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Chapter 7
Induced Systematic Resistance and Plant 
Immunity

Deepshikha Satish and Sahil Mehta

Abstract The demand for more food production and the pollution of ecosystems 
by pesticides is calling for sustainable methods to improve crop yields, such as the 
management of rhizobacteria that grow in the root zone. For instance, rhizobacteria 
induce systemic resistance against a large number of pathogens in plants. Here we 
review induced systemic resistance in plants with focus on plant immunity, sys-
temic versus local resistance, molecular mechanisms, signaling, the role of salicylic 
acid, hormones and genes, and the control of crop diseases.

Keywords Plants · Resistance · Induced systemic resistance · Signalling · 
Hormones · Plant-immunity · Systemic acquired resistance · Commercial products

Abbreviations

ISR Induced systemic resistance
NPR1 Natriuretic peptide receptor1
PR Pathogenesis related
SAR Systemic acquired resistance

7.1  History of Resistance

Defining induced resistance in the plants is a daunting task due to the absence of 
defense-dedicated cells (Ruano and Scheuring 2020). Some pioneer scientists 
define induced resistance as an enhanced expression of the natural defensive atti-
tude of plants in the presence of pathogenic invaders. This defensive behaviour is 
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aggravated by alien factors of diverse type and subsequent infection lead to the 
expression of deterrence (Edreva 2004). The concept of systemic resistance in the 
plant is more than a century old. Beauverie published a paper titled, “Testing the 
immunization of plants against fungal diseases”. He discovered that begonia plants 
become more resistant to vigorously virulent strains of Botrytis cinerea fungus 
when a feebly virulent strain of this fungus (Botrytis cinerea) is inoculated to the 
begonia plants (Beauverie 1901). In the same year, in a different study, titled 
“Cryptogamic diseases of plants” Ray also indicated that exposure to various exter-
nal or alien factors/pathogens; impart immunity to plants against different invaders. 
This provocation enhances the explicit expression of the natural defense mechanism 
of plants (Ray 1901). Thus, both of them, in independent studies proposed, plants 
previously exposed to a pathogen could better withstand second exposure.

Further, Chester in his famous study summarised different reports regarding the 
existence of various induced disease resistance phenomena in plants and gave the 
first-ever generic concept of plant defense mechanism (Chester 1933). J.  Kuć is 
widely known as “the father of induced resistance research”. He gave biochemical 
evidence of induced resistance in the 1960s. He explained the phenomenon of 
induced systemic resistance with the help of phenylalanine (amino acid derivative). 
He studied the effects of phenylalanine regarding its resistance imparting properties 
against apple scab disease (Venturia inaequalis) (Williams and Kuc 1969). Kuc and 
co-workers became the torch-bearer in the area of induced resistance and its use as 
a method in plant defense mechanisms (Dalisay and Kuć 1955). After this initiation, 
induced systemic resistance phenomenon had been widely applauded and promoted 
by numerous authors from all around the globe (Benhamou and Picard 1999; Bokshi 
et al. 2003; Cohen 2001; Schönbeck et al. 1993; Gozzo 2003; Kessmann et al. 1994; 
Schneider et al. 1996; Soylu et al. 2003).

The terminology “induced systemic resistance” was envisaged specifically for 
soil-borne non-pathogenic bacteria; when these non-harmful rhizobacteria infect 
roots, the resistance was found to be induced in the leaves of the infected plants. 
This newly introduced type of defense system was unveiled in Arabidopsis thaliana 
plants. Roots of a few A. thaliana plants were inoculated with the strain of 
Pseudomonas fluorescens (non-pathogenic). Leaves of the plant in reference became 
somewhat resistant to Pseudomonas syringae (bacterial leaf pathogen) after a one- 
time exposure to infection (Pieterse 1998). Further, the induced systemic resistance 
involving non-pathogenic bacteria also demonstrates resistance against bacteria, 
viruses, and fungi in cucumber, tomato, tobacco, Arabidopsis, bean, and radish (van 
Loon et al. 1998). Later on, systemic resistance was characterized as plants’ ability 
to recall past experiences and as an example of “plant memory” (Conrath 2006). A 
variety of biotic and abiotic agents was found to be the reason behind the induction 
of such resistance. The resulting broad-spectrum and long-lasting resistance was 
called by different terms for example “plant immunity”, “resistance displacement”, 
“acquired physiological immunity” and “induced system resistance” (Conrath 2006).
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7.2  Plant Systemic Immunity

