Crini, N.; Lichtfouse, E.; Torri, G.; Crini, G. Fundamentals and Applications of Chitosan. In Sustainable Agriculture Reviews
35; Crini, G., Lichtfouse, E., Eds.; Springer: Cham, Switzerland, 2019; pp. 49-123.

Knogge, W.; Scheel, D. LysM Receptors Recognize Friend and Foe. Proc. Natl. Acad. Sci. USA 2006, 103, 10829-10830. [CrossRef]
[PubMed]

Liu, D,; Jiao, S.; Cheng, G.; Li, X.; Pei, Z.; Pei, Y.; Yin, H.; Du, Y. Identification of Chitosan Oligosaccharides Binding Proteins from
the Plasma Membrane of Wheat Leaf Cell. Int. J. Biol. Macromol. 2018, 111, 1083-1090. [CrossRef]

Poudel, R.S.; Richards, J.; Shrestha, S.; Solanki, S.; Brueggeman, R. Transcriptome-Wide Association Study Identifies Putative
Elicitors/Suppressor of Puccinia graminis f. Sp. tritici That Modulate Barley Rpg4-Mediated Stem Rust Resistance. BMC Genom.
2019, 20, 985. [CrossRef]

Badawy, M.E.I; Rabea, E.I. Chitosan and Its Derivatives as Active Ingredients against Plant Pests and Diseases. In Chitosan in the
Preservation of Agricultural Commodities; Elsevier Inc.: Amsterdam, The Netherlands, 2016; pp. 179-219, ISBN 9780128027356.
Aljawish, A.; Chevalot, I; Piffaut, B.; Rondeau-Mouro, C.; Girardin, M.; Jasniewski, J.; Scher, J.; Muniglia, L. Functionalization
of Chitosan by Laccase-Catalyzed Oxidation of Ferulic Acid and Ethyl Ferulate under Heterogeneous Reaction Conditions.
Carbohydr. Polym. 2012, 87, 537-544. [CrossRef]

Salazar-Leyva, J.A.; Lizardi-Mendoza, J.; Ramirez-Suarez, J.C.; Garcia-Sanchez, G.; Ezquerra-Brauer, ].M.; Valenzuela-Soto,
E.M.; Pacheco-Aguilar, R. Utilizacién de Materiales a Base de Quitina y Quitosano Para La Inmovilizacién Proteasa: Efectos y
Aplicaciones de Estabilizacion. Rev. Mex. Ing. Quimica 2014, 13, 129-150.

Sharma, S.; Barman, K.; Siddiqui, M.W. Chitosan: Properties and roles in postharvest quality preservation of horticultural
crops. In Eco-Friendly Technology for Postharvest Produce Quality; Elsevier Inc.: Amsterdam, The Netherlands, 2016; pp. 269-296,
ISBN 9780128043844.

Falcon-Rodriguez, A.B.; Costales, D.; Gonzalez-Pena, D.; Morales, D.; Mederos, Y.; Jerez, E.; Cabrera, ].C. Chitosans of Different
Molecular Weight Enhance Potato (Solanum tuberosum L.) Yield in a Field Trial-Dialnet. Span. J. Agric. Res. 2017, 15, 25. [CrossRef]


http://doi.org/10.1007/s11738-015-1899-3
http://doi.org/10.1071/FP15347
http://doi.org/10.3389/fpls.2019.01241
http://www.ncbi.nlm.nih.gov/pubmed/31649703
http://doi.org/10.1002/ps.5502
http://www.ncbi.nlm.nih.gov/pubmed/31149755
http://doi.org/10.1371/journal.pone.0224413
http://doi.org/10.1071/FP17038
http://doi.org/10.1007/s10327-019-00900-7
http://doi.org/10.1007/s00344-015-9554-1
http://doi.org/10.1094/PHYTO-11-17-0367-R
http://www.ncbi.nlm.nih.gov/pubmed/30161014
http://doi.org/10.1104/pp.15.00107
http://doi.org/10.1046/j.1469-8137.2001.00011.x
http://doi.org/10.1016/j.devcel.2010.07.011
http://doi.org/10.1016/S0031-9422(01)00113-3
http://doi.org/10.3389/fpls.2013.00049
http://doi.org/10.1007/s11103-014-0244-3
http://doi.org/10.1073/pnas.0604601103
http://www.ncbi.nlm.nih.gov/pubmed/16832046
http://doi.org/10.1016/j.ijbiomac.2018.01.113
http://doi.org/10.1186/s12864-019-6369-7
http://doi.org/10.1016/j.carbpol.2011.08.016
http://doi.org/10.5424/sjar/2017151-9288

Polymers 2021, 13, 3105 17 of 17

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Ma, Z.; Yang, L.; Yan, H.; Kennedy, ].E; Meng, X. Chitosan and Oligochitosan Enhance the Resistance of Peach Fruit to Brown Rot.
Carbohydr. Polym. 2013, 94, 272-277. [CrossRef]

Ahmed, A.B.A ; Taha, R.M.; Mohajer, S.; Elaagib, M.E.; Kim, S.K. Preparation, Properties and Biological Applications of Water
Soluble Chitin Oligosaccharides from Marine Organisms. Russ. J. Mar. Biol. 2012, 38, 351-358. [CrossRef]

Masuelli, M.; Renard, D. Section A. Specials Cases Polysaccharides. In Advances in Physicochemical Properties of Biopolymers (Part 2);
Bentham Science Publishers: Sharjah, United Arab Emirates, 2017; pp. 7-8.

