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Abstract:  
Systemic acquired resistance (SAR) is considered as a “whole-plant” barrier response that has been been expressed 

by the plant following the localized exposure to phytopathogens. This defense mechanism is controlled by a line 

pathway of either interaction of one or more signaling compounds such as salicylic acid (SA) and jasmonic acid 

(JA) with the help of regulatory protein known NPR1. Upon challenged by phytopathogen and in response to other 

environmental stimulants, the host plant responds by developing an increased SAR that navigates itself to remote 
tissues and determines a regulated resistance in distal, the healthy tissues to encourage defense against pathogen to 

besiege. For decades, the phenomenon of SAR via plant resistance inducers application in the laboratory has been 

described by several researchers. However, the progress towards understanding SAR and the application of SAR in 

open fields remain limited. Therefore, this review discusses the significant knowledge of SAR mechanisms and its 

application in the field as parts of plant disease control strategies. 
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I. Introduction  
 The Agricultural sustainability is the ultimate aim of any agricultural production systems. This should 

enable current and the future generations to satisfy their needs in addition to enhancing environmental quality and 

natural resources. According to the United Nations Food and Agriculture Organization (FAO), a minimum 50% 

increase in agricultural food production by that time is required to meet the demand in a scenario of moderate 
economic growth. Considering the limited availability of arable land, the key emphasis is to increase the return per 

area and lower yield losses to cope with this in-creasing food demand1,2. Therefore, the efficiency of plant disease 

management contribution to the global food production is essential3. 

Currently, plant disease control includes predominantly preventive steps, mostly covering cultural activities 

such as disease-resistant cultivars and crop rotation4,5. Contradictory to organic pesticides, chemical pesticides or 

industrial pesticides are utilized for both pre-emptive and curing disease approaches5,6,7. In current agriculture 

practices, chemical usage for plants crucially improves the crop yield and quality, food safety and optimizing shelf-

life8. In spite of the positive contributions of pesticides in controlling plant diseases and pests, concerns have raised 

about the adverse effects of chemical pesticides on human health and their environmental impact including soil 

pollution, water pollutions, and toxicity to beneficial organisms9,10.11,12. As depicted by neonicotinoid-resistant 

insects and fungi being unresponsive towards broad-spectrum strobilurin or azole fungicides, it significantly 
demonstrates pests’ insusceptible development and disease to the all-out usage of chemical pesticides

13,14,15
. 
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Therefore, higher dosages and the desire to find alternative pesticides with specific methods are appropriate16,17. 

Other greener ways for achieving sustainability in food production without harming consumers, depleting soil 

fertility, and destroying the environment's quality have been suggested. 
New strategies have been put in place with greater dependency on biological technology to use integrated 

disease control programs efficiently. The application of plant resistance inducers (PRIs) or elicitors or effectors of 

plant defense activators appears to be the promising green option to encounter the pest and disease attack from the 

traditional agricultural practices and phytosanitary issues18,19. Such agents provide a variety of chemical or 

biological stimulators that are capable of exogenously activate plant defenses20,21. In nature, plants defense 

mechanisms comprise MAMP-triggered immunity (MTI), effector-triggered immunity (ETI), and systemic acquired 

resistance (SAR). Of all layers of defense strategies, SAR is the inducible, broad-spectrum protection providing a 

long-term efficient defense system that remains weeks, months, and in some situations, it occurs throughout the 

crop's entire season22. When the pathogen is targeted, plants de-fend themselves by triggering defense mechanisms 

through pathogenesis-related (PR) proteins' expression. The release of the PR proteins or genes can increase 

pathogen resistance23,24. Exposing plants to virulent, avirulent and non-pathogenic microbe of volatile molecules can 
successfully induce and activate these PR proteins25. The inducing resistance of SAR by external inducers has been 

studied over the past years and this includes tobacco26, Arabidopsis thaliana27, cucumber28, and papaya29. 

