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The role of salicylic acid in the plant defense mechanism

Abstract. Pollution and climate change negatively affect plant health. The growing demand for
global food production in the agricultural sector is a decisive driving force for the development of
new disease control methods that are effective against known pathogens. Plants possess specialized
structures, chemicals, and complex defense mechanisms against pathogens. Understanding these
defense mechanisms and pathways is critical to developing innovative approaches to protecting
crops from disease. Plant stress can be reduced by applying salicylic acid, which is involved in
plant signaling. Salicylic acid induces pathogenetic gene expression and the synthesis of protective
compounds involved in local and systemic acquired resistance. For this reason, salicylic acid can be
used against pathogens, heavy metal stress, and salt stress. The applied salicylic acid enhances
photosynthesis, growth, and various morphological, physiological, and biochemical mechanisms in
stressed plants. In this article, we look at the use of exogenous salicylic acid for the relief of
bacterial, fungal, and viral diseases.
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Introduction

Both biotic and abiotic stresses continuously affect plants [1]. The various types of pathogenic
infections include common biotic stresses that cause serious problems in growth and development, as
well as in crop production, which ultimately affect the economy and human health. Plant stress is
estimated to cause yield losses of up to 42% for the eight most grown crops worldwide [2]. To protect
against these stresses, plants have evolved with a strong and integrated immune system. Their cellular
receptors identify stress factors and induce immune responses both in local foci of infection and in
distant places. The low molecular weight hormone salicylic acid, due to its participation in both local
and systemic immune responses, plays a fundamental role in stimulating immune response [3]. Plant
phytohormones such as abscisic acid, jasmonic acid, ethylene, and salicylic acid (SA) are important
components of various signaling pathways involved in plant protection [4-7].

Plants are mainly composed of carbohydrates, proteins, lipids, nucleic acids, vitamins, and other
cellular components. These biochemicals make up the basic cellulose/plant architecture. They also
regulate the metabolism, growth, and development of plants. Collectively, they are called primary
metabolites [8]. These organic compounds are structurally and chemically different from each other and
do not directly participate in plant metabolism, growth, and development. These various
phytochemicals are collectively referred to as secondary metabolites, by-products, or natural products
[9]. Although they are not essential for plant growth and development, they are important for human
well-being in various economic aspects such as pharmaceuticals, nutraceuticals, nutritional
supplements, and agrochemicals [10]. However, in an ecological context, they protect plants from
herbivorous and microbial pathogens. Moreover, due to the sweet aroma and attractive coloration
caused by these compounds, they attract animals to facilitate successful pollination and seed dispersal
[9,11]. Based on their structure and chemical nature, they are classified into three groups: (a) terpenes,
(b) phenolics, (c) nitrogen-containing compounds (Figure 1).
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Secondary metabolites

Terpenes/Terpenoids: Phenolics: N-containing compounds

1) Monoterpenes (10-C) 1) Simple phenolics such as | 1) Alkaloids such as cocaine,
2) Sesquiterpenes (15-C) caffeic acid, ferulic acid, | nicotine, morphine, and caffeine
3) Diterpenes (30-C) vanillin, salicylic acid 2) Poisonous group of
4) Triterpenes (40-C) 2) Complex phenolic | cyanogenic  glycocides  and
5) Polyterpenes macromolecules such as lignins | glucosinolate

and tennins and flavnonoids

Figure 1. Classification of plant secondary metabolites [9]

Terpenes are made up of branched 5-C units called isoprene. The mixture of these terpenes or
terpenoids constitutes an essential oil that gives the plants their characteristic odor and acts as an insect
repellent [12,13]. These phytochemicals include limonene, menthol, and azirachtin. Plant phenolic
compounds or polyphenols are composed of thousands of phytochemicals synthesized by the
shikimate/ phenylpropanoid pathway or the "polyketide" acetate/malonate pathway. They are
ubiquitous secondary metabolites that are known to counteract various environmental, nutrient, and
nutrient deficiencies [14]. N-containing secondary metabolites come from amino acids such as lysine,
tyrosine, or tryptophan. They contain hundreds of alkaloids such as cocaine, nicotine, morphine, and
caffeine. Moreover, this category also includes some highly toxic groups of cyanogenic glycosides and
glucosinolates [9].