Understanding of plant immunity mechanism is still in its infancy. Scientists are not 
certain of the underneath mechanisms involved in Induced systemic resistance for 
many plant species, plant diseases, or pests of these plants, despite the elucidation 
of the presence and identification of several pathways and chemical signals related 
to induced systemic resistance. For example, only a few studies are available regard-
ing the resistance mechanisms involved in plant viruses (Satish et al. 2019). But it 
is well established that like animal immunity mechanisms, plant immunity also has 
layered characteristics. In the plant fraternity, the first line of defense i.e., pathogen-
associated molecular patterns-triggered immunity is composed of pattern recogni-
tion (Boller and Felix 2009; Zipfel 2009). This shield prevents most potential 
enemies’ invasion. Further, the component of the second line of defense is a bit 
different than the components of the first line. For instance, Nucleotide-binding 
leucine-rich repeat receptor proteins [similar to Resistance (R) gene] is part of the 
second line of defense in plants. These resistance proteins identify specific effector 
molecules of an attacker, causing Effector-triggered immunity. This second line of 
defense is genetically more specific and generally followed by apoptosis in order to 
prevent further infection. The programmed killing of infected cells and extensive 
host cell reprogramming is part of the local immune response against pathogens. 
The first line and second line of defense, generally pave the way for enhanced 
defensive capacity in plant parts that are still not damaged by the invader. When 
such induced resistance is developed in a distant location from point of infection, 
resistance is known as systemic resistance.

7.3  Systemic Acquired Resistance Versus Local 
Acquired Resistance

Depending upon the area and method of its expression, invader-derived immunity in 
plants might be classified as ‘local acquired resistance’ and ‘systemic acquired 
resistance’. Carefully conducted laboratory experiments with the Tobacco Mosaic 
Virus system helped Ross and co-workers in coining the terminology of local 
acquired resistance and systemic acquired resistance (Ross 1961a, b). In this his-
toric experiment, leaves of the Nicotiana tabacum (cv. Xanthi-nc) were inoculated 
with the tobacco mosaic virus. After this tobacco mosaic virus infection, small 
necrotic abrasions protruded on the leaves. After a few days, the same leaves were 
again infected with Tobacco Mosaic Virus but this time smaller-sized and less 
numerous lesions appeared. Hence severity of infection was reduced to a great extent.

Local acquired resistance was defined by an experiment involving the secondary 
infection to the nearby leaves where the first inoculation was done. It was found that 
due to previous exposure to the inoculation, leaves in close vicinity also got immune. 
In the same system, Ross and colleagues infected the leaves, which were not exposed 
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Fig. 7.1 Various types of phyto-invaders induce a variety of resistance in plants. ISR induced 
systemic resistance, SAR systemic acquired resistance, HIR herbivore-induced resistance, and MIR 
mycorrhizal induced resistance

to the infection previously. They observed that these leaves also showed signs of 
resistance. They term this phenomenon as ‘local acquired resistance’ (Ross 1961a). 
Ross successfully induced resistance to tobacco mosaic virus in the tobacco leaves 
(which were distantly located on the same plant), by inoculation (primary) of an 
aerial part of the plant with the virus. They refer to this phenomenon as ‘systemic 
acquired resistance’ (Ross 1961b).

This systemic immunity response is known by different names depending upon 
the invader nature (Fig. 7.1) for example, if elicitor is a pathogen then immunity 
imparted will be known as ‘pathogen-induced systemic acquired resistance’ if the 
infection is caused by mycorrhiza ‘mycorrhiza-induced resistance’, while in case of 
herbivores, name of resistance will be ‘herbivore-induced resistance’, and if immu-
nity is triggered by a non-pathogenic invader or beneficial soil-borne microbes then 
it will be acknowledged as ‘induced systemic resistance’.

7.4  Induced Systemic Resistance

Induced plant resistance is a broad terminology for the defense mechanism of 
plants, evoked by infection or chemical or biological infections. Despite knowing 
systemically acquired resistance in plants, the concept of induced systemic 
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resistance became apparent very late. During the early years of the 1990s, three 
research groups independently demonstrated that root colonization by certain non- 
pathogenic bacteria leads to enhancement in the defense capabilities of plants 
against pathogens/invaders (Alström 1991; van Peer et al. 1991; Wei et al. 1991). It 
has been demonstrated that after root infection by Pseudomonas fluorescens 
WCS417r, aerial plant parts attained an amplified immunity against Fusarium oxy-
sporum infection and produced significantly more antimicrobial phytoalexins (van 
Peer et al. 1991). Thus, van Peerandco-workers gave testimony that P. fluorescens 
infection to the root system can provide systemic resistance in plants. Similarly, Wei 
and co-worker and Alström explicated enhanced plant immunity after infection of 
Pseudomonas and Serratia PGPR strains on cucumber and PGPR strain P. fluores-
cens S97 infection on common bean roots, respectively (Wei et al. 1991; Alström 
1991). Among these pioneer research teams in the induced systemic resistance area, 
gave evidence about the spatial difference between the site of plant growth- 
promoting rhizobacterial infection and challenging pathogen (Wei et al. 1991; van 
Peer et al. 1991). Thus, after rigorous contemplation concept of induced systemic 
resistance came to the scientific sphere and the search for causing agents begun.