Kim, S.K.; Rajapakse, N. Enzymatic Production and Biological Activities of Chitosan Oligosaccharides (COS): A Review. Carbohydr.
Polym. 2005, 62, 357-368. [CrossRef]

Zou, P; Tian, X.; Dong, B.; Zhang, C. Size Effects of Chitooligomers with Certain Degrees of Polymerization on the Chilling
Tolerance of Wheat Seedlings. Carbohydr. Polym. 2017, 160, 194-202. [CrossRef]

Hamel, L.-P.; Beaudoin, N. Chitooligosaccharide Sensing and Downstream Signaling: Contrasted Outcomes in Pathogenic and
Beneficial Plant-Microbe Interactions. Planta 2010, 232, 787-806. [CrossRef] [PubMed]

Mélida, H.; Sopenia-Torres, S.; Bacete, L.; Garrido-Arandia, M.; Jord4, L.; Lopez, G.; Muiioz-Barrios, A.; Pacios, L.F.; Molina, A.
Non-Branched (3-1,3-Glucan Oligosaccharides Trigger Immune Responses in Arabidopsis. Plant J. 2018, 93, 34—49. [CrossRef]
[PubMed]

Rodriguez-Pedroso, A.T.; Ramirez-Arrebato, M.A.; Cardenas-Travieso, R.M.; Falecon-Rodriguez, A.; Bautista-Bafios, S. Efecto de
La Quitosana En La Induccién de La Actividad de Enzimas Relacionadas Con La Defensa y Protecciéon de Plantulas de Arroz
(Oryza sativa L.) Contra Pyricularia grisea Sacc. Rev. Mex. Fitopatol. 2006, 24, 1-7.

Deng, L.; Zhou, Y.; Zeng, K. Pre-Harvest Spray of Oligochitosan Induced the Resistance of Harvested Navel Oranges to
Anthracnose during Ambient Temperature Storage. Crop. Prot. 2015, 70, 70-76. [CrossRef]

Samain, E.; van Tuinen, D.; Jeandet, P.; Aussenac, T.; Selim, S. Biological Control of Septoria Leaf Blotch and Growth Promotion in
Wheat by Paenibacillus Sp. Strain B2 and Curtobacterium plantarum Strain EDS. Biol. Control. 2017, 114, 87-96. [CrossRef]

Orzali, L.; Forni, C.; Riccioni, L. Effect of Chitosan Seed Treatment as Elicitor of Resistance to Fusarium graminearum in wheat.
Seed Sci. Technol. 2014, 42, 132-149. [CrossRef]

Diaz-Martinez, ].M.; Aispuro-Hernandez, E.; Vargas-Arispuro, I.; Falcon-Rodriguez, A.B.; Martinez-Téllez, M. Chitosan Deriva-
tives Induce Local and Distal Expression of Defence-Related Genes in Wheat (Triticum aestivum L.) Seedlings. Agrociencia 2018, 52,
497-5009.

Liu, H.; Carvalhais, L.C.; Schenk, PM.; Dennis, P.G. Activation of the Salicylic Acid Signalling Pathway in Wheat Had No
Significant Short-Term Impact on the Diversity of Root-Associated Microbiomes. Pedobiologia 2018, 70, 6-11. [CrossRef]
Randoux, B.; Renard-Merlier, D.; Mulard, G.; Rossard, S.; Duyme, F,; Sanssené, ].; Courtois, ].; Durand, R.; Reignault, P. Distinct
Defenses Induced in Wheat Against Powdery Mildew by Acetylated and Nonacetylated Oligogalacturonides. Phytopathology
2010, 100, 1352-1363. [CrossRef] [PubMed]


http://doi.org/10.1016/j.carbpol.2013.01.012
http://doi.org/10.1134/S1063074012040025
http://doi.org/10.1016/j.carbpol.2005.08.012
http://doi.org/10.1016/j.carbpol.2016.12.058
http://doi.org/10.1007/s00425-010-1215-9
http://www.ncbi.nlm.nih.gov/pubmed/20635098
http://doi.org/10.1111/tpj.13755
http://www.ncbi.nlm.nih.gov/pubmed/29083116
http://doi.org/10.1016/j.cropro.2015.01.016
http://doi.org/10.1016/j.biocontrol.2017.07.012
http://doi.org/10.15258/sst.2014.42.2.03
http://doi.org/10.1016/j.pedobi.2018.08.001
http://doi.org/10.1094/PHYTO-03-10-0086
http://www.ncbi.nlm.nih.gov/pubmed/20684658

	Introduction 
	The Route of Plant Defense 
	Salicylic Acid: The Hormone of Plant Defense 
	Types of Elicitors 
	Eliciting Phytohormones 
	Eliciting Phytochemicals and Plant-Derived Compounds 
	Microorganism-Derived Elicitors 

	Elicitors and Their Effect on Wheat 
	Future Perspective and Limitations 
	Conclusions 
	References

