Review Article

Induced resistance mechanism in plant and its importance in agriculture

ABSTRACT

The hazardous effect of chemical pesticides and their degraded products on the environment and
human health led to the search for successful and effective natural phenomena of induced resistance in
plants. The resistance in plants induced by pathogens was first recognized by Ray, 1901. Induced
resistance was first described in Arabidopsis plants, inoculated with the root-colonizing pathogenic
bacteria Pseudomonas fluorescens. Induced resistance is of two types i.e., induced structural defense
and induced biochemical defense. Structural defense comprises of cytoplasmic reactions, cell wall
defense structure and histological defense structure (formation of cork layers, abscission layer and
tylose) while biochemical defense includes Phytoalexins PR-proteins and secondary metabolites. The
mechanism of induced resistance is mainly based on systemic acquired resistance (SAR) and induced
systemic resistance (ISR). In SAR, the defense mechanism is salicyclic mediated, mainly changes in
gene expression whereas in ISR, jasmonic acid and ethylene mediated, and also induced by non-
pathognic rhizobacteria (Pseudomonas fluorescens).

Exogenous application of 2, 6-dichloroisonicotonic acid and benzo- thiadiazole-7-
carbothioic acid S-methyl ester (BTH), induces resistance in plants, to certain pathogens.
Although not fully understood, induced resistance in plants opens new horizons in plant protection, as
a promising tool for eco-friendly disease control and sustainable agriculture. It remains a challenge for
both fundamental and applied research.
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INTRODUCTION

In nature, plants are continuously threatened by a wide range of harmful pathogens and pests,
including fungi, oomycetes, bacteria, viruses, nematodes, and insect herbivores.
According to their lifestyles, plant pathogens are generally divided into necrotrophs and biotrophs.
Necrotrophs first destroy host cells, often through the production of phytotoxins, after which they feed
on the contents while Biotrophs derive nutrients from living host tissues commonly through
specialized feeding structures (haustoria) that invaginate the host cell without disrupting it. However,
plant pathogens displaying both lifestyles depending on their life cycle are called hemi-biotrophs.

Presently disease control is largely based on the use of fungicides, bactericides and
insecticides which are chemical compounds toxic to plant invaders/ causative agents or vectors of
plant diseases. However, the hazardous effect of these chemicals or their degradation products on the
environment and human health strongly necessiate new harmless methods of disease control. Since
the late 1950s increasing body of evidence on the natural phenomenon of induced resistance has been
accumulated, culminating in its successful practical application in the last decade (Kuc, 2001). The
resistance in plants induced by pathogens was first recognized by Ray (1901) and Beauverie (1901).
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Chester (1930) confirmed those studies, and, by summarizing field observations, supposed that this
phenomenon may play an important role in the preservation of plants in nature. Convincing evidences
however were obtained only in the 1960s, when reproducible models using tobacco plant were
developed (Cruickshank and Mandryk, 1960;; Mandryk, 1963). Greenhouse and field experiments in
the laboratory of Kuc and co-workers paved the way to the present comprehension of induced
resistance as a tool in plant protection (Kuc, 2001), this being supported by numerous authors from
around the world (Schoénbeck et al., 1993; Kessman et al., 1994; Schneider et al., 1996; Van Loon et
al., 1998; Benhamou and Picard, 1999; Tally et al., 1999; Cohen, 2001; Bokshi et al., 2003; Gozzo,
2003; Soylu et al., 2003). Exploiting uniquely the plant potential to combat pathogens, the induced
resistance may diminish the use of toxic chemicals for disease control, and thus could be proposed as
an alternative, non-conventional, non-biocidal and ecologically-friendly approach for plant protection
and hence for sustainable agriculture.

Induced resistance

The induced resistance can be defined as increased expression of natural defense mechanisms
of plants against different pathogens provoked by various external factors. The terms “induced
resistance” (IR) and “acquired resistance” (AR) are often being used synonymously. Depending on
the mode of its expression, induced resistance can be systemic (SAR) or local (LAR). In the early
1960s Ross as a result of his carefully controlled laboratory experiments with tobacco-TMV system
coined the terms LAR (Ro0ss,1961a) and SAR (Ross, 1961b). Recently, the term “induced systemic
resistance” (ISR) was introduced to designate the resistance induced in leaves of plants by
inoculation of roots with non-pathogenic rhizobacteria. This novel type of induced resistance was first
described in Arabidopsis plants, inoculated with the root-colonizing on pathogenic bacteria
Pseudomonas fluorescens; leaves of these plant revealed resistance against the bacterial leaf pathogen
Pseudomonas syringae pv. Tomato (Pieterse et al.,1998). Rhizo-bacteria-mediated ISR has also been
demonstrated against fungi, bacteria and viruses in Arabidopsis, bean, carnation, cucumber, radish,
tobacco and tomato (Van Loon et al., 1998)

Biotroph Hemibiotroph
Necrotroph ~yaloperonospora Pssudomonas
Sotrytis cinersa arabidopsidis syringas

Figure 1: Disease symptoms on Arabidopsis leaves caused by the necrotrophic fungus Botrytis
cinerea, the biotrophic oomycet Hyaloperonospora arabidopsidis, and the hemibiotrophic bacterium
Pseudomonas syringae.