One of the most potential PRIs is proteins and virulence factors, collectively described as pivotal for their 

host plants' pathogenesis and colonization30. Effector proteins are expressed to counteract signals that are essential 

for innate plant immunity. Beyond being effectors, specific effectors such as harpins and recombinant proteins are 

recognized to evoke plant defense mechanisms and SAR inductions31,32,33,34. Another good result involves reducing 

diseases caused by Phytophthora infestans and Botrytis cinerea in tomato because of HrpN harpin proteins 

treatment35 and Hpa1 HRp protein promoting strong resistance to Xanthomonas oryzae pv. oryzae and Magnaporthe 

grisea36. Although the protection effect designed by PRIs is partially strong as expected, PRIs are appreciated as a 

promising approach in view of the growing understanding of the need to reduce the usage of pesticides. Many 

factors significantly affect their accomplishment, including genotype, environment, crop nutrition, and prior induced 

state in the field. Optimizing PRIs protein utilization and enhance control efficiency in an open field remain on-
going19. In this review, relevant chronological descriptions on SAR research over the years will be overviewed 

including discussions on the roles of effector proteins in SAR activation, factors rendering their success in open field 

application and explanation on how these effector proteins act as promising tools to achieve agriculture 

sustainability. 

 

II. Effector Protein – Paratrooper in Pathogen Battlefield 
A few years back, manifold exemplary reviews have addressed the notion of the evolutionary arms race 

between plants and pathogenic substances and how it configures the relationship between host and pathogens37,38,39. 

Amid the evolutionary process, both host and microbes create a state-of-art operationalization of their gene 
collection up-on tailoring the alterations in encircling both facets. This modification fruit heterogeneity of molecular 

participants which involves in regulating and intensifying the plant's defense mechanism. The events of plant-

microbe interactions are often expressed by specific and typical players molecularly on the host and pathogen. 

The outcome of the host-plant interplay is mainly dependent on the effectors (Figure 1). As the name 

suggests, effectors are star molecules capable of changing the host's cell structure and function, facilitating infection 

(virulence factors and toxins) and or triggering defense reaction (avirulence factors; Avr). Effectors can be classified 

into two groups based on their target sites in host plants40,41. Apoplastic effectors are secreted into the plant apoplast 

interacting with the extracellular targets and surface receptors whereas cytoplasmic effectors are transferred inside 

the plant cell42,43,44,45. Despite effector variability, successful infection events rely on efficient effector deliberation. 

This part is explained in the next section. For example, bacterial effector protein. 
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FIGURE 1: Three-layers of plant defense mechanism against phytopathogen infections 

 

Although effector proteins are seen as the exquisite tools for microbial interaction, to date, the exact 

mechanism of plant pathogenesis and host defense activation via these communities remains rudimentary. In a 

review article by Snelders et al.46, the roles of effector proteins are clouded by the overlapping functionalities with 

host, making it difficult to pinpoint the explicit key features exhibited by the effectors. However, effector proteins 

are classified into three groups as follows: 

• Plant-targeting effectors (1) solely promotes manipulation to the host organism. Such group induces host 

resistance or susceptibility by gene-for-gene interaction between effectors and the hosts suppressing the plant-

associated molecular pattern-triggered immunity (PTI). These roles of effectors in multiple host manipulation are 
recognized in the literature such as SnTox1 effector from Parastagonospora nodorum47. 

• Three-way interactions (effectors, plants and microbial community) (2). As the interaction implies, proteins 

are the one responsible in controlling the physiological processes in both plants and microbes. Zt6 effector from 

Zymoseptoria tritici exhibit this feature where the effector protein associated with self-defense against antimicrobial 

compounds is either secreted by the plant hosts or competing microbes48.       

• Microbe-targeting effectors (3), predominantly exhibited by endophytic and saprophytic microbes which 

are eminently specialized proteins that indirectly disrupt specific microbes by targeting analogous processes in 

plants. For example, these effectors first interrupt the connection between host and other microbes, like enacting 

local nutrient deprivation. The pathogens secrete effectors to enroll more symbiotic microbes to either aid the 

colonization or bid the host's protection against potential microbial rivalry. 

Due to above multifariousness, it is challenging for researchers to identify the specific role of effector 

proteins in microbiota manipulation. However, across the timeline, explicit effector recognition of gene expression 
during host colonisation by various omics and technique approaches is fruitful. The reviews of Golics et al.49 and 

Kanja and Hammond-Kosack50 chronologically discussed the perspective of finding and identifying putative 

effectors along with their functionalities. Among the techniques, bioinformatics pipelines are currently favourable 

because of the lack of conservation of amino acid sequence, especially in fungi51. Integrating these methods often 

prioritized the precision of plant pathogenicity effector proteins towards pan-genomics. One of the current works by 

Carreon-Anguiano et al.52 introduces EffHunter, a pipeline developed to in-corporate SignalP 4.153, Phobius54, 

TMHMM 2.055 and WolFPSORT56 together with Perl/Bioperl scripts for refining protein size and cysteine content. 