Biosynthesis of salicylic acid in plants

It is widely accepted that plants possess both an isochorismate synthase (ICS) and phenylalanine
ammonia-lyase (PAL) pathway to synthesize SA, both starting from chorismate (Fig2). However, not all
enzymes catalyzing these pathways have been identified in plants. The importance of these pathways
for the biosynthesis of SA varies in different plant species. In Arabidopsis, the ICS pathway is the most
important, while the PAL pathway seems to be more important for SA accumulation in rice. Both
pathways contributing equally is also a possibility, as is the case in soybeans. Furthermore, SA
biosynthesis regulation can even be different within the plant. In rice, for example, the basal SA levels in
shoots are much higher than in roots [15,16].

Salicylic acid can undergo several modifications in the plant. Most of them cause SA to become
inactive. When SA is glucosylated, SA glucoside (SAG) can be produced. This compound can be stored
in the vacuole in large quantities [17]. As a result of glucosylation by Salicyloyl glucose ester (SGE) is
another SA sugar conjugate that can be formed in plants. Methylation increases the membrane
permeability of SA and makes it more volatile. This derivative can be released from the plant and serves
as a cue for plant-insect interactions [18]. Another major modification is amino acid (AA) conjugation,
possibly involved in SA catabolism [19]. Hydroxylation of SA results in 2,3- and 2,5 dihydroxybenzoic
acid (2,3-DHBA and 2,5 DHBA) [20]. Recently, a glycosyltransferase has been identified that can convert
MeSA to MeSA glucoside (MeSAG)[21].
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Figure 2. Possible pathways for SA biosynthesis in plants. Solid lines - conversion stages, datted
lines - transport from chloroplast to cytosol, dashed line - an alternative, unknown biosynthesis
pathway

A question mark indicates an unidentified protein. It is unclear whether the steps leading to
phenylalanine are performed in the chloroplast or the cytosol, or both, since chloroplast and cytosolic
CMs exist. Enzymes are marked in blue and have the following abbreviations: ICS, isochorism synthase;
CM, chorizmatmutase; PAL, phenylalanine ammonia-lyase; AIM1 - abnormal meristem of
inflorescencel; BA2H, benzoic acid 2-hydroxylase; |5, increased disease resistance 5; PBS3, avrPphB
susceptible3; EPS], increased stability of pseudomone 1 [22].

SA and Plant Immunity

Plants being sessile are constantly exposed to a number of pathogenic microbes, which based on
their infectious lifestyles can be broadly divided into biotrophs and necrotrophs[23-25]. Biotrophic
pathogens rely on nutrients from living host cells, whereas necrotrophic pathogens feed on dead cells.
Plants employ distinct immune responses to counter these pathogens and this aspect has been covered
in detail in several recent reviews [26,27].

The two major types of systemic resistance intensely studied in plant microbial interactions are
SAR [26] and ISR [28]. SAR and ISR are based on distinct phytohormonal signals. SAR describes
defenses against (hemi-)biotrophic pathogens activated after a local challenge by a pathogen in
systemic, uninfected tissues. The SAR signaling cascade is triggered by microbe-associated molecular
patterns (MAMPs) leading to MAMP-triggered immunity or triggered by pathogen effectors leading to
effector-triggered immunity [29]. Subsequently, the defense in systemic uninfected tissues is induced in
an SA-dependent manner and acts against a broad range of pathogens [30,26]. Various compounds have
been proposed as potential signals for SAR activation. For instance, methyl salicylate is a phloem-
mobile compound that can be transported to systemic plant parts, where it is hydrolyzed to the
bioactive SA to induce resistance [31]. For defense induction and in addition for attracting predators of
herbivores, methyl SA might also act as a volatile signal [32-35].
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Induction of local responses is associated with the transport of defense signals throughout the
plant resulting in broad-spectrum disease resistance against secondary infections. This phenomenon,
known as systemic acquired resistance (SAR), is conserved among diverse plants and confers long-
lasting resistance to unrelated pathogens [36-42]. Among the signals contributing to SAR are salicylic
acid (SA) and several components of the SA pathway including the methylated derivative of SA (methyl
SA, MeSA)[43].

Induction of systemic resistance in agricultural crops by the exogenous application of chemical
inducers, for example, methyl jasmonate [44], functional analogs of salicylic acid, benzothiadiazole, and
2,6-dichlororizonicotinic acid [46] and oxalic acid [45] is a potentially valuable component in complex
pathogen control strategies that complement traditional control methods.

SA is best known as a hormone associated with defense [47-52]. The first observations that SA are
involved in plant immunity were presented by Raymond F. White in 1979, who described that the use of
aspirin (acetyl-SA) in virus-susceptible tobacco (Nicotiana tabacum cv.Xanthi-nc) confers tobacco
resistance to a mosaic virus (TMV) [53]. This indicates the protective role of SA in plant resistance. In the
tobacco cultivar (N. tabacum) carrying the viral resistance gene, endogenous SA increased during viral
infection and the proteins associated with pathogenesis (PR) accumulated [54]. Likewise, SA was shown
to increase in cucumber phloem juice before induced resistance was found in systemic tissue [55]. Both
studies show that endogenous SA can play the role of an internal protective signal for plant immunity.