Classification of Induce Resistance:

Mainly two types of induce resistance found in plants.

I. Induced Structural Defenses I1. Induce Biochemical Defenses

I.  Induced Structural Defenses
As it is well known that a pathogen must penetrate before it can cause infection. If pathogen gains
entry into the host, its movement and further spread is checked through parenchymatous cells.
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Presence of defense structures like Waxes, cuticles, structure of epidermal cell wall and natural
opening etc., before penetration or its development with response to the infection of the host by the
pathogen is crucial for expression of resistance.

Most pathogens start to enter their hosts through wounds and natural openings and later
produce various degrees of infection. Even after the pathogen has penetrated the preformed defense
structures, plants usually respond by forming one or more types of structures that are more or less
successful in defending the plant from further pathogen invasion. Some of these structures formed in
the cytoplasm of the cells under attack is called cytoplasmic defense reaction; the walls of invaded
cells are called cell wall defense structures; and deeper tissues ahead of the pathogen are called
histological defense structures. Finally, the death of the invaded cell may protect the plant from
further invasion, which is called the necrotic or hypersensitive defense reaction.

Figure 2: Formation of a sheath around a hypha (H) penetrating a cell wall (CW). A, appressorium;
AH, advancing hypha still enclosed in sheath; HC, hypha in cytoplasm; S, sheath.
A) Cytoplasmic defense reaction:

In a few cases of slowly growing, weakly pathogenic fungi, such as weakly pathogenic
Armillaria strains and the mycorrhizal fungi, that induce chronic diseases or nearly symbiotic
conditions, the plant cell cytoplasm surrounds the clump of hyphae and the plant cell nucleus is
stretched to the point where it breaks into two. In some cells, the cytoplasmic reaction is
overcome and the protoplast disappears while fungal growth increases. In some of the invaded
cells, however, the cytoplasm and nucleus enlarge. The cytoplasm becomes granular and dense,
and various particles or structures appear in it. Finally, the mycelium of the pathogen
disintegrates and the invasion stops.

B) Cell wall defense structures:

Cell wall defense structures involve morphological changes in the cell wall or changes derived
from the cell wall of the cell being invaded by the pathogen. The effectiveness of these structures
as defense mechanisms seems to be rather limited. However three main types of such structures
have been observed in plant diseases.

= The outer layer of the cell wall of parenchyma cells coming in contact with incompatible
bacteria swells and produces amorphous, febrillar materials that surround and traps the
bacteria and prevents them from multiplying.

= Cell walls thicken in response to several pathogens by producing what appears to be a
cellulosic material. This material, however, is often infused with phenolic substances that
are cross-linked and further increase its resistance to penetration.

= Callose papillae are deposited on the inner side of cell walls in response to invasion by
fungal pathogens .Papillae seem to be produced by cells within minutes after wounding
and within 2 to 3 hours after inoculation with microorganisms. Although the main
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function of papillae seems to be repair of cellular damage, sometimes, especially if
papillae are present before inoculation, they also seem to prevent the pathogen from
subsequently penetrating the cell. In some cases, hyphal tips of fungi penetrating a cell
wall and growing into the cell lumen are enveloped by cellulosic (callose) materials that
later become infused with phenolic substances and form a sheath or lignin tuber around
the hypha.

C) Histological Defense Structures (Defense structures formed after infection)
i. Formation of Cork Layers

Figure 3: Formation of a cork layer (CL) between infected (I) and healthy (H) areas of leaf. P,
phellogen. [After Cunningham (1928). Phytopathology 18, 717—-751.]

Infection by fungi or bacteria, viruses and nematodes induces plants to form several layers of cork
cells beyond the point of infection as a result of stimulation of the host cells by substances secreted by
the pathogen. The cork layers inhibit further invasion by the pathogen beyond the initial lesion and
also block the spread of any toxic substances. Furthermore, cork layers stop the flow of nutrients and
water from the healthy to the infected area and deprive the pathogen of nourishment. The dead tissues,
including the pathogen are thus delimited by the cork layers and may remain in place, forming
necrotic lesions (spots) that are remarkably uniform in size and shape for a particular host—pathogen
combination. In tree cankers, such as those caused by the fungus Seiridium cardinale on cypress trees,
resistant plant clones restrict growth of the fungus by forming ligno-suberized boundary zones, which
included four to six layers of cells with suberized cell walls. In contrast, susceptible clones have only
two to four layers of suberized cells and these are discontinuous, allowing repeated penetration by the
fungus past the incomplete barrier.

Epidermis
|

Mycelium

—
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Figure 4: Formation of a cork layer on a potato tuber following infection with Rhizoctonia. [After
Ramsey (1917). J. Agric. Res. 9, 421-426.]

ii. Formation of Abscission Layers

Abscission layers are formed on young, active leaves of stone fruit trees after infection by any of
several fungi, bacteria, or viruses. An abscission layer consists of a gap formed between two circular
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layers of leaf cells surrounding the locus of infection. Upon infection, the middle lamella between
these two layers of cells is dissolved throughout the thickness of the leaf, completely cutting off the
central area of the infection from the rest of the leaf (Fig. 6-7). Gradually, this are a shrivels, dies, and
sloughs off, carrying with it the pathogen.

Figure 5: Schematic formation of an abscission layer around a diseased spot of a Prunus leaf. (A—C)
Leaf spots and shot holes caused by Xanthomonas arboricola pv. pruni bacteria on (A) ornamental
cherry leaves; characteristic broad, light green halos form around the infected area before all
affected tissue falls off, (B) on peach, and (C) on plum. The shot hole effect is particularly obvious on
the plum leaves.

iii. Formation of Tyloses

Tyloses form in xylem vessels of most plants under various conditions of stress and during invasion
by most of the xylem-invading pathogens. Tyloses are over growths of the protoplast of adjacent
living parenchymatous cells, which protrude into xylem vessels through pits .Tyloses have cellulosic
walls and may, by their size and numbers, clog the vessel completely.

iv. Deposition of Gums

Gum secretion is most common in stone fruit trees but occurs in most plants. The defensive role of
gum stems from the fact that they are deposited quickly in the intercellular spaces and within the cells
surrounding the locus of infection, thus forming an impenetrable barrier that completely encloses the
pathogen. The pathogen then becomes isolated, starves, and sooner or later dies.

Figure 6: Development of tyloses in xylem vessels. Longitudinal (A) and cross section (B) views of
healthy vessels (left) and of vessels with tyloses. Vessels at right are completely clogged with tyloses.
PP, perforation plate; V, xylem vessel; XP, xylem parenchyma cell; T, tylosis.

Il. Biochemical defense mechanism:
Inhibitors released by the plant in its environment defense through productions of Phytoalexins,
PR Proteins and secondary metabolic compounds i.e., 2,6-dichloro-isonicotinic acid (INA), BTH,
salicylic acid, Jasmonic acid etc.,



Phytoalexins are phenolic compounds which are not present in healthy plants but are
produced upon stimulation of a plant by a pathogen or by a mechanical or chemical injury and
derived from Greek word phyto meaning plant ; alexin means warding off compound. They
are antimicrobial low molecular weight compounds and formed only when the host cells
come into contact with the parasite. The resistance state is not inherited and confined to the
tissue colonized by the fungus and its immediate neighbourhood.

PR Proteins: A group of plant-coded proteins induced by different stress stimuli, as
“pathogenesis related proteins” (PRs) is assigned an important role in plant defense against
pathogenic constraints and in general adaptation to stressful environment. Antonie et al.
(1980) coined the term “pathogenesis-related proteins” (PRs), which have been defined as
“proteins encoded by the host plant but induced only in pathological or related situations.
Among the PRs, a protein has to be newly expressed upon infection but not necessarily in all
pathological conditions refer to all types of infected states, not just to resistant, hypersensitive
responses in which PRs are most common; they also include parasitic attack by nematodes,
insects and herbivores. Induction only by abiotic stress conditions is not a sufficient criterion
for inclusion as PRs. These considerations imply that the characteristics of the induction of
PRs take priority over other identifying features, such as chemical properties or cellular
localization (Van Loon et al., 1994; Van Loon, et al., 1999). Originally, five main groups of
PRs (PR-1 to PR-5) have been characterized by both molecular and molecular-genetic
techniques in tobacco, numbered in order of decreasing electrophoretic mobility. Each group
consists of several members with similar properties (Bol et al., 1990) (Table 1). Group PR-1
is the most abundant, reaching up to 1-2 % of total leaf proteins. PRs of group 5 share
significant amino acid sequence homology with the sweet tasting protein in the fruits of the
tropical plant Thaumatococcus daniellii, and have been named thaumatin-like (TL) proteins
(Cornelissen et al., 1986).

Table 1: PR proteins induced in Samsun tobacco (NN genotype) by TMV infection (Bol et al. 1990).

Group Acidic PR proteins Basic PR proteins Function
Name Mol wt Name Mol wt
(KD) (KD)
1 la 15.8 16 KD 16.0 Unknown
1b 15.6
1c 15.5
2a 2 39.7 Gluc .b 33.0 B- 1.3-gluconase
N 40.0
O 40.6
Q" 36.0
2b o} 25.0 B- 1.3-gluconase
3 P 27.5 Ch 32 32.0 Chitinase
Q 28.5 Ch34 34.0
4 sl 145 Unknown
rl 14.5
s2 13.0
r2 13.0
5a R 24.0 Osmotin 24.0 Unknown thaumatic type proteins
S 24.0
5b 45 KD 45.0 Unknown

An important common feature of most PRs is their antifungal effect, antibacterial, insecticidal,
nematicidal, and — as recently shown — antiviral action. Toxicity of PRs can be generally accounted by
their hydrolytic, proteinase- inhibitory and membrane-permeabilizing ability. Thus, hydrolytic
enzymes (B-1,3-glucanases, chitinases and proteinases) can be a tool in weakening and decomposing
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of fungal cell walls, containing glucans, chitin and proteins, while PR-8 can disrupt gram-positive
bacteria due to lysozyme activity (Van Loon and Van Strien, 1999; Van Loon, 2001; Selitrennik off,
2001).

Relevance of PRs to disease resistance

The following lines of supporting evidence can be outlined as

a) Stronger accumulation of PRs in inoculated resistant as compared to susceptible plants. Besides
previous data, substantiating this statement (Van Loon, 1985, and references therein), differential
responses of resistant/susceptible plants were reported in tomato plants, inoculated with
Cladosporium fulvum (Wubben et al., 1996); Phytophthora infestans-infected potato (T6non et
al., 2002); Venturia inaequalis-inoculated apple (Poupard et al., 2003); Pseudomonas syringae-
infected grapevine (Robert et al., 2001); Xanthomonas campestris pv. vesicatoria and TMVPo-
infected hot pepper (Park et al., 2004 a, b), etc.

b) Important constitutive expression of PRs in plants with high level of natural disease resistance.
This correlation was observed in several pathosystems, such as apple — Venturia inaequalis (Gau
et al., 2004), tomato — Alternaria solani (Lawrence et al., 2000), and potato — Phytophthora
infestans (Vleeshouwers et al., 2000), the last authors proposing PR mRNAs as molecular
marker in potato breeding programs.

¢) Significant constitutive expression of PRs in transgenic plants over expressing PR genes
accompanied by increased resistance to pathogens. Thus, increased tolerance to Peronospora
tabacina and Phytophthora parasitica var. nicotianae was recorded in tobacco overexpressing
PR1a gene (Alexander et al., 1993). Transgenic rice and orange plants overexpressing thaumatin-
like PR-5 revealed increased tolerance to Rhizoctonia solani and Phytophthora citrophthora,
respectively (Datta et al., 1999; Fagoaga et al., 2001), while transgenic potato overexpressing
PR-2 and PR-3 improved resistance to Phytophthora infestans (Bachmann et al., 1998). Puccinia
graminis f. sp. hordei in the leaves (Schultheiss et al., 2003).

d) Accumulation of PRs in plants in which resistance is locally or systemically induced.
Generalizing this broad research area it can be stated that PRs are recognized as markers of the
systemic acquired resistance (SAR), and PRs genes are involved in the list of the so-called SAR-
genes (Ward et al., 1991). Some SAR-inducing chemicals viz., benzothiadiazole (BTH), B-
aminobutyric acid (BABA) or 2,6-dichloroisonicotinic acid (DCINA) are harmless commercially
supplied compounds and have promising practical application as novel tools in plant protection
(Van Loon, 1997; Ku_, 2001; Edreva, 2004 and references therein).

PRs members induced in resistant or SAR- expressing plants, as well as PRs from transgenic
resistant plants exhibit high antimicrobial activity (Enkerli et al., 1993; Anfoka and Buchenauer,
1997; Rauscher et al., 1999; Tondn et al., 2002; Anand et al., 2004), this suggesting their direct role
in disease resistance.

Table 2. Recognized and proposed families of pathogenesis-related proteins (Van Loon, Van
Strien,1999)

Family Type member Properties

PR-1 Tobacco PR-1a unknown

PR-2 Tobacco PR-2 B-1.3-glucanase

PR-3 Tobacco P, Q chitinase type I, 11,
IV, V. VL VII

PR-4 Tobacco “R”™ chitinase type [, 11

PR-5 Tobacco S thaumatin-like

PR-6 Tomato Inhibitor 1 proteinase-inhibitor

PR-7 Tomato P, endoproteinase

PR-8 Cucumber chitinase chitinase type 11

PR-9 Tobacco “lignin-forming peroxidase” peroxidase

PR-10 Parsley “PR1™ “ribonuclease-like™

PR-11 Tobacco class V chitinase chitinase type |

PR-12 Radish Rs-AFP3 defensin

PR-13 Arabidopsis THI2.1 thionin

PR-14 Barley LTP4 lipid-transfer protein
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2,6-dichloro-isonicotinic acid (INA): The first activator
described was 2,6-dichloro-isonicotinic acid (INA). INA
induced systemic resistance against a broad range of
pathogens in several plant species and made available widely
for research as well as effective in decreasing foliar diseases
in green beans Phaseolus vulgaris (Dann and Deverall1995,
1996) in growth chamber and the field (Table 1). It decreased
powdery mildew in cucumber (Hijwegenand Verhaar 1995)
and barley (Kogel et al. 1994), and infections by Cercospora
beticola in sugar beet(Nielsen et al. 1994) and also powdery
mildew in roses (Hijwegen et al. 1996).

Figure 7:Secondary Metabolic Compounds

Table 3: Control of plant diseases by INA

Crops Disease/ Pathogen Reference

Barley Powdery Mildew/ Erysiphe graminis Kogel et al. (1994)

Cucumber Powdery Mildew/Spheerotheca fuliginea Hijwegen et al. (1995)

Cucumber Anthracnose/ Colletotrichum lagenarium Metraux et al. (1991)

Green Bean | Anthracnose/ Uromyces appendiculatus Dann and Deverali (19954, 1996)
Pepper Bacterial spot/ Xanthomonas campestris Staub et al. (n.d)

Rice Rice blast/ Pyricularia oryzae Staub et al. (n.d)

Tobaco Blue mould/ Peronaspora tobacina Staub et al. (n.d)
Benzothiadiazole (BTH): O

The second activator was benzothiadiazole (BTH), which was Il

particularly useful for patho-systems in wheat, rice, tobacco, and C—S —CH;

some vegetable crops (Table 3). BTH applied early in the growth of S

wheat recorded effective protection against powdery mildew for the ~
season, and some protection against leaf rust and Septoria leaf spot ;
(Gorlach et al. 1996). BTH decreased infection by fungi, bacteria, N

and viruses in tobacco (Friedrich et al. 1996) and in Arabidopsis

(Lawton et al. 1996). BTH was registered for commercial use in Benzothiadiazole

Europe in 1996 against powdery mildew in wheat. BTH (50 ppm)
significantly reduced rust severity in experiments in which it was

(BTH)

sprayed onto fababean leaves 4 days before the challenge inoculation with Uromyces viciae-fabae

spores.

Table 4: Control of plant diseases by BTH

Crops Disease/ Pathogen Reference
Cucumber | Downey Mildew/Pseudomonas cubensis Ciba data

Rice Rice blast/ Pyricularia oryzae Ciba data

Tobaco Blue mould/ Peronaspora tobacina Friedrich et al. 1996
Tomato Bacterial spot/ Xanthomonas spp Ciba data

Wheat Powdery Mildew/ Erysiphe graminis Goriach et al. 1996




*  Salicylic Acid

( Latin word salix, willow tree, from the bark of which the substance COOH
used to be obtained) is derived from the metabolism of salicin and
a monohydroxybenzoic acid a type of phenolic acid and also a beta OH

hydroxy acid. This colorless crystalline organic acid is widely used
in organic synthesis and functions as a plant hormone. In addition to
being a compound that is chemically similar but not identical to the
active component of aspirin (acetylsalicylic acid) and best known
for its use in anti-acne treatments. The salts and esters of salicylic | Salicylic acid
acid are known as salicylates. (SA)
Salicylic acid also reverses the closure of stomata caused by
abscisic acid (Rai et al., 1986). Exogenous application of salicylic acid improves the yield in crops
(Singh & Kaur, 1980; Arfar et al.,2001). SA retards ethylene synthesis; stimulates photosynthetic
machinery and increase the content of chlorophyll (Leslie & Romani, 1988). Recently, it has been
recognized that salicylic acid is required in the signal transduction for inducing systemic acquired
resistance against pathogenic infections (Metraux et al., 1990; Gaffney et al., 1993; Vernooij et al.,
1994).
Salicylic Acid Biosynthesis

Phenylalamhe-‘ ----- Chorlsmate
PAL ICS
C|nr1am|c acid Isochorismate
O- ccumarlr: Benzoate
amd intermediates

T

heS BAEH

- ABP2 / MES
SAGT
SAMT
O

] i
'&\I% O — glucose .a///““ /\ OH |/\1)‘L O— CH, P r///\ﬂ)l\ O— CH,
="~ on &/& O — glucose MOH ="~ 0 — glucose
SGE SAG MeSA MeSAG

Figure 7: Simplified schematic of pathways for SA biosynthesis and metabolism as adapted from
Garcion & M etraux (1960). Abbreviations: PAL, phenylalanine ammonia lyase; ICS, isochorismate
synthase; IPL, isochorismate pyruvate lyase; BA2H, benzoic acid-2-hydroxylase; SA, salicylic acid;
SAGT, SA glucosyl transferase; aa, amino acid; SAMT, SA methyl transferase; SABP2, SA-binding
protein 2; MES, methyl esterase; SGE, salicyloyl glucose ester; SAG, SA O-p-glucoside; MeSA,
methyl salicylate; Me SAG, methyl salicylate O-g-glucoside.

Salicylic acid in plants can be generated via two distinct enzymatic pathways that require the primary
metabolite chorismate (Garcion C et al., Wildermuth MC et al.,. 2006 ). Chorismate-derived I-
phenylalanine can be converted into SA via either benzoate intermediates or coumaric acid via a
series of enzymatic reactions initially catalyzed by Phenylalanine Ammonia Lyase (PAL). Chorismate
can also be converted into SA via isochorismate in a two stepprocess involving ISOCHORISMATE
SYNTHASE (ICS) and ISOCHORISMATEPYRUVATE LYASE (IPL) (Fig 7) (Strawn MA et
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Chloroplast

al.,2007, Verberne M.C. et al., 2000; Wildermuth MC et al.,2001): the bulk of pathogen-induced SA
is synthesized via this pathway in Arabidopsis, Nicotiana benthamiana, and tomato (Catinot J et al.,
2008, Wildermuth MC et al.,2001, Uppalapati SR et al.,2007). Arabidopsis encodes two ICS
enzymes; SA production, as well as pathogen resistance, is severely compromised in mutants lacking
functional ICS1, which appears to be responsible for approximately 90% of SA production induced by
pathogens or UV light (Garcion C et al., 2008).The appearance of residual SA in an icsl/ics2double
mutant confirms that the ICS pathway is not the only source of SA in Arabidopsis.Most of the SA
produced in plant is converted into SA O-f-glucoside (SAG) by a pathogen-inducible SA glucosyl
transferase (SAGT) (Fig 7) (Dean JV et al., 2004 ,Dean JV et al., 2005 Dean JV et al., 2003 Lee H-I
etal., 1998 Lee H-11999 Song JT et al., 2006).

Arabidopsis encodes two SAGT enzymes; one preferentially converts SA into SAG, whereas
the other forms the less abundant SA derivative, salicyloyl glucose ester (SGE) (Dean JV & Delaney
SP., 2008). SA is likely synthesized in chloroplasts (Garcion C et al., 2008 , Strawn MA., 2007
Wildermuth MC et al., ,2001) whereas tobacco SAGT appears to localize to the cytosol (Mohammed
LA et al,2005). SAG is actively transported from the cytosol into the vacuole, where it may function
as an inactive storage form that can be converted back to SA (Dean JV et al., 2004, Mohammed LA et
al., 2005 Hennig J. et al 1993).

*  Jasmonic Acid

Jasmonic Acid is derived from the fatty acid linolenic acid and a member of the jasmonate class of
plant hormones. It is biosynthesized from linolenic acid by the octadecanoid pathway. The main
function of its various metabolites is regulating plant responses to abiotic and biotic stresses as well as
plant growth and development. Regulated plant growth and development processes include growth
inhibition, senescence, tendril coiling, flower development and leaf abscission. JA is also responsible
for tuber formation in potatoes, yams, onions and converted to a variety of derivatives including esters
such as methyl jasmonate; it may also be conjugated to amino acids. This chemical may have a role in
pest control, according to an October 2008 BBC News report. In addition to some researchers have
signed a licensing deal to market jasmonic acid as a spray to be applied to seeds prior to planting;
such a spray has been found to stimulate the natural anti-pest defenses of the plants.

Figure 8: Jasmonic Acid Biosynthesis- Octadecanoid pathway (Howe, G.A. 2001)
Phﬁpholipase

Linilenic acid
Il Lipoxygenase
13-hydroperoxide
Allene oxide cyclase
OPDA
12-oxo-phytodienoic acid reductase
3 cycles of beta oxidiation

|

Jasmonic acid

A

ISR relation to seed:

Application of some PGPR strains to seeds or seedlings has also been found to lead to a state of
induced systemic resistance (ISR) in the treated plant (Van Loon et al., 1998; Kloepper et al., 1999).
ISR occurs when the plant’s defense mechanisms are stimulated and primed to resist infection by
pathogens (Van Loon, 1997).
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A & B - control plants C,D - plants treated
with panchagavya

Panchgavya Treated seedlings Control seedlings

Figure 9: Induced resistance through Panchagavya

Panchagavya: An Organic formulation made up of five products of Cow Viz., Cow Dung, Urine,
Milk, Curd and Ghee is known to induce systemic resistance in plants and also a wonderful bio-
pesticide. Research carried out at the Department of Biotechnology, GITAM Institute of Technology
proved that the formulation up-regulated certain genes of the pathogenesis pathway in plants
bestowing disease resistance to the plants. Use of Panchagavya can be a sustainable alternative to
chemical pesticides.

Systemic Resistance in Chickpea against Fusarium wilt:
Fig.10: Effect of seed
70 dressing with  different
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Fusarium wilt caused by Fusarium oxysorum f. sp. ciceri is one of the major diseases of
chickpea. The fungus invades plant vascular tissues and induces severe wilting of the foliage by
blocking xylem transport and impeding the movement of water (Beckman et al., 1989; Haq & Jamil,
1995). The pathogen is both seed and soil borne facultative saprophyte and can survive in soil up to
six years in the absence of susceptible host (Haware et al., 1986).In resent years, the process of
“immunization” or induced resistance to diseases has received increasing attention (Vallad &
Goodman,2004). Induced resistance can be achieved with certain environmentally safe chemicals
(Kuc, 2006). It has been proved that salicylic acid, acetyl salicylic acid and Bion haveinduced
systemic resistance in chickpea against wilt disease under controlled environments (Saikia et al.,
2003; Sarwar et al., 2005).

Nighat sarwar et al.,2010 Induced systemic resistance in chickpea against wilt disease caused
by Fusarium oxysorum f.sp. ciceri (FOC) was studied by treating the seeds with benzo (1,2,3)-
thiadizole-7-carbothioic acid - s- methyl ester (Bion), salicylic acid (SA) and di- potassium hydrogen
phosphate (K,HPO,). Reduction in disease was observed in both type of applications but seed
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dressing was found more effective than soaking method. Highest reduction i.e., 63% in wilt disease
was observed with Bion dressing followed by SA, 40% and K,HPO, , 30%. Bion and SA showed 41
& 24% reduction in the disease, respectively, when seeds were soaked in the respective chemicals but
no reduction was found with K,HPO, soaking. Slight increase in yield was observed with all the
treatments in both applications but difference among them was statistically non-significant.
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Fig.11: Effect of seed soaking with different chemicals on wilt disease incidence in chickpea
grown in wilt sick field. Chickpea seeds were soaked in aqueous solutions of Salicylic acid (SA), Bezo
(1,2,3)-thiadizole-7-carbothioic acid-S-methyl ester (Bion), K;HPO, (Kp) and water (Con) for two
hours before sowing

Hamid et al., 2008 conducted an experiment to study the effect of salicylic acid seed priming
on growth by sand method of germination and some biochemical attributes in wheat grown under
saline conditions. Wheat seeds of cv. Inglab and S-24 were soaked in water and 100 mg L-1 salicylic
acid solution for 24 hours and sown in sand salinized with 0, 50 or 100 mM NaCl. Pots were sprayed
with Y4 strength Hoagland’s nutrient solution. Growth parameters (shoot and root length, and shoot
and root dry weights) were recorded and chlorophyll a and b contents ; soluble sugars (reducing and
non-reducing) in the leaves were estimated from fourteen days old seedlings. Salt stress significantly
reduced all growth parameters (Table.5). However, salicylic acid treatment alleviated the adverse
effect of salinity on growth. Salinity decreased the chlorophyll a and b content and chlorophyll a/b
ratio in both the lines, but reduction in chlorophyll a/b ratio was recorded lower in salt tolerant wheat
line S-24, which could be a useful marker for selection of salt tolerant wheat (Table.9). Salinity
(NaCl) stress considerably increased the accumulation of reducing, non-reducing and total soluble
sugars in the leaves of 14 days old wheat seedlings of both cultivars. Salt tolerant line S-24
accumulated higher sugar content which could also be a useful marker for salt tolerance in wheat
(Table.10).

The sunflower seedlings were grown in dark conditions for 9 days. Etiolated cotyledons were
transferred into Petri dishes containing 0.001 uM, 0.1 pM, 10 pM, 1000 pM SA and placed to
incubation for 14 hours in the dark at room temperature; then they were incubated in light period for 3
hours. Chlorophyll, carotenoid content, protein amount and peroxidase (POD) activity in the
cotyledons was examined. SA 1000 uM solution showed the toxic effect in growth considering the
results of total chlorophyll, carotenoid content and protein amount. An increasing 2 fold of
chlorophyll content in 10 uM SA and 3.5 fold of carotenoid content in 0.1uM SA treated cotyledons
comparing to the control were observed. Protein amount increased in all concentrations except 1000
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uM SA. POD activity was also stimulated in all concentration of SA solutions. However, the clear
difference in 0.001 pM SA was not seen. As a result, chlorophyll, carotenoid, protein contents and
POD activity increased in exogenic SA applications.

Different induced chemicals responses on wheat
Table 5: Germination and seedling indices of wheat cultivar as affected by the interaction of PEG

PEG [SA Germinat [Mean Vigor Shoot Root Shoot dry | Rootdry | Electrolyte
% |mM ion (%) ermination| index length length weight weight leakage
time (d) (mm) (mm) mg/plant | mg/plant | (%)

0 | 0.0 |9250ab | 1.42d 378.22abc | 129.25a | 280.75a | 74.50b 27.46d 37.12f

0.1 | 100.00a | 1.54cd 410.50a 129.75a | 280.75a | 84.50a 34.13b 35.14f

0.5 | 100.00a | 1.34d 408.75a 128.75a | 280.00a | 83.83a 37.46a 35.52f

10 | 0.0 | 87.50bc | 2.02b 361.57bcd | 87.50d 326.75b | 14.50f 25.20de | 71.62b

0.1 | 90.00abc | 1.99b 391.72abc | 93.50c 341.75b | 37.83e 31.20c 50.21d

0.5 |9250ab | 1.72c 4.6.40ab 99.00b 339.25b | 41.16d 34.46ab | 40.78f

20 | 0.0 | 75.00d 2.71a 295.75e 66.509 324.25b | 8.16i 24.60e 90.54a

0.1 |80.00cd | 2.25b 330.23de | 74.50f 334.75b | 11.16h 34.40b 70.85b

0.5 |91.00ab | 2.10b 356.87cd | 79.00e 337.50b | 13.509 36.80ab | 60.54c

In each column, means with similar letter are not significantly different ( DMART, p > 0.05)

Table .6 Effect of salicylic acid on germination of two wheat cultivars as affected by PEG.

SA Germinat | Mean Vigor Shoot Root Shoot dry | Root dry| Electrolyte

(mM) ion (%) germination | index length length weight weight | leakage (%)
time (d) (mm) (mm) (mg/plant) | mg/plant

0.0 85¢ 2.04a 345.18cc | 94.41c | 309.58c | 32.38c 25.73b | 66.41a

01 90b 1.94a 3.77.48b | 99.25b | 319.08b | 42.83b 33.12a | 52.11b

0.5 95a 1.72b 390.67a [102.25a | 328.91a | 46.5a 35.30a | 45.61c

In each column, means with similar letter are not significantly different ( DMART, p > 0.05)

Salicylic acid (SA), as a natural signal molecule has been shown to play important roles in
regulating a number of physiological processes in plants and a common plant-produced phenolic
compound known as an important signal molecule for modulating plant responses to environmental
stresses (Senaratna et al., 2000). It is now clear that SA provides protection against a number of
abiotic stresses such as heat stress in mustard seedlings (Dat et al., 1998b), chilling damage in
different plants (Kang and Salveit,2002; Tasgin et al., 2003), heavy metal stress in barley seedlings
(Metwally et al., 2003) and drought stress in wheat plants (Singh and Usha,2003)

Table 7. Effect of salisylic acid pre- treatment on root, shoot dry weights and root/shoot ratio of T.
aestivum and H. vulgare after 8 days (g/ seedling).