Different research groups suggested that induced resistance can be triggered by 
various elicitors for example; avirulent forms of pathogens or by virulent pathogens 
under certain environmental conditions, non-pathogens, chemicals, incompatible 
races of pathogens, etc. After the establishment of the correlation between bacteria 
and induced systemic resistance, rhizo-fungi (Trichoderma spp. or Piriformospora 
indica) were also shown to have a similar impact on plant immunity (Boller and 
Felix 2009; van Peer et  al. 1991; Wei et  al. 1991). Induced immunity provides 
enhanced resistance against a broad spectrum of invaders, for example, foliar, root 
and fruit pathogen, parasitic plants, and pests (even in some cases, invertebrates 
such as nematodes). Inoculation of A. thaliana roots by Pseudomonas fluorescens 
(WCS417r) bacteria, insulate the plants from various other invaders (bacteria, fun-
gus, and oomycete). Various research groups demonstrated this induced resistance 
against bacteria (for example, bacterial leaf pathogens P. Syringae pv. tomato and 
Xanthomonas campestris pv. Armoraciae), fungi (for example; root-infecting 
fungi – Fusarium oxysporum f.sp. raphani, leaf infecting fungi – Alternaria bras-
sicicola), and the oomycete leaf pathogen (Phytophthora parasitica) (Pieterse 1996; 
Ton et al. 2002; van Wees et al. 1997). A comprehensive list of induced systemic 
resistance-inducing beneficial microbes is given in Table 7.1.

7.5  Molecular Mechanism of Induced Systemic Resistance

Induced resistance in plants comprises of an intensified expression of resistance 
against several invaders simultaneously. This is a plants’ way to avoid infection 
from plant pathogens. Both induced systemic resistance and systemic acquired 
resistance lead to resistance against a wide range of invaders hence prima facie the 
mechanism of both was assumed to be similar. But many factors indicated 
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Table 7.1 Various induced systemic resistances induced by beneficial microbes

S. No.
Induced systemic resistance-inducing beneficial 
microbes References

1. Protective strains of Fusarium oxysporum Alabouvette et al. (2009)
2. Arbuscular mycorrhizal fungi (Glomus intraradices, 

Glomus mosseae)
Cameron et al. (2013), Jung et al. 
(2012), and Pozo and Azcón- 
Aguilar (2007)

3. Endophytes (Piriformospora indica) Franken (2012)
4. Bacillus spp. (Bacillus sphaericus, B. mycoides, B. 

cereus, B. pumilus, B. pasteurii, B. subtilis, and B. 
amyloliquefaciens)

Kloepper et al. (2004)

5 Pseudomonas spp. (Pseudomonas aeruginosa) Fatima and Anjum (2017) and 
Bakker et al. (2007)

6. Biocontrol fungi (Trichoderma asperellum SKT-1, 
T. harzianum T39, T. harzianum/ T. atroviride, T. 
atroviride and Sebacinales)

Shoresh et al. (2010)

7 Rhizobium spp. van der Ent et al. (2009b)
8. Plant growth-promoting rhizobacteria 

(Ochrobactrum lupine/ Novosphingobium 
pentaromativorans, Azospirillum brasilense REC3)

Beneduzi et al. (2012), De 
Vleesschauwer and Höfte (2009), 
and van Loon (2007)

9. Plant growth-promoting fungi (Fusarium equiseti) Saldajeno and Hyakumachi 
(2011)

10. B. amyloliquefaciens strain Blu-v2 Li et al. (2015)
11. P. simiae WCS417r Pangesti et al. (2016)
12. Bacillus amyloliquefaciens Wang et al. (2017)
13. Flavobacterium sp. and Pseudomonas simiae 

WCS417
Sommer et al. (2021)

otherwise; for example, salicylic acid is both necessary and sufficient for systemic 
acquired resistance whereas induced systemic resistance can work without accumu-
lation of salicylic acid and is reliant on jasmonic acid and ethylene reaction path-
ways in plants (Yuan et al. 2019).

In the case of induced systemic resistance, no damage/localized necrosis is 
involved, thus evoking factors generated by induced systemic resistance-triggering 
bacteria are generally not similar to elicitor molecules produced by pathogenic 
invaders (Ebel and Mithöfer 1998). In an interesting study, it was revealed that 
induced systemic resistance-engineered P. Fluorescens treated Raphanus raphanis-
trum plant, did not amass pathogenesis related proteins, even though these plants 
exhibit amplified immunity against wilt disease caused by Fusarium. But if we take 
cognizance of the mechanism of systemic acquired resistance, pathogen related pro-
tein accumulation is indispensable (Hoffland et al. 1995). A brief description of the 
differences between systemic acquired resistance and induced systemic resistance is 
given in Table 7.2.

Despite having many differences induced systemic resistance and systemic 
acquired resistance pathway converge at the NPR1 protein (Cao 1994). NPR1 
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Table 7.2 Differences between the two major induced resistance pathways in plants

S. No. Features Systemic acquired resistance Induced systemic resistance

1. Definition The phenomenon in which 
uninfected systemic plant parts 
become more resistant in 
response to a localized 
pathogenic infection elsewhere 
in the plant is known as 
systemic acquired resistance 
(Ross 1961a).

An increased expression of natural 
defense mechanisms of plants 
against different pathogens provoked 
by external factors of various types 
and manifested upon subsequent 
inoculation is known as induced 
systemic resistance (van Peer et al. 
1991; Edreva 2004).

2. Characteristic 
signaling 
compound

Salicylic acid Jasmonic acid and ethylene

3. Mode of action Increase in salicylic acid 
production and accumulation 
upon inoculation

No increase in production, just 
sensitivity increases regarding 
jasmonic acid and ethylene.

4. Accumulation 
of pathogen- 
related proteins

Yes (indispensable in case of 
systemic acquired resistance)

No accumulation is required

5. Impact of 
resistance

The resistance imparted during 
systemic acquired resistance is 
long-lasting (sometimes 
lifelong for the plant), and 
efficacious against several plant 
invaders, including oomycetes, 
bacteria, viruses, and fungi.

Comparatively more specific. Not 
explored completely.

6. Damage/
localized 
necrosis

Present Not required

7. Salicylic acid Both necessary and sufficient Can work without accumulation of 
salicylic acid

8. Defense gene 
involved

PR-1 and PR-2 PDF1.2

9. Chemical 
induction 
(non-living)

Possible Not possible

Note: PR Pathogenesis related, PDF Plant defensin gene

protein is downstream of the salicylic acid in the systemic acquired resistance path-
way, whereas in induced systemic resistance it is situated downstream of ethylene 
response. This protein is found to be necessary for both systemic acquired resis-
tance and induced systemic resistance as mutant npr1 plants are unable to express 
induced systemic resistance after exposure to WCS417. Hence, it has been proved 
that NPR1 protein might be involved in a critical reaction in achieving the evoked 
state in both the cases of systemic acquired resistance and induced systemic resis-
tance. But perhaps in the mechanism after NPR1, the signaling reactions and path-
ways might become deviated as pathogen related proteins are not accumulated in 
the case of induced systemic resistance (Fig. 7.2). A deep insight into the induced 
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Fig. 7.2 Inter-sectioning of  the systemic acquired resistance  (SAR) and the  induced systemic 
resistance (ISR) resistance pathways

systemic resistance mechanism can be achieved if we explore three main and dis-
tinctive steps of induced systemic resistance i.e., induction, signaling, and 
expression.

7.5.1  Induction

During initial research findings, salicylic acid produced by bacteria was considered 
to be the inducing factor in the case of bean (De Meyer and Höfte 1997), tobacco, 
and tomato (De Meyer et al. 1999), but later on, many other elicitors were shown to 
be effective in triggering induced systemic resistance. In the light of limited knowl-
edge present in the scientific literature about bacterial determinants that trigger 
induced systemic resistance, few important conclusions can be made. For example, 
crude microbial cell wall preparations of the WCS358 (rhizobacterial strain) can 
invoke induced systemic resistance if absolute components of this strain are inocu-
lated to roots of A. thaliana plants (Bakker et al. 2003; Meziane et al. 2005). A brief 
list of induced systemic resistance triggering agents has been enlisted in Table 7.3.

It has been identified that few ‘plant growth-promoting fungi’ also have cell 
components that explicitly behave as an elicitor of defense mechanisms (Conrath 
2006). For example, Sm1 from Trichoderma virens is a protein that has a particular 
defense-eliciting function (Djonovic et al. 2007). Not only this, few cellulases and 
xylanases also act as defense-elicitor. Further, the concept of “differential induction 
of systemic resistance” emerged in various experimental reports related to different 
plant species or ecotypes (Ton et al. 1999; van Wees et al. 1997). According to the 
notion of differential induction pattern, few beneficial microbe strains have an 
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Table 7.3 Redundant induced systemic resistance elicitors

S. No. Induced systemic resistance elicitor References

1. Lipopolysaccharides Meziane et al. (2005)
2. Iron-regulated metabolites pyoverdin De Vleesschauwer and Höfte (2009) and van 

Loon et al. (1998)
3. Salicylic acid De Meyer et al. (1999)
4. 2,4-diacetylphloroglucinol Iavicoli et al. (2003)
5. Pyocyanin Audenaert et al. (2002)
6. Flagella De Vleesschauwer and Höfte (2009)
7. N-acyl homoserine lactones
8. Iron-regulated siderophores
9. Biosurfactants
10. 2R,3R-butanediol produced by B. 

subtilis GB03
Ryu (2004)

11. C13 volatile emitted by Paenibacillus 
polymyxa

Lee et al. (2012)

12. 2,3-butanediol Ryu (2004)
13. Siderophore Maurhofer et al. (1994)
14. Acibenzolar-S-methyl Ren et al. (2012)
15. β-Aminobutyricacid Quaglia et al. (2011)
16. Probenazole Yang et al. (2011)
17. Saccharin Srivastava et al. (2011)
18. Potassium phosphite Pinto et al. (2012)
19. Thiamine Pushpalatha et al. (2011)
20. Silicon Shetty et al. (2012)
21. Biochar Elad et al. (2010)
22. Ulva armoricana Jaulneau et al. (2011)
23. Ulva lactuca El Modafar et al. (2012)
24. Coumarins Siwinska et al. (2018)
25. TH12 and CF Alkooranee et al. (2017)

impact on a variety of plant species i.e., they can elicit systemic resistance in various 
plant species, while other bacteria exhibit more specificity i.e., they can impact the 
defense mechanism of only a few plant species. This differential induction pattern 
indicates bacteria act according to a species-specific recognition pattern. It is pro-
posed that bacteria recognize receptors, on the root surface before eliciting induced 
systemic resistance (van Loon et  al. 1998). For example, WCS374 strain elicits 
induced systemic resistance in Raphanus raphanistrum but not in Arabidopsis thali-
ana, whereas WCS358 elicits induced systemic resistance in A. thaliana, Phaseolus 
vulgaris, and Solanum lycopersicum, but not in Daucus carota or Raphanus 
raphanistrum (Duijff et al. 1993; Leeman et al. 1995; van Wees et al. 1997; Meziane 
et al. 2005).

7 Induced Systematic Resistance and Plant Immunity



160

7.5.2  Priming of Infected Plants

Preparation of the whole plant to better resist the invader’s attack is called priming. 
In response to the primary attack of the induced systemic resistance-inducing 
invader, some of the induced systemic resistance-related compounds are produced 
in uninfected plant tissues. But the explicit induced systemic resistance-associated 
compounds are expressed only after secondary infection. This second exposure is 
characterized by comparatively faster and stronger defense responses. It is often not 
possible to assess if a plant is primed, in the absence of the invader. Only after the 
secondary exposure to the invaders’ attack, amplified/altered transcriptional changes 
in a plant can be observed.

After extensive study of priming, it has been ascertained that priming enhances 
the fitness quotient of a plant, and the advantage of priming seems to be greater than 
its costs during invader combat. This indicates that priming serves as a survival 
mechanism of the plant against damage caused in an adverse environment. During 
conditioning/sensitization, augmentation of structural barriers and elevation in sev-
eral miRNAs of various transcription factors genes is observed.

In a study, it has been shown that strain WCS417r (P. fluorescens) inoculated 
A. thaliana plant display crucial changes. On the entry of Hyaloperonospora arabi-
dopsidis in A. thaliana, an enhanced frequency of callose accumulation was wit-
nessed, which efficiently arrests the invasion of the pathogen (van der Ent et  al. 
2009a). Callose is a polysaccharide comprised of β-1,3-glucan with β-1,6-branches. 
Callose is generally present in the cell walls of higher plants. Further, the same 
study threw some light on the fact that this phenomenon of ingression hindrance is 
controlled by abscisic acid (plant hormone). In a different but related study of struc-
tural barriers by priming, stomata closure to a significant extent has been reported 
after a second exposure to infection. In this study, A. thaliana leaves were inocu-
lated by P. syringae. This primary exposure of P. syringae results in the infection of 
the FB17 strain of Bacillus subtilis to the roots of A. thaliana FB17 triggered 
induced systemic resistance, which provides immunity to the unexposed plant parts 
from P. syringae infection (Rudrappa et  al. 2008). This plant growth promoting 
rhizobacteria-induced priming indicated a potent structural barrier that can delay/
inhibit the progression of disease in induced systemic resistance-primed plants.

Along with structural barriers, transcriptional factors play an important role dur-
ing priming. This induced systemic resistance-involved transcription factors often 
remain inactive in plants which not exposed to the invaders, but upon the cogni-
zance of pathogen/pest presence, these transcription factors provide the plant accel-
erated defense response. Several members of the APETALA2/ethylene-responsive 
factor family are predicted to have a crucial role in the regulation of jasmonic acid- 
and ethylene-dependent defences (Memelink 2009). Priming effects are an integral 
part of the induced systemic resistance mechanism and can be elicited by biological, 
chemical-induced systemic resistance inducers. After the primary infection/inocula-
tion, responses such as cell wall lignification or phytoalexin synthesis occur more 
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Fig. 7.3 Iron deficiency response in Arabidopsis roots

expeditiously. The in-depth molecular mechanisms behind priming and its signifi-
cance in the overall plant immunity are still not explored to the fullest.

7.5.3  Signalling in Beneficial Microbe-Induced 
Systemic Resistance

Signaling in induced systemic resistance is a considerably complex phenomenon. 
For example, several induced systemic resistance-evoking rhizobacterial strains 
produce salicylic acid, whereas others do-not. Some rhizobacteria are capable of 
producing salicylic acid on minimal media in-vitro in the absence of iron (Fig. 7.3). 
If the soil confronts a similar environment in the rhizosphere, these bacteria are 
expected to show analogous expression. But in nature i.e., under in-vivo conditions, 
salicylic acid is not released into the rhizosphere and is destined to the salicylic 
acid-containing siderophore. Thus, induced systemic resistance induction can hap-
pen only when the determinant agent is siderophore and no resistance happens if 
siderophore is not able to act as elicitor (Aznar and Dellagi 2015).