EffHunter is a user-friendly, amenable, and robust tool with greater accuracy and lower false positives. EffHunter 

can be a potential and fast track pipeline for effector protein prediction and characterization. Still many novel roles, 

locations, interplay and generic fundamental matter need to be discovered. 

 

III. Orchestrating Effector Protein in Plant-Induced Immunity 
The principle of plant immunity relies on a layered protection mechanism to preserve plants from infection. 

PRIs identify pathogen-associated molecular patterns (PAMPs) and initiate pathogen-triggered immunity (PTI)37. 

This outcome led to the development of reactive oxygen species (ROS), the phosphorylation of mitogen-activated 

protein kinases (MAPKs), reorganization of transcription, and callose deposition on the cell wall57. Advance plant 

pathogens are able to resolve PTI by entering host cells and delivering effector proteins, both of which result in 

induced host susceptibility. In this regard, plants have developed the ability to track the presence or actions of 
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effectors by intracellular immune receptors, known as the R (resistance proteins) and result in effector-triggered 

immunity (ETI)37. ETI starts with hypersensitive reaction (HR), programmed cell death at primary site of the 

disease58, thereby limiting pathogen dissemination inside infected tissue. This local pathogen attack often restricts 
the intake of secondary infections in un-failingly uninfected sections of plants. This type of increased resistance is 

referred to as systemic acquired resistance (SAR)59. The infection mechanism is complex and it involves long 

distance signaling to induce SAR. Defense hormone such as salicylic acid (SA) is said to be essential to SAR 

establishment because they increase the activity of non-ex-presser of PR genes1 (NPR1), a transcriptional 

coactivator59. It has been demonstrated that pipecolic acid, other signalling metabolites also play an important role in 

establishing SAR60. 

Indubitably, the successful defense system relies partially on effectors. In the past decade, many studies 

have demonstrated the role of effector proteins from bounties phytopathogens in boosting virulence in pathogen as 

well as stimulating plant aegis. However, inauguration and perpetuation of auspices reaction upon repertoire of 

effectors on these eukaryotic pathways involves a twain de no-vo synthesis of regulatory proteins and enzymes and 

coordinated degradation. Owing to maintain an efficient reaction to exogenous changes, tailoring a strong degree of 
proteomic plasticity during labyrinthine molecular processes of plant defense mechanism is pivotal. 

Imperatively, the cellular variability during defenses is regulated by an essential component of plant biosynthesis 

called the ubiquitin-proteasome system (UPS) and autophagy. As one of the major protein degradation systems of 

eukaryotic cells, UPS and autophagy regulate various cellular pathways through selective destruction of short-lived 

regulatory proteins
61

 (Figure 2). It is conceded that UPS governs numerous plant homeostasis processes comprising 

plant's progression, cell expansion and division, plant hormones responses and also abiotic and biotic stress 

tolerances62,63,64. There is a laudable compilation of evidence regarding protein turnover through UPS. This system 

manages various plant immunity features, including pathogen identification, receptors accumulation and 

downstream defense signaling63,65. Therefore, many effector proteins capitalize on the proteolytic deterioration 

curbing plant immunity system to augment the plant's impact because hampering the ubiquitin gene may dampen the 

plant's development and, consequently, drive to plant lethality66. 

 

 
FIGURE 2: The ubiquitin-proteasome system (UPS) and its role during plant-pathogen interactions. Ubiquitin-

proteasome cascade. Activated ubiquitin binds to E1 and is transferred to the ubiq-ui-tin-conjugating enzyme (E2). 

The E2 carries the activated ubiquitin to the ubiquitin ligase (E3), which facilitates the transfer of the ubiquitin from 

the E2 to a lysine residue in the target protein (S). Poly-ubiquitinated target proteins are degraded by the 26S 

proteasome, consisting of a 19S regulatory Particle (RP) and 20S core subunit (CP)67. 