T. aestivum H. vulgare
Group | Root(g) | shoot(g) [Root/Shoot Root(g) shoot(g) Root/Shoot
C 0.022 0.096 0.229 0.017 0.055 0.309
S 0.010 0.027 0.370 0.010 0.034 0.294
SAW 0.034 0.142 0.239 0.021 0.086 0.244
SAS 0.024 0.099 0.242 0.020 0.061 0.328
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C=Control S=Treated with 150mM NaCl after 6 h in water SAW =Treated with 0.05 mM SA and
then in water SAS= Treated with 0.05 mM SA and then in 150 mM NaCl *=Significant at P<0.5
**=Sjgnificant at P<0.1 ***=Significant at P<0.05

Trichoderma spp. as inducer

Recently, several BCF, as well as some plant growth—promoting rhizobacteria (PGPR) have
been shown to efficiently help plants overcome abiotic stresses, such as salinity and drought, in both
field crops and trees (Adams P et al., 2007; Bae H et al., 2009; Mohamed Ha-La et al.,2006;
Sherameti I. et al., 2008; Waller F et al., 2005 and Yildrim E et al., 2006). The ability of maize plants
grown from seeds treated with T. harzianum to resist water deficit has been demonstrated in the field,
and the enhanced deep rooting clearly contributes (Harman GE et al., 2000). Moreover, in
Trichoderma inoculated cacao seedlings, drought-induced changes such as stomatal closure and
reduction of net photosynthesis were delayed under drought compared with non-inoculated plants,
allowing plants to continue growing (Bae H et al., 2009). In maize, it has been shown that in addition
to induction of carbohydrate metabolism and photosynthesis-related proteins, the stress factors in the
field are water deficit. T. harzianum added as seed treatment (tomatoes) or as a soil treatment
(Arabidopsis) largely improved the germination at osmotic potentials of up to 0.3 M Pa (F. Mastouri,
T. Bjorkman, G. Harman, unpublished data) starch content of the leaves was higher in trichoderma-
inoculated plants (Shoresh M et al., 2008). A number of other stresses are also alleviated. T.
harzianum has recently been shown to improve resistance to heat and cold (seedlings of tomato were
imbibed at 25-Cfor 1 day, then exposed to either 10-C or 35°C, and then returned to 25°C). Seedlings
were much less damaged by the temperature extremes in the presence of T. harzianum. (F. Mastouri,
T. Birkman, G. Harman, unpublished data). Trichoderma also increased potassium content of plants
(Yedidia | et al., 2005 and Yildrim E et al., 2006). Salt stress is well known to reduce potassium
uptake, and in several systems increasing potassium uptake ameliorated salt-induced damage (Shabala
Setal., 2008).

Beneficial microbes can be recognized as MAMPs by PRR and stimulate the host
plant immune response. In order to build symbiosis relationship with the plant host,
beneficial microbes evolved to be able to minimize stimulation of their host’s immune
system. The mechanism on the balance between efficient recognition and strength of host
immune response need to be studied. The genes and transcriptional factors participating in
defense response make up a complicated network through the signaling crosstalk. SA and JA
can be activated by beneficial microorganisms at the same time in an NPR1-dependent
pathway. In addition, SA, JA, ET, and MAPK cascades interact with each other, and
coordinate in the downstream defense response. Moreover, non-coding RNAs, induced by
beneficial microorganisms, play a vital role in regulating the host development and resistance
to the pathogen. Therefore, genome-wide profiling of miRNA and the subsequent functional
verification are two important aspects to explore in the future, and RNA interference
technology can be a sound method to control plant diseases and pests (Yu et al, 2022).
Beneficial microorganisms are able to stimulate defense responses of host plants through
different pathways, thereby endowing plants with resistance to multiple pathogens. Bacillus
amyloliquefaciens, B. atrophaeus, B. cereus, Pseudomonas fluorescens, etc., were
demonstrated to be effective against fungal, bacterial, and viral invasion through ISR. Recent
studies suggested that beneficial microbes induce early plant ISR events, including, but not
limited to, increased expression of pathogenesis-related PR genes, enhanced activities of
defense-related substances, such as phenylalanine ammonia-lyase, polyphenol oxidase,
peroxidase, -1, 3 glucanase, and chitinase, and accumulating reactive oxygen species (Guo
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et.al., 2019; Wang et. al. 2020). Although the initial research disregarded the involvement of
SA in beneficial microbe-induced systemic resistance, recent studies have shown that
beneficial microorganisms can control plant disease through activating SA and JA/ET
signaling pathways. Beneficial microbes, such as Bacillus and Trichoderma, showed the
ability to increase the expression of SA and JA/ET marker genes PR1 and LOX2,
respectively, and increased the content of SA and JA in plants (Samaras et.al. 2021; Yuan
et.al.2019;Barakat et.al.2019)

Conclusion :

Although not fully understood, induced resistance in plants opens new horizons in plant protection,
being a promising tool for eco-friendly disease control and sustainable agriculture. It remains a
challenge for both fundamental and applied research.
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