7.5.4  Expression of Induced Systemic Resistance

Induced systemic resistance articulation is pretty much analogous to systemic 
acquired resistance, this is the reason why the discovery of induced systemic resis-
tance took too long while the mechanism of systemic acquired resistance had been 
already explored to a great extent. Due to overlapping responses and few proteins 
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like NPA1, finding induced systemic resistance-specific mechanisms has become a 
challenge to the scientific community. Both, the induced systemic resistance and 
systemic acquired resistance, reduce the disease severity and in some cases, the 
extent of invasion in plants is minimized along with depreciated growth of the 
pathogen itself. These signs are a testament to the enhanced immunity of plants.

Though the plant seems to be well equipped against the invader, expression of 
neither induced systemic resistance nor systemically acquired resistance saves 
plants thoroughly from all types of infections. But the reduction in disease develop-
ment generally saves a crop to some extent from the natural attack of invaders. As 
stated earlier, the complete mechanism of induced systemic resistance has not been 
discovered yet thus the entire conclusions drawn are based on the limited informa-
tion available. Systemic acquired resistance has characteristic pathogenesis-related 
genes but the search for characteristic protein for induced systemic resistance was 
not able to produce substantial results. Further, there is no major shift found in the 
defense-related gene expression during induced systemic resistance activation 
(Heil 2002).

Using, transcriptome analyses (cDNA microarrays technique) Verhagen and co- 
workers confirmed the hypothesis that beneficial microbes interfere in plant tran-
scriptome to only a negligible extent (Verhagen et  al. 2004). For example, 
WCS417-infected Arabidopsis plants were taken for the analysis of over 8000 
genes. Out of these whooping 8000 genes, only 102 genes in the roots exhibit 
changes in expression and no gene showed the change in expression in leaves at all, 
despite full-blown expression of induced systemic resistance by leaves. As the stud-
ies to date are in primitive stage, we are not able to draw any concrete conclusion 
regarding players involved in induced systemic resistance. We can assume only that, 
plants must possess some undiscovered defense-related products, which impart 
resistance to plants against broad spectrum invaders. Transgenic plants with altered 
enzyme activities, exposed to induced systemic resistance-evoking invader can help 
in exploring the molecular mechanism behind induced systemic resistance. But so 
far, no such successful studies are known to the scientific world.

7.6  Is Salicylic Acid Necessary for Induced 
Systemic Resistance?

Many studies have been conducted to ascertain if induced systemic resistance- 
triggering strains cause activation of the salicylic acid-independent pathway. 
Association of pathogen-related proteins with induced systemic resistance and 
nahG gene mutant studies clear the air to a great extent. Induced activation study on 
tobacco plant demonstrated that induction of induced systemic resistance by 7NSK2 
strain was salicylic acid independent and there was no sign of enhanced production 
of the pathogenesis related PR-1 protein along with the enhanced immunity (De 
Meyer et al. 1999). Interpretation of results revealed that salicylic acid produced in 
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this case is insufficient for generating pathogen-related proteins but certainly 
enough for eliciting induced systemic resistance mechanism. Further, Press and co- 
workers (1997) demonstrated that mutants of Serratia marcescens, which could not 
produce salicylic acid, were able to induce defense mechanisms in tobacco against 
P. syringae and in cucumber against C. Orbiculare. In a different but related study, 
van Wees et al. (1997) provide experimental proof that WCS358 does not produce 
salicylic acid but it can elicit systemic resistance in A. thaliana.

On the other hand, they also proved that WCS374 when invade, A. thaliana can 
produce salicylic acid in-vitro but this incidence does not provoke any induced sys-
temic resistance (van Wees et al. 1997) or elicit induced systemic resistance in a 
“Salicylic acid-independent” pathway (Press et al. 1997). In the light of the above- 
mentioned evidence and observation, it can be concluded that salicylic acid produc-
tion by rhizobacteria is not imperatively required for the expression of systemic 
resistance.

7.7  Role of Hormones in the Signaling of Induced 
Systemic Resistance

Jasmonic acid and ethylene are known to be the central players in induced systemic 
resistance signaling (Fig.  7.4). In the series of events where beneficial microbes 
(present in the soil) impart salicylic acid-independent systemic resistance in plants, 
jasmonic acid and ethylene play crucial role (Audenaert et al. 2002; Hossain et al. 
2008; Pieterse 1998, Korolev et al. 2008; Ryu et al. 2004; Stein et al. 2008, Ahn 
et al. 2007; De Vleesschauwer et al. 2008; Weller et al. 2012, Hase et al. 2008; van 
der Ent et  al. 2009b; Yan et  al. 2002). The essentiality of jasmonic acid in the 
induced systemic resistance pathway is ascertained using jar1 mutant plants. jar1 
gene is supposed to encode a jasmonic acid amino acid synthetase, required for 
jasmonic acid signaling activation. Arabidopsis plant mutants; jar1, jin1, and coi1 
are found to be defective in induced systemic resistance signaling (Kloepper et al. 
2004; Pieterse 1998) whereas ethylene signaling mutants etr2, ein1, ein3, and eir1, 

Fig. 7.4 Mechanism of signaling in induced systemic resistance. JA jasmonic acid, ET ethylene, 
NPR1 natriuretic peptide receptor1, ISR induced systemic resistance
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were found non-functional in WCS417r-induced systemic resistance strain of P. flu-
orescens (Pieterse 1998; Kloepper et al. 2004; Pozo et al. 2008). A jar1–1 plant 
(Jasmonic acid response mutant) and the etr1–1 plant (ethylene insensitive mutant) 
were checked for the capability to showcase induced systemic resistance in A. thali-
ana. Even after inoculation of roots by WCS417r strain of Pseudomonas fluorescens 
both mutants were not show-casing any sign of increased resistance against 
P. Syringae pv. Tomato (Pieterse 1998). Moreover, exogenous application of jas-
monic acid and ethylene also often results in an elevated level of resistance against 
Pseudomonas syringae. This leads to the conclusion that both of the hormones are 
equally essential in induced systemic resistance mechanism, a defect in the synthe-
sis mechanism of any one of them hamper the induced systemic resistance 
expression.

Further, Pieterse et al. (1998) postulated that jasmonic acid and ethylene compo-
nents are successively engaged in the induced systemic resistance pathway, which 
causes deeper insight into the essentiality of jasmonic acid and ethylene simultane-
ously. Regarding jasmonic acid and ethylene, van Wees et  al. (1999) reached an 
interesting conclusion during a study. They suggested jasmonic acid and ethylene 
involvement in induced systemic resistance have relation to enhanced sensitivity to 
these hormones and the production level of these concerned hormones is not 
enhanced during induced systemic resistance response. To prove this point, van 
Wees et al. (1999) examined the expression of a combination of jasmonic acid and 
ethylene-responsive genes (i.e., PDF1.2, VSP, LOX1, LOX2, PAL1, CHI-B, and 
HEL) in A. thaliana plants expressing Pseudomonas fluorescens WCS417r-ISR. But 
there were no signs of change in the regulation pattern of jasmonic acid and ethyl-
ene genes in inoculated plants, neither locally or systemically. Hence it was sug-
gested that production levels of either jasmonic acid or ethylene have little/no role 
in resistance achieved. Further, Pieterse et  al. (1998) using transgenic line S-12 
confirmed that induced systemic resistance involved enhanced sensitivity of ethyl-
ene and jasmonic acid rather than elevated production.

7.8  Genes Involved in the Induced Systemic 
Resistance Mechanism

The repertoire of genes involved in the induced systemic resistance mechanism is 
neither complete nor well understood (Fig. 7.5). Till now the role of transcription 
co-regulator of pathogen-related genes (for example, NPR1) could not be ascer-
tained in the case of induced systemic resistance, because in the induced systemic 
resistance mechanism there is no accumulation of pathogen-related genes. But it is 
quite clear that the induced systemic resistance mechanism cannot take place in the 
absence of NPR1 (Pieterse 1998). Apart from systemic acquired resistance and 
induced systemic resistance, plant growth-promoting rhizobacteria, and plant 
growth-promoting fungi also witness the crucial role of NPR1 (Iavicoli et al. 2003; 
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Fig. 7.5 Genes involved in the induced systemic resistance mechanism. Solid purple lines mark 
established interactions; dotted purple lines are indicative of hypothetical inter-connections. A vis-
ibly large arrow indicates long-distance translocation of molecular signals. MAMP microbe- 
associated molecular pattern, ABA abscisic acid, ET Ethylene, JA jasmonic acid, PRR 
pattern-recognition receptor, PTI pattern-triggered immunity, SA salicylic acid, and TF transcrip-
tion factor

Ahn et al. 2007; Hossain et al. 2008). Further, in contrast to nuclear function in the 
case of systemic acquired resistance, many pieces of evidence indicate the cytoplas-
mic function of NPR1 protein in the case of ethylene/jasmonic acid signaling 
(Pieterse et al. 2012; Ramírez et al. 2010; Spoel 2003). The sequence of induced 
systemic resistance signaling events established that the role of NPA1 is downstream 
that of ethylene and jasmonic acid.

In the quest of searching role of various genes in the mechanism of induced sys-
temic resistance, induced systemic resistance was induced chemically in wild-type 
Arabidopsis plants by external application of 1-aminocyclopropane-1-carboxylic 
acid. 1-aminocyclopropane-1-carboxylic acid was capable of inducing induced sys-
temic resistance in the jar1 mutant plants. This hints towards the fact that ethylene 
is involved in the reaction after the jasmonic acid-involved signaling reaction. 
Contrarily, ‘methyl jasmonate’ is not capable of triggering induced systemic resis-
tance in the plants with the mutated etr1 gene. Thus, receptivity to jasmonic acid 
and ethylene are structured in precedence, where jasmonic acid is required first. 
Neither ‘methyl jasmonate’ nor ‘1-aminocyclopropane-1-carboxylic acid’ could 
trigger induced systemic resistance in the plants with mutated npr1 genes. This 
indicates the requirements for both jasmonic acid and ethylene upstream of NPR1 
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in the signaling pathway. Hence it is very much clear that NPA1 has a crucial role 
not only in the accumulation of pathogen-related genes in the case of systemic 
acquired resistance but also in the case of ethylene/jasmonic acid signaling 
pathways.

As NPR1 is common and inseparable to both systemic acquired resistance and 
induced systemic resistance, it is a matter of scientific interest to know, how the 
selection of downstream reaction takes place. A major challenge in this regard is the 
identification of components necessary for signaling in the induced systemic resis-
tance and systemic acquired resistance so that NPR1-dependent defense gene acti-
vation can be ascertained. Along with NPR1, another most important gene involved 
in induced systemic resistance is MYB72 (Segarra et al. 2009). This is the regulator 
of induced systemic resistance, which can be identified during early infection events 
in roots.

7.9  Controlling Crop Diseases Using Induced Resistance

Induced systemic resistance in plants is a long-lasting mechanism but the main hin-
drance in using this phenomenon as an alternative to available disease management 
programs is that it is generally not complete. Along with this, many of the induced 
systemic resistance-inducing agents minimize disease impact by 20–70% only. In 
the presence of highly specific, easily available, and immensely effective chemical 
reagents, the use of non-specific and less effective plant resistance inducers does not 
seem to be a lucrative and easily acceptable idea by the average farmer. Using non- 
toxic plant resistance inducers in agriculture to combat plant diseases is a very 
advantageous concept. It has the potential to reduce the use of conventional pesti-
cides hence their indiscriminate addition to the environment.

Further, by easing the financial burden on consumers and small/marginal farm-
ers, plant resistance inducers could become a potential product for use in modern 
agriculture. Plant resistance inducers might also be easily used in combination with 
organisms used as “biocontrol agents”, in comparison to conventional pesticides. In 
addition to this, induced systemic resistance induction might prolong the effective 
time of resistance (R) genes. From the economic perspective, some of the plant 
resistance inducer compounds are relatively cheaper than chemicals available in the 
market, for example, Probenazole (commercially available as Oryzemate) was the 
first plant resistance inducers. It was registered in Japan as a chemical resistance 
activator in 1975 (Iwata et  al. 2004). Since then, many plant resistance inducers 
have been listed for commercial use. Some commercialized plant resistance induc-
ers popular in the market are as follows (Table 7.4).
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Table 7.4 Commercial products for induced systemic resistance

S. No. Commercial name Active ingredient Firm/Company

1. Bion® or Boost® or 
Actigard®

Acibenzolar-S-methyl (50% w/w) Syngenta

2. Axiom Harpins Rx Green Solutions
3 Cabrio®, Headline® Strobilurin fungicide and 

Pyraclostrobin
BASF

4. Myco-GrowTM 
Micronized Endo/ Ecto 
Seed Mix

An agglomeration of 8 species of 
ectomycorrhizal and endomycorrhizal 
fungi

Blue-Sky Organics

5. Milsana® Extract of Reynoutria sachalinensis Bioscience
6. Elexa® Chitosan Safe Science
7. Messenger® Harpin protein Plant Health Care
8. Oryzemate® Probenazole (PBZ; 

3-allyloxy-1,2-benzisothiazole-1,1- 
dioxide)

Not commercially 
available now

7.10  Conclusion

Systemically induced resistance expressed itself through elevated defense response 
upon the attack of the invader. The discovery of systemic acquired resistance dates 
back to the eighteenth century, while induced systemic resistance is newly discov-
ered and still not completely explored by the scientific community. Systemic 
acquired resistance and induced systemic resistance, both exhibit resistances against 
invaders, but the major difference is that systemic acquired resistance negatively 
affects plant growth while the induced systemic resistance has plant growth- 
promoting properties. Though, the extent of correlation between plant growth and 
induced systemic resistance cannot be established with certainty. Both induced sys-
temic resistance and systemic acquired resistance can act independently as well as 
can have an additive effect. This in-built plant immunity after induction can reduce 
the plant disease to some extent but it will take scientific time and effort to replace 
chemical methods of pest control with induced systemic resistance and systemic 
acquired resistance.

Induced disease resistance i.e., induced systemic resistance and systemic 
acquired resistance are good and attractive solution against potential environment 
degrading chemical agents. The molecular mechanism behind systemic acquired 
resistance is well discovered but molecular mechanism detail behind the induced 
systemic resistance is still the bottleneck. As systemic acquired resistance and 
induced systemic resistance pathways to act independently as well as additively, the 
experimental revelation of induced systemic resistance molecular biology can be 
proved instrumental in the development of an environment-friendly crop protection 
method. By exploiting the unique and natural plant potential to contest against 
pathogens, the induced systemic resistance might help in minimizing the use of 
toxic and eventually extremely harmful chemicals for plant ailment control.
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Due to the least harmful nature, induced systemic resistance could be seen as a 
substitutive, non-genetically modified organism, non-traditional and eco-friendly 
approach for the protection of plants against diseases. Thus, induced systemic resis-
tance can be envisaged as one of the foundation stones of the major pillar of sustain-
able agriculture. This unique and inherent plant power to combat pathogens can be 
exploited as an alternative, non-conventional, non-biocidal, and eco-friendly 
approach for plant protection, sustainable agriculture, and the welfare of humanity 
at large.
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