 

However, how this intricate molecular mechanism is involved in defense responses and how host 

proteasome act as the prevailing strategy in plant pathogen is still poorly understood even if there are numerous 

studies discussing over this event. Fundamentally, ubiquitination is a firmly coordinated system that is regulated by 

three-step enzyme cascade associating E1 (ubiquitin-activating enzyme), an E2 (ubiquitin-conjugating enzyme) and 

an E3 (ubiquitin ligase)68. Among all enzymes, E3 possess the ability to interact with both substrate proteins and E2-

ubiquitin complexes. Depending on their subunit architecture and mode of actions, E3 can be categorized into four 
main subfamilies: Homologous to E6-associated protein Carboxyl Terminus (HECT), Really Interesting New Gene 
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(RING), and U-Box and culling-RING ligases69. The ubiquitin chains linked by Lys48 target substrates to a multi-

subunit protease is the notable and classical mechanism designated as proteasome for degradation. Compared with 

most post-translational modifications, ubiquitination is changeable events by an action of removal of ubiquitin being 
catalyzed by enzymes called deubiquitinating or deubiquitinating70,71,72. Considering these features in many studies, 

effector proteins from different pathogens advantageously target host protein ubiquitylation during infection via 

distinct array of ubiquitin ligases. 

 

IV. Sparking of SAR in Plants Attributable to Microbial Effector Proteins 
Similar to animal-pathogenic bacteria, gram-negative plant-pathogenic bacteria exhibit a prominent 

secretion protein system during pathogenesis73. Of the multiple mechanisms, type III secretion system (T3SS) is a 

well-characterized secretory pathway where protein features are encoded by pathogenicity (hrp) genes and 

hypersensitive response (HR)74. The hrp-conserved (hrc) is the notable conserved genes in hrp group, congregating 
each other as the integral element in T3SS regulatory proteins delivering virulence factors from bacteria to the host 

cells75,76,77. In addition, several genes featured two classes of secreted proteins (1) distribution of effector proteins in 

host cells and (2) extracellular accessary proteins including harpins78. Although harpins as cell-free HR elicitors are 

acknowledged in over two decades, their functions or underlying mechanisms in host plants are not well 

understood79,80. 

          Even so, there are compelling evidences demonstrating the role of harpins as trans-locator or server proteins 

of effector proteins at host plasma membrane. Harpins are characterized as unique proteins carrying distinct features 

where they: (1) have a comparatively large amount of glycine and serine residues, (2) possessed few α-helices, (3) 

having lower pH (very acidic) according to their theoretical isoelectric points, excluding HopAK1 and Hpaxm 

(Table 1), and (4) low tertiary structures making them heat stable. The ability to withstand the heat enables the 

purification of these proteins to produce cell-free elicitor as harpins HR elicitor activity consistently active even 
after boiling for 15 min79,81. Another precursor for the HR elicitation relies on the domains attaching to the harpins. 

HrpW-group hold particular N-terminal domains which exhibit role in eliciting the HR82,83. 

          To date, all harpins reported are able to activate HR with exceptional to XopA of X. campestris pv. 

Vesicatoria84 and truncated HrpZ1 of Pseudomonas syringae pv. Tabaci85. Originally, harpins’ ability to promote 

HR was first identified in tobacco plants79,81. Years afterwards, there are evidences revealing specific regions on 

several harpins contributing to HR activation (Table 1). Although the mechanism of HR elicitation is not known, 

there are several predictions explaining the HR process that are outlined which backed with empirical research. 

Among the harpin group of chemical compounds, some disrupt membrane physiology to cause cell death. Secondly, 

HrpN can hamper ATP synthesis which excluded the oxidative bursts by lessening the mitochondrial electron 

transport in tobacco cells86. Furthermore, treatment of Arabidopsis cells with HrpZ1 contributes to release of 

cytochrome C via mitochondria resulting in uptick in reactive oxygen species87. This suggests the in-direct effect by 

both HrpN and HrpZ1 in perplexing the mitochondria functionality and mitochondria-dependent cell death program 
induction in plants. Third, Hin1, the other HR-related genes inauguration by HrpZ1 which at the same time initiates 

the protein kinases such as AtMPK6 in Arabidopsis and its ortholog, SIPK, in tobacco88,89,90. These evidences 

demonstrate harpin features recognition in surrounding leaf cells. 

 

TABLE 1 : List of harpin proteins functionally characterization in gram-negative plant-pathogenic bacteria 

 

Name Source bacteria 

Bacterial virulence-related features Functional features 

Severity Effector HR Defense 

 

HrpN group 

HrpN Erwinia amylovora + + + + 

HrpN E. pyrifoliae … … … … 

HrpN E. chrysanthemi … … … … 

HrpN E. carotovora subsp. 

carotovora 

… … … … 

HrpZ1 group 

HrpZ1 Pseudomonas syringae pv. 

tomato 

ND + + + 
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HrpZ P. syringae pv. phaseolicola … … … … 

HrpZ P. syringae pv. syringae … … … … 

HrpZ P. syringae pv. glycinea … … … … 

HrpZ
i
 P. syringae pv. tabaci … … … … 

HrpW1 group 

HrpW1 P. syringae pv. tomato - + + + 

HrpW E. amylovora … … … … 

PopW Ralstonia solanacearum … … … … 

HopAK1 P. syringae pv. tomato … … … … 

HrpW
k
 Rhizobium etli … … … … 

Hpa1 group 

Hpa1 Xanthomonas pryzae pv. 

oryzae 

+ ND + + 

Hpa1 X. oryzae pv. oryzicola … … … … 

Hpa1 X. axonopodis pv. citri … … … … 

HpaG X. axonopodis pv. glycines … … … … 

XopA X. campestris pv. pelargonii … … … … 

HreX X. campestris pv. pelargonii … … … … 

Others 

PopA1 R. solanacearum ND ND + + 

HopP1 P. syringae pv. tomato ND + + ND 

Hpaxm X. citri subsp. malvacearum ND ND + ND 

ND : Not detected 

  

Unlike bacteria, fungi do not exhibit specific analogous system in secretion to the host. However, secretion 

on host targeting through N-terminal translocation domains is considered to be the most common theme system in 

fungi which located after general secretory signal peptide. The understanding of effector movement process begins 

from oomycete pathogens employing same infection system in fungi91. Nonetheless, definition of the cell entry for 

the N-terminal signal motifs is uncertain for most fungi because it is express highly in oomycetes rather than fungi. 

For example, there is lack of direct evidence on the development of cerato-platanin protein (CPPs) in secretion 

mechanism and defense system in fungal-plant interaction in spite of the efforts to unravel their functions. CPPs are 

novel preserved proteins containing signal peptide and they are readily found in culture filtrates of fungi92,93,94. The 
only plausible way for their expression is through carbohydrate-binding or carbohydrate-loosening as CPPs was 

predominantly found in fungal cell wall of B. cinerea and Ceratocystis platani94,95. In many studies, CPPs are 

acknowledged as virulence factor96,97, elicitors, promoting synthesis of reactive oxygen species, inducing local HR 

in plant leaves93,98. Many CPPS exhibit defense system either by inducing cell death, necrosis and HR (Table 2). 

 

 

TABLE 2 : Fungal protein effectors inducing cell death, necrosis, HR and SAR during interaction with various 

plants 
Family Protein Fungi Plant 

Cerato-platanins Sm1 (small protein 1), Sm2 (small protein 

2)
99,100,101,102

 

Trochoderma virens Tomato and maize 

Ep11 (eliciting plant response-like)
101 T. atroviride Tomato 

VdCP1 (cerato-platanin-first) and PevD1
103 Verticilium dahlia Cotton 

HaCPL2 (cerato-platanin-like protein 2)
104 Heterobasidion annosum Tobacco and scots pine 
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CmCP
105 Ceratocystis manginecans 

expressed in Pichia 

pastoris 

Tobacco 

FocCP1 (cerato-platanin-first)
106 Fusarium oxysporum Tobacco 

Glycoside-hydrolases Thph1 and Thph2 (cellulose-like protein)
107 T. harzianum Maize 

Cellulases
108 T. longibrachiatum Melon 

ThPG1
109 T. harzianum Tomato 

Eix (xylanase)
110 T. viride Tobacco 

Hydrophobins Hytlo1
111,112 T. longibrachiatum Several plants 

Tvhydii1
113 T. virens Tomato 

HFB2-4
114 T. asperellum PdPap poplar seedling 

ThHyd1
115 T. harzianum Maize 

Short-chain 

dehydrogenase 

PeBA1 (protein effector-like)
116 Bacillus amyloliquefaciens 

expressed in Escherichia 

coli 

Tobacco 

 

Apart from CPPs, another filamentous fungus related protein namely hydrophobins are invariably elicits 

the defense mechanism in plants. Hydrophobins are small surface-active hydrophobic proteins featured with eight 

conserved cysteine (Cys) residues forming four disulfide bonds117,118. All reported hydrophobins found in 

Trichoderma express genes and are associated with auxin signal transduction, reduction of reactive oxygen species 
and induction of SAR (Table 2). 

 

V. Possible Factors Influencing the Progression of SAR in Agriculture Field Application 
There are reports on effector proteins inoculation inducing resistance in plants. Out of the considered 

elicitors, it is evident that although there are incidences where inducers yield a high level of resistance on crops 

against disease, there also are incidences where induced resistance does not attain desired results. There are cases 

where induced resistance due to inducers does not work in providing control of pathogenic diseases119 especially 

when it comes to test the efficacy of these inducers in open field. 

Ostensibly, protection against virulent pathogens (especially to necrotrophic pathogen and generalist 
chewing insects) can also be induced by infection and colonization of mycorrhizal120. Fungal and bacterial 

endophytes, insects, in addition to avirulent nematode species induced defense in plants121,122,123,124,125. As such, 

because the efficacy of target resistance is based on the ability of the plant to respond to the induced resistance 

agents, it is apparent that there are range of factors that play significant roles in influencing the effectiveness of 

resistance in plants besides microbial effector proteins themselves. These factors raise questions because of to the 

feeble performances displayed by plants in field compared with the grown plants under controlled environments. 

 

VI. Advance Induction in Plant Resistance 
Do plants in open fields exhibit advance in plant resistance prior to induction? This question was pointed 

out by Walters et al.19 due to the astonishing results reported by Pasquer et al.126 where there were no differences in 
gene expression were shown be-tween treated and untreated wheat due to probable elevation in gene expression 

prior to induction. Likewise, three tomato cultivars exhibited an advance expression in gene even before the 

treatment of acibenzolar-S-methyl (ASM) under field conditions127. At this point, if it is true, will advancement in 

resistance jeopardize plant’s progression in inducing resistance afterward? Herman et al.127 provide an answer by 

reporting that the gene expression was further elevated following ASM treatment. Walters et al.128, on the other 

hand, reported the contrary. Although it appears unlikely for the plant to exhibit resistance beforehand the inducer 

was applied, these evidences suggest that biotic and abiotic factors control the performance of plants in stimulating 

defense mechanism upon induction. 
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VII. Host Genotype and Environmental Factors 
One of the closest keys for the differential expression of induced plant resistance is host 

genotype129,130,131,132. In studying combination of resistance inducers, as an example, it was established that the 

spring barley exhibited a considerable range of expression of induced resistance across different varieties133. The 

researchers found that some varieties did not express induced resistance with a dissociation between plants ability to 

induce resistance and the resistance rating of barley. In different studies, the effect of resistance was not always 

regarded to plant accession. Sharma et al.134 proclaimed degree of resistance induction may due to multiple factors, 

indicating an effect of acropetal systemic of BABA (DL‐ 3‐ amino butyric acid)135. All aspects contributing 

variation in defense system in different plants are summarized in Table 3. 

 

TABLE 3: All contributors influencing variation in defense mechanism in different plants 
Main contributor Sub-factor Plant Descriptions 

Host genotype Variety
36 

Rice Variation in resistance induction across 

variety of rice 

Cultivars
136 

Bean Wild accessions of beans induced higher 

resistance than modern cultivars 

Pathogen isolated
134 

Tomato Genotypes of tomato varied in their 

expression of BABA-induced resistance 

against Phytophthora infestans 

Leaf age
119,142 

Tomato Resistance decreased with increasing leaf 

age 

Environments Nutrient
119,142 

Wheat and Arabidopsis Wheat incurred higher allocation costs 

under nitrogen-limiting conditions 

Water stress
137 

Barley Water stress enhanced resistance towards 

powdery mildew 

Osmotic and proton 

stress
138 

Barley Stresses on osmotic and proton induce 

active defenses against powdery mildