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ABSTRACT :
Plants are exposed to various pest and pathogen (viz. ( Plant - Rhizobacterium ][ Plant - Pathogen \\
. . . . . interaction mteraction
fungi, bacteria, virus, insect, nematodes) which may cause

;o . . . . !
physiological and morphological disorder or diseases in Jasmonic Acid - response
plant. To overcome these incidence plants have some signal Salicylic Acid - response
. . thylene - response
transduction pathways of defense mechanisms such as |

Salicylic acid (SA) dependant- necrotizing pathogen
mediated systemic acquired resistance, so called SAR, and
plant growth promoting rhizobacteria (PGPR) mediated { _ =~~~ 4 capncity | PASESnSSis elated protein - PR
induced systemic resistance (ISR). SAR is responsible for g — ) SAR. -
expression of pathogenesis related proteins (PR-proteins)

which play direct defensive role against various pests and pathogens regulated by NPR1 and gene NahG. In
this present work SA-dependent SAR is focused for protection of crops.
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INTRODUCTION:

Higher plants are able to trigger various defense machineries when they are exposed to various
pathogenic agents such as fungi, bacteria;virus, insect, etc. These machineries do not allow pathogen for
infection, if the reaction occurs. in a timely manner. However, if the reactions occur at too late or
suppressed, infection of pathogen proceed successfully which lead to disease in plant (Somssich and
Hahlbrock, 1998). There are two'different signal transduction pathways in plant: systemic acquired
resistance (SAR) and induced systemic resistance (ISR). SAR is designated as salicylic acid (SA)
dependant- necrotizing pathogen mediated resistance for expression of pathogenesis related proteins
(PR-proteins) which plays a direct defensive role against pathogenic agents. SAR differs from ISR for
many reasons, although there are some similarities (Table-1 and Figure-1). Management of plant
disease is possible through proper investigation of signal molecules and elicitor molecules for
immunization of plantsiin order to induction of SAR for better protection against pathogenic infection.

SYSTEMIC ACQUIRED RESISTANCE (SAR)

During the last few decade extensive research works has been performed for development of
systemic acquired resistance (SAR). SAR development switch on after necrosis by necrotizing pathogen,
either as a part of hypersensitive reaction (HR) or as a part of the symptom of infection, which is
mediated by a mobile endogenous signal molecule, salicylic acid (SA) and transported through phloem
from the sites of its origin to distal part of plant (Rasmussen et al, 1991; Smith-Beeker et al., 1998).
Leaves inoculated with narcotizing pathogen exhibits high level of endogenous SA accumulation
(Malamy et al, 1990) at the concentration of 1mM which is involved for the accumulation of novel
pathogenesis-related (PR) proteins (Meena et al, 2001). SAR is a broad spectrum resistance
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mechanism that can be triggered in plants through artificial inoculation with a necrotizing pathogen or
treatment with a variety of biotic and abiotic elicitors/inducers/ (Mauch-Mani and Metraux, 1998;
Sticher et al, 1997; Meena et al, 2001; Ryals et al, 1996).

Elicitors

Many elicitor molecules were reported by several workers. All signalling molecules that are
perceived by plant and trigger induction of defense machineries are considered as elicitors. Elicitors are
categorized in two classes: general (non-specific) elicitors which are similar in their effect on
population of plant species and involved in general resistance mechanism. On the other hand specific
elicitors are formed in response of specialized pathogen races or strains which sare formed by
specialized pathogen races or strains and function only in plant cultivars carrying.the corresponding
disease resistance gene (Montesano et al, 2003). A variety of biotic and abiotic inducers/elicitors were
reported for the establishment of induced systemic resistance (ISR) and systemic acquired resistance
(SAR) in different crops. The abiotic elicitors were reported for induction of defense resistance in
different crops as salicylic acid (Meena et al., 2001), active oxygen radicals (Higa et .al., 2001), SA and 4-
hydroxybenzoic acid (Smith-Beaker et al, 1998), f-aminobutyric acid (Kaur and Kolte, 2001), UV-light
(Brederode et al, 1991), ozone (Ernst et al,1992), nitric oxide (Klessig et al, 2000) and N-
acetylchitooligosaccharide (Kaku et al.,,1997). Biotic elicitors were reported to,enhance in plant defense
reactions as leaf extract of Azadirachta indica in barley (Paul and Sharma, 2002), Acalypha indica in
ginger (Ghosh and Purkayastha, 2003), Reynoutria sachaliensis in cucumber (Daayf et al, 1995). Thus it
is important for plants for early detection of pathogen and early delivering elicitors/induces
(intracellularly/ intercellularly) to plant for activation of defense machinary (Shibuya and Minami,
2001) for management of crop diseases.