Early characteristics of plant immune responses included a pathogen-induced hypersensitive
response (HR), which can reduce the penetration and spread of pathogens through the local death of
plant cells at the site of infection [56]. In arabidopsis (Arabidopsis thaliana), the HR-like lesion (hrl)
mutant hrll, which accumulates a higher level of endogenous SA, demonstrates a reduced leakage of
HR-associated ions [57]. Moreover, SA-deficient Arabidopsis mutants exhibit enhanced immune
associated ion leakage [58]. Overall, these observations indicate that SA and/or related metabolites play
a critical role in HR regulation and cell death.

Another important aspect of plant innate immunity is related to the concept of systemic acquired
resistance (SAR). The acquired resistance caused by pathogens or symbiotic microbes was well
generalized and investigated by Chester in 1933 [59]. In 1961, the term SAR was first used by A. Frank
Ross to describe induced systemic resistance in TMV-infected tobacco. The initial infection of the plant
in the “primary” site of infection was sufficient to limit the growth of a wide range of pathogens, which
were subsequently inoculated into the distal secondary site of infection [60].

SA in Plant Resistance to Biotic Stresses

SA is a plant defense-related hormone that plays a key role in resistance to various microbial
pathogens such as viruses, bacteria, fungi, and oomycetes [61,62]). In plants, there is a well-established
positive correlation between endogenous SA levels and resistance responses against biotrophic and
hemibiotrophic pathogens [63]. SA at low concentrations also promotes faster and stronger activation of
callose deposition and gene expression in response to pathogenic or microbial elicitors, a process called
“priming” that promotes induced defense mechanisms [64].
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Table 1
Increase in disease resistance when applying exogenous SA in different plants [65]
Host plant Pathogen SA conc.and effect References
(infection style) | treatment method
Tomato Fusarium oxysporum 0.2mM ~55% reductionin | Jendoubi et al.
(Lycopersicon (hemibiotrophic) disease incidence (2017)
esculentum) Botrytis cinerea 2mM ~62% reduction in
(necrotrophic) disease severity | Liand Zou (2017)
Alternaria alternata 0.4mM ~57% reduction in | Esmailzadeh et al.
(necrotrophic) disease serverity (2008)
Potato purple top 100ml of 0.ImM | ~47% reduction in
(PPT) phytoplasma | SA is sprayed and | disease incidence Whu et al. (2012)
(biotrophic) 100 ml of 0.1 mM
siol-drenched
Pepper Ralstonia 0.5mM R.solanacearum - | Chandrasekhar et
(Capsicum solanacearum induced seedling al. (2017)
annuum) (hemibiotrophic) growth inhibition
is recovered.
Notably, 0.5 mM
Fusarium oxysporum 0.5mg/1 SA itself Yousif (2018)
(hemibiotrophic) enhanced
seedling growth
by ~ 150%
~50% reduction in
disease incidence
Rice (Oryza Magnaporthe grisea 8§ mM ~70% reduction in | Daw et al. (2008)
sativa) Xanthomonas oryzae disease serverity
(hemibiotrophic) 1 mM Leaf blight lesion | Mohan Bahu et al.
length is reduced (2003)
1 mM ~30% reduction in
Oebalus pugnax disease serverity
(piercing and 16 mM ~35% reductionin | Le Thanh et al.
sucking insect) number of bugs (2017)
found in plots;
tetarded nymph
development to
adult insect Stella de Freitas et
al. (2019)
Orange (Citrus Xanthomonas 0.25 mM ~45% reduction in Wang and liu
sinensis) axonopodis disease incidence (2012)
(biotrophic)
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Banana (Musa | Fusarium oxysporum Roots were Disease symptom Wang rt al.
acuminata) (hemibiotrophic) dipped in 0.1 mM | (corn browning) (2015b)
SA for 2 days is not observed 3
weeks after
inoculation with
the pathogen
Note, 0.2 mM SA-
induced necrosis
on roots
Chickpea (Cicer | Fusarium oxysporum | 10ul of ~14.5 mM | ~20% reduction in | Saikia et al. (2003)
arietinum) (hemibiotrophic) SA is injected at | disease serverity
the base of stem (also increased ~
6% in both shoot
10 ml of ~ 0.58 and root growth
mM SA is soil - length)
drenched ~ ~20% reduction
in disease
serverity (also
increased ~ 10
and 4.5%% in
both shoot and
root growth
length,
respectively)
Black gram or Mungbean yellow 0.1 mM ~71% reduction in Kundu et al.
urdbean (Vigna | mosaic Indian virus disease serverity (2011)
mungo) (MYMIV)
(biotrophic)
Pumpkin Zucchini yellow 0.1 mM ~66% reduction in Radwan et
(Cucurbita pepo) mosaic virus disease serverity al.(2007)
(ZYMV)(biotrophic)

Peanut (Arachis | Peanut mottle virus 0.2mM ~42% reduction Kobeasy et al.
hypogaea) (PeMoV) indisease (2011)
(biotrophic) serverity

Tea flower Colletotrichum ~1mM ~40% reduction in | Wang et al. (2006)
(Camelia oleifera) gloeosporioides disease serverity
(hemibiotrophic)

Rubber tree Phytophthora 5mM ~41% reductionin | Deenamo et al.

(Hevea palmivora disease serverity (2018)
brasiliensis) (hemibiotrophic) (>10 mM SA -

induced leaf
shrinkage)
Arabidopsis Botrytis cinerea 5 mM ~62% reduction in Ferrari et al.
(Arabidopsis (necrotrophic) lesion size (2003)
thaliana)
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Conclusion

Exogenous salicylic acid increases the internal glutathione cycle, thus improving the antioxidants
and metal detoxification systems. Furthermore, exogenous salicylic acid reduces the stress depending
on dose, depending on the type of stress as well as the plant species. Salicylic acid is a scavenger of
hydroxyl radicals and an iron-chelating compound that inhibits the direct impact of hydroxyl radicals
and their effect on plant growth. Hence, further studies on the practical use of SA in different crop
plants will contribute to developing a cost-effective and environmentally friendly crop management
system.
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A. IpxiT6ait!, A.K. Magenosa', 3.b. Cartaxosa?
IKasax yammoix azpapavik sepmmey yrusepcumemsi, Aamamut, Kasaxcman
2©cimdixmep OuorozuscCHl Kare buomexrorozusicor uncmumymot, Aamamot, Kasaxcmar

Caannma KbIMKBIABIHBIH ©CIMAIK KOPFaHBIC MEXaHM3MiHAeTi poai

Anaarna. Kopiiaran opTaHbIH AacTaHybl JKoHe KAMMAaTTBIH ©3Tepyi ociMAiKTepre Kepi acep eTeai.
AyplaImapyaIblablK  CeKTOPBIHAAFBl 94€MAIK a3bIK-TYAiK ©HAipiciHe CypaHBICTBIH apTybl Oeariai
KO3ABIPFBIIIITapFa Kapchl aypyaAapAbl OakblaayAblH >KaHa 94iCTepiH >Kacay YIIiH NIy KO3FayIIlbl
Kyl 0oabinn TaOblaaabl. OciMgikrep maToreHAepre Kapchl Typa aJaTbhlH apHaiibl KypblAbIMAapFa,
XMMUAABIK 3aTTapfa >KoHe KypAeai KOpraHbIC MexaHusMAepiHe me. Ocbl KOpraHBIC TeTikTepi MeH
>KOJAJapbIH TYCiHYy AaKblaJapAbl aypyJaH KOpPFayAblH MHHOBALIMAABIK TocCiAdepiH >Kacay YIIiH eTe
MaHBI3ABL. OciMAiKTepAiH KyliseadiciH eciMaikke curHaa OepyiHe KaTbhICaThIH CAaAUITNA KBIIIKBLABIH
KOAJaHy apKblabl azaiiTyra 601aab.Caanima KbIIIKBIABI IaTOTeHeTUKAABIK TeHAePAiH DKCIIPecCusAChIH
JKoHe CKepriaikTi >KoHe JKylleai >Kype Iaiiga ©OOAFaH KapChIABIKKA KaTbICAaTBIH KOpPFaHBIC
KOCBIABICTAPBIHBIH CHHTe3iH MHAYKIMAAanaAbl. Ocbl ceOenTi caaMINA KBIIIKBIABIH KO3ABIPFRIINITapFa,
aybIp MeTaajapra Kapchl, Ty3 CTpecciHe Kapchl KoAdaHyFa 604aaabl. Koa4aHbLAaTBIH CaAMITNA KBIIIKBLABI
CTpeccke VINbIparaH eociMAikTepde (oOTOCHMHTe3Ai, ©cyAi >koHe opTypaAi MOPQOAOTUAABIK,
PuU3NOAOTUAABIK >KoHe OMOXMMMAABIK MeXaHM3MAepAai Kymeiteai. bya makasaga 0i3 9K3oreHaix
CaAMIINA KBIIIKBIABIH OaKTepUsAABIK, CaHbIpayKyJaK >KoHe BMPYCTHIK aypyAapAbl >KeHiAdeTy YIIiH
KOAAaHy/bl KapacTbIpaMbI3.

TyitiH ce3aep: »K30reHAi caAMINMA KBIIIKBIABL, ©CIMAIK aypyaapbl, OMOTHKAABIK CTpecc,
ab1OTUKAaABIK CTpecc.

Keickaptyaap: CK-caamima — kpimksias, PAA-peHmaasanmH  amMmmmak-amasa, VIXC-
U30XOpU3MaT CHHTa3a.
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A. pxuroaii!, A.K. Magenosal, 3.b. Cantaxosa?
IKasaxcxuil HAYUOHAALHDLI AZPAPHBILL UCCA)06AMEeAbCKULL YHusepcumem, Aamamut, Kasaxcman
2ncmumym 6uorozuy u Ouomexrorozuu pacmenuit, Aavamol, Kasaxcman

Poab CaANIMNAOBOM KMCAOTHI B MEXaHM3Me 3alllUThL paCTEHI/Iﬁ

AHHOTaIMsL. 3arps3HeHne OKpy>Karolel cpeAbl U M3MeHeHNe KAMMaTa HeraTMBHO BAMSIOT Ha
340poBbe pacTeHmii. PacTtymmit crpoc Ha MMPOBOE IPOM3BOACTBO IIPOAYKTOB IIUTAaHUA B
CeAbCKOXO3SIIICTBEHHOM CeKTOpe SBASeTCsA pellaloleil ABVDKYIIeN CUAON AAd Pa3dpabOTKM HOBBIX
MeTOA0B OOpbOBI C 00ae3HsAMM, D(PPEKTUBHBIX MPOTUB M3BECTHBIX IIaTOTeHOB. PacreHus obOaasaioT
CHelMaAV3UPOBaHHBIMU  CTPYKTypPaMM, XMMMWYECKMMI BeIlecTBaMU M CAOXKHBIMM MeXaHU3MaMMU
3aIuTHl OT ratoreHos. [lIoHMMaHMe 9TUX 3alIMTHBIX MEXaHM3MOB U ITyTell MMeeT pelllaioliee 3HayeHue
AAsl pa3pabOTKM MHHOBAIIMOHHBIX ITOAXOAOB K 3alllUTe CeAbCKOXO35VICTBEHHBIX KYABTYp OT 0OAe3Heil.
Crpecc pacTeHunit MOXHO YMEHBIINTb, INPUMEHs CaAUIMAOBYIO KIUCAOTY, KOTOpas ydacTByeT B
repejaye CUrHaaoB pacteHuAMU. CaanimAaoBas KUCAOTa MHAYIIUPYET DKCIIPeCcCHUIO MaTOreHeTYeCcKIX
TeHOB I CUHTe3 3alllUTHBIX COeAVMHEeHMII, YyJacTBYIOIIMX B MECTHOM M CUCTeMHO HpuoOpeTeHHON!
pesucrenTHOCTU. 1o ®TON IMpMuYMHe CaAUIINAOBYIO KMCAOTY MOKHO MCIOAb30BaTh IPOTUB I1aTOT€HOB,
cTpecca OT TsI’KeABIX MeTaAloB, COAeBOTo crpecca. ITpumensemas caamimaosas KUCAOTa yCUAMBaeT
¢doTocuHTe3, pocT U pazanmdHele MOpQoaormdeckre, Gpru3NOAOTIECKNe ¥ OMOXUMIYECKIe MeXaHU3MBbI
B CTPeCCOBBIX pacTeHNUsAX. B 4aHHOI cTaThe MBI pacCCMOTPUM MCIIOAb30BaHME DK30T€HHON CaAMIINAOBON
KIICAOTHI AA51 00AerdeHns1 OakTepyaAbHbIX, TPMOKOBBIX ¥ BUPYCHBIX 32001€BaHNUIA.

KaroueBbie caoBa: 9K30reHHas caAUINAOBas KUCAOTa, 00Ae3HU pacTeHmI1, OMOTUYeCKUIi cTpecc,
abmoTnyecKuii crpecc.

Coxpamennst: CK-caannmaosas kucaora, PA/ - pennaasannHosas ammuadsas anasa, VIXC -
M30XOpMCMaTCUHTa3a.
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