Pathogenesis-related proteins (PR-proteins)

Pathogenesis-related proteins (PR-proteins) may be considered as stress proteins which are
produced in response of narcotizing pathogens (such as viruses, viroids, fungi and bacteria) with
endogenous accumulation of signalling molecules, salicylic acid (SA) and thought to be defensive
against further pathogenic infection (Van Loon, 1999). However, in contrast to most of the other types
of stress proteins, they accumulatelin plant tissues in a certain level that can be easily detectable on gels
by general protein staining. The pathogenesis related proteins (PR-proteins) are grouped into families
by amino acid homology, serological relationship and biochemical properties (Van loon et al.,1999). For
example, PR-5 family exhibits the degree of homology of amino acid sequences to the sweet tasting
thaumatins from Thaumatococcus'daniellii (Dudler et al., 1994). Total 14 families of PR-proteins with its
type member and function are reported by Van Loon and Van Strien (1999) such as PR-1 (Tobacco PR-
1a; unknown function), PR-2 (Tobacco PR-2; 3-1,3-glucanase), PR-3 (Tobacco P, Q; chitinase type I, I,
1V, V, VI, VII), PR-4 (Tobacco ‘R’; chitinase type I, II), PR-5 (Tobacco S; thaumatin-like), PR-6 (Tomato
Inhibitor I;’ proteinase-inhibitor), PR-7 (Tomato Pey; endoproteinase), PR-8 (Cucumber chitinase;
chitinase type 1), PR-9 (Tobacco ‘lignin-forming peroxidase’; peroxidise), PR-10 (Parsley ‘PR1’;
‘ribonuclease-like’), PR-11 (Tobacco class V chitinase; chitinase, type I), PR-12 (Radish Rs-AFP3;
defensin), PR-13 (Arabidopsis THI2.1; thionin) and PR-14 (Barley LTP4; lipid-transfer protein). Among
PR-proteins, two plant hydrolases, $-1,3 glucanase (PR-2) and chitinase (PR-3, PR-4, PR-8 and PR-11)
are given special importance for their potential role to degrade fungal cell wall components because
many pathogenic fungi contain (-1,3 glucans and chitin as major structural component of cell wall
(Wessels and Sietsma, 1981; Bishop et al, 2000; Arlorio et al, 1992; Mauch et al., 1988) resulting in
growth inhibition of fungi. Chitin is a linear polymer of 3-1,4-glycosidic linked N-acetylglucosamine
residues that is the predominant constituent of fungal cell walls, nematode eggs, and mid gut layers of
insects. Chitinase was constitutively expressed at low level in plants but were dramatically enhanced by
abiotic stresses such as ethylene, salicylic acid, salt solution, ozone and uv light ( Brederode et al.,1991;
Collinge et al,1993; Ernst et al.,1992; Mauch F et al.,1989) and by biotic factors such as fungi, bacteria,
viruses, viroids, fugal cell wall components and oligosaccharides (Rederode et al., 1991). The lytic
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enzymes chitinase and (3-1,3 glucanase play an important role in biological control by degrading chitin
and B-glucan polymers from the cell walls of fungal pathogens (Sivam and Chet, 1989;). Several lines of
evidence indicate that chitinases play a distinct role in plant defense by degrading chitin and 3-1-3-
glucanases by hydrolysing (-1, 3-glucans which form the matrix in which chitin is embedded
(Lawrence, et al., 1996).

NahG (salicylate hydroxylase)

Transgenic Arabidopsis and Tobacco with the gene NahG (salicylate hydroxylase) from
Pseudomonas putida which is responsible for degradation of salicylic acid (SA) to catechol resulting in
the incapable of PR-proteins expressing in response to pathogen attack (Figure-1). It indicated that SA
acts as an endogenous signal for the induction of systemic acquired resistance (Gaffney et-al, 1993). It
is further reported that NahG-containing plants are more susceptible to a variety of fungal, bacterial and
viral pathogens (Delaney et al., 1994). Thus, SA is required for the expression of acquired resistance in
plant tissue in the form of SAR (Ryals et al, 1994, 1996). Salicylate is synthesized through
phenylpropanoid dependent pathway from cinnamic acid (Yalpani et al.,-1993). Accumulation of SA is
required for the development of SAR and it is transported from infected leaves to distal part of plant
(Shulaev et al., 1995; M"olders et al., 1996).

NPR1

As the salicylic acid is an important signal molecule in plant defense mechanism and its signal is
regulated by at least two mechanisms: one is NON-EXPRESSOR or PR1 (NPR1) dependent gene and a
second that is independent of NPR1 (Shah, 2003). SAR induction results in the accumulation of the
elicitor signal molecule salicylic acid (SA), which induces defense gene expression via activation of
NPR1. In the nucleus, NPR1 regulates PR gene expression through physical interactions with
transcription factors, TGA-binding promoter element, as-1 required for SA-induced expression of PR-1.
NPR1 itself contains no bona fide DNA-binding domains but rather protein-protein interaction domains
(Lebel et al., 1998). NPR1 activation is regulated by its oligomeric structure through inter-molecular
disulfide bonds. Upon SAR induction, a biphasic,change in cellular reduction potential occurs which
result in the reduction of NPR1 oligomeric structure to monomeric form in the nucleus which led to the
expression of SAR genes and PR-proteins. A mutation of Cys82 or Cys216 in NPR1 leads to constitutive
monomerization of the mutant:NPR1 led to constitutive gene expression of SAR. In the systemic
signalling transduction network, SNI1 (suppressor of NPR1) is a negative regulator of SAR (Lebel et al,
1998).

Mitogen Activated Protein Kinase 4 (MAPK4 )

Another recently reported mutant, mpk4 shows elevated salicylic acid (SA) concentrations in
the absence of spontaneous necrotizing lesions in Arabidopsis (Petersen et al., 2000). This recessive
mutation in the MITOGEN ACTIVATED PROTEIN KINASE4 (MAPK4) gene results in the constitutive
accumulation of“SA which led to SAR and PR-proteins expression. Thus, the wild-type MAPK4 is
characteristic to be a negative regulator of SAR gene expression and a positive regulator of ISR. A
mutant,edrl (enhanced disease resistance 1) has a defective activity of MAPK4 kinase that shows
enhanced SA- and NPR1-dependent resistance to P. syringae and Erysiphe cichoracearum (Frye et al.,
2001). Constitutive expression of active MAPK kinase (NtMEK2) in tobacco plant results in the
activation of two MAPKs: salicylic-acid-induced protein kinase (SIPK) and wound-induced protein
kinase (WIPK) that lead to the expression of phenylalanine ammonia lyase (PAL), the first enzyme in
the phenylpropanoid pathway that ultimately cause cell death (Yang et al., 2001; Bent et al., 2001).
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Figure-1: Molecular level plant defense related signal transduction pathway: Narcotizing
pathogen mediated signalling pathway, Systemic, Acquired Resistance (SAR) which require Salicylic
Acid (SA) as endogenous elicitor signalling molecules and involved in the expression of Pathogenesis-
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related proteins (PR-proteins) is regulated by NahG and NPR1.

Table-1. Relationship between the:mechanisms of Systemic acquired resistance (SAR) and

Induced Systemic resistance (ISR)
Characteristics SAR ISR
Differences
1. Itis mediated by Necrotizing pathogen Plant growth promoting

rhizobacteria (PGPR) or Plant
growth promoting fungi (PGPF)

2. It requires signalling
molecule

Salicylic acid (SA) response

Jasmonic acid (JA) and Ethylene
(ET) response

3. Its expression lead to
the production of

Pathogenesis related proteins
(PR-proteins) only.

Diverse range of enzymes and
defensive chemicals such as
Phenylalanin ammonia lyase
(PAL), Peroxidase (PO) and
Polyphenol oxidase (PPO),
Chalcone synthase phytoalexin,
phenolic compound etc.)

4. Mechanism of defense

Direct inhibitory activity (such as
lysis of fungal cell wall) against
pathogenic agents

Indirect inhibitory activity (such
as structural and chemical
barrier) against pathogenic
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agents
5. NahG and NPR1 It is regulated by NahG and NPR1 | Independent
6. Itisused by the term | SAR ISR
7. MAPK4 regulation Negative regulator of SAR gene | Positive regulator of ISR gene
expression expression
Similarities Ability to repel subsequent pathogenic attacks.

Induction of nonspecific basal resistance.

Systemic and prolonged effect against pathogen.

Activation is triggered by external application of inducers.

The strength and stability of the resistance for several weeks may be
influenced by various climatic and edaphic factors.

CONCLUSION:

SAR is effective against a broad range of pest and pathogen such as‘fungi, bacteria, insect pest,
virus and nematodes. It requires SA for its signal transduction. Expression of regulatory gene (NPR1)
leads to the switch on the pathway of SAR and PR-proteins.

REFERENCES

Arlorio M, Ludwig A, Boller T and Bonfante P (1992). Inhibition of fungal growth by plant chitinases
and B- 1,3 glucanases. A morphological study. Protoplasma. 171: 34-43.

Bent A (2001). Plant mitogen-activated protein kinase cascades:negative regulatory roles turn out
positive. Proc Natl Acad Sci 98:784-786.

Bishop JP, Daean AM and Olds TM (2000). Rapid evolution in-plant chitinases: Molecular targets of
selection in plant pathogen coevolution. Proc. Natl. Acad. Sci. USA.97:5322-5327.

Brederode FT, Linthorst HJM and Bol JF (1991). Differential inductionof acquired resistance and PR
gene expression in tobacco by virus.infection, ethephon treatment, UV light and wounding. Plant
Molecular Biology 17:1117-1125.

Collinge DB, Kragh KM, Mickelson ]D, Nielsen'KK,'Rasmusen Y and Vad K (1993).Plant Chitinases. plant
journal. 3: 31-40.

Daayf F, Schmitt A and Belanger RR (1995). The effect of plant extracts of Reynoutria sachalinensis on
powdery mildew development and leaf physiology of long English Cucumber. Plant Dis. 79: 577-
580.

Delaney TP, Uknes S,VernooijB, Friedrich L, Weymann K,Negrotto D, Gaffney T, Gut-Rella M, Kessmann
H, Ward E and Ryals ] (1994). A central role of salicylic acid in plant disease resistance. Science
266:1247-1250.

Dudler R, Mauch F and Reimmann C (1994).Thaumatin like proteins. In: Witty M, Higginbotham D, eds.
Thaumatin. Bocca Raton, Ann Arbor, London,Tokyo: CRC press, 193-199.

Ernst D, Sahraudner M, Langebartels C and Sandermann H ] (1992). Ozone-induced changes of mRNA
level.of B-1,3 glucanase, chitinase and pathogenesis related protein Ib in tobacco plants. Plant
Mol. Biol. 20: 673-622.

Frye CA, Tang Drand Innes RW (2001). Negative regulation of defense responses in plants by a
conserved MAPKK kinase. Proc Natl Acad Sci 98:373-378.

Gaffney T, Friedrich L, Vernooij B, Negrotto D, Nye G, Uknes S,Ward E, Kessmann Hand Ryals ] (1993).
Requirement of salicylicacid for the induction of systemic acquired resistance. Science261: 754-
756.

Ghosh R and Purkayastha RP (2003). Molecular diagnosis and Induced systemic protection against
rhizome rot disease of ginger caused by Pythium aphanidermatum. Curr Sci 85: 1782-1783.

Higa A, Hidaka T, Minai Y, Matsuaka Y and Higa M (2001). Active oxygen radicals induce peroxidase
activity in rice blade tissue. Biosci. Biotechnol. 65: 1852-1855.

Journal for all Subjects : www.lbp.world



AN OVERVIEW OF SYSTEMIC ACQUIRED RESISTANCE (SAR), A SIGNAL TRANSDUCTION .... VOLUME - 8 | ISSUE - 6 | MARCH - 2019

Kaku H, Shibuya N, Xu P, Aryan AP and Fincher GB (1997). N-acetylchitooligosaccharide elicitor
expression of a single (1-3)-B-glucanase gene in suspension-cultured cell from barley (Hordium
vulgare). Physiologia plantarum 100: 111-118.

Kaur A and Kolte SJ (2001). Protection of mustard plants against the staghead phase of white rust by
foliar treatment with Benzothiadiazole, an activator of defense system. J..Mycol. PL Pathol. 31:
133-138.

Klessig DF, Durner ], Noad R, Navarre DA, Wendehenne D, Kumar D, Zhou ] M, Shah ], Zhang SQ,
Kacharoo P, Trifa Y, Pontier D, Lam E and Silva H (2000). Nitric oxide and salicylic acid signaling
in plant defence Proc. Natl. Acad. Sci. USA.97: 8849-8855.

Kloepper JW, Tuzun S and Kue JA (1992). Proposed definations related to induced disease resistance.
Biocontrol Sci.Tech.2:349- 351.

Lawrence CB, Joosten MHA] and Tuzun S (1996). Physiological and molecular plant pathology. 48: 361-
377.

Lebel E, Heifetz P, Thorne L, Uknes S, Ryals ] and Ward E (1998). Functional analysis of regulatory
sequences controlling PR-1 gene expression in Arabidopsis. Plant Journal16:223-233.

M"olders W, Buchala A and M’etraux JP (1996). Transport of salicylicacid in tobacco necrosis virus-
infected cucumber plants. Plant Physiology 112: 787-792

Malamy ], Carr JP, Klessig, DF and Raskin [ (1990). Salicylic acid:/A endogenous signal in the resistance
response of tobacco to tobacco mosaic virus. Science 250: 1002-1004

Mauch- Mani B and Metraux ] (1998). Salicylic acid and systemic acquired resistance to pathogen attack.
Annals of Botany. 82: 525- 540.

Mauch F, Mauch-Mani B and Boller T (1988). Antifungal hydrolases in pea tissue. II. Inhibition of fungal
growth by combination of chitinase and @-1,3 glucanase. Plant. Physiol. 88: 936- 942.

Meena B, Marimuthu T and Velazhahan R (2001). Salicylic acid induced systemic resistance in
groundnut against late leaf spot caused Cercosporium. personstum. J. Mycol PL Pathol. 31: 139-
145

Montesano M., Brader G and Palva ET (2003). Pathogen derived elicitors: searching for receptors in
plants. Mol. Plant Pathol., 4, 73-79.

Paul PK and Sharma PD (2002). Azadirachta.indica leaf extract induces resistance in barley against leaf
stripe disease. Physiol. and mol .Pl. Pathol.61: 3-13.

Petersen M, Brodersen P, Naested H, Andreasson E, Lindhart U, Johansen B, Nielsen HB, Lacy M, Austin
M], Parker JE (2000). Arabidopsis MAP kinase 4 negatively regulates systemic acquired
resistance.Cell103:1111-1120.

Pieterse CM.], Van Wees SCM, Hofland E, Van Pelt JA and Van Loon L C (1996). Systemic resistance in
Arabidopsis.induced by biocontrol bacteria is independent of salicylic acid accumulation and
pathogenesis-related-gene expression. The Plant Cell. 8: 1225-1237

Rasmussen ]B, Hammerschmidt R and Zook MN (1991). Systemic induction of salicylic acid
accumulation in Cucumber after inoculation of Pseudomonas syringae pv. syringae. Plant.Physiol.
97:1342-1347.

Ryals ], Uknes S and Ward E (1994). Systemic acquired resistance. Plant Physiology 104: 1109-1112

Ryals.]JA, Neuenschwander UH, Willits MG, Molina A, Steiner H-Y and Hunt MD (1996). Systemic
acquired resistance. Plant Cell 8: 1809-1819

Shabh, J. (2003). The salicylic acid loop in plant defense. Current Opinion in Plant Biology 6:365-371.

Shibuya N and Minami E (2001). Oligosaccharide signaling for defense responses in plant. Physiol. and
Mol. Pl Pathol. 59: 223- 233.

Shulaev V, Leon ] and Raskin I (1995). Is salicylic acid a transportedsignal of systemic acquired
resistance in tobacco? The Plant Cel [ 7: 1691-1701

Sivan A and Chet I (1989). The possible role of competition between Trichoderma harzianum and
Fusarium oxysporum on rhizosphere colonization. Phytopathology 79:198-203.

Smith-Beaker ], Marois E, Hungnet E], Midland SL, Sims ]J] and Keen NT (1998). Accumulation of salicylic
acid and 4-hydroxybenzoic acid in phloem fluids of Cucumber during systemic acquired

Journal for all Subjects : www.lbp.world



AN OVERVIEW OF SYSTEMIC ACQUIRED RESISTANCE (SAR), A SIGNAL TRANSDUCTION .... VOLUME - 8 | ISSUE - 6 | MARCH - 2019

resistance in preceded by a transient increase in phenylalanine ammonia lyase activity in
petioles and stems. Plant Physiol. 116: 231-238.

Somssich IE and Hahlbrock K (1998). Pathogen defense in Plant-a praradigm of biological complexity.
Trends in Plant Science 3: 86- 90.

Sticher L, Mauch-Mani B and M’etraux JP (1997). Systemic acquired resistance. Annual Review of
Phytopathology 35: 235-270

Van Loon LC and Van Strien EA (1999). The families of pathogenesis-related proteins, their activities,
and comparative analysis of PR-1 type proteins. Physiological and Molecular Plant Pathology 55:
85-97

Van Loon LC (1999). Occurrence and properties of plant pathogenesis-related proteins.‘In Pathogenesis
related proteins in plants. Eds. S. K. Dutta and S. Muthukrishnan. Boca Raton, FL:.CRC Press1-19.

Wessels JGH. and Sietsma JH (1981). Fungal Cell Wells: a survey In Plant Carbohydrates II. Extracellular
Carbohydrates. Encyclopedia of Plant Physiology. Eds. W. Tanner and-F. A. Loewuse. Springer
Verlag. Barlin, Germany. 352- 394.

Yalpani N, Leon ], Lawton M and Raskin I (1993). Pathway of salicylicacid biosynthesis in healthy and
virus-inoculated tobacco. Plant Physiology 103: 315-321

Yang KY, Liu Y and Zhang S (2001). Activation of a mitogen-activated protein kinase pathway is
involved in disease resistance in tobacco. Proc Natl Acad Sc¢i 98:741-746.

ACKNOWLEDGMENT
Author is thankful to CSIR and UGC for their financial support.

Parimal Mandal
Department of Botany, Mycology and Plant Pathology Laboratory, Raiganj
University, Uttar Dinajpur, West Bengal, India:

Journal for all Subjects : www.lbp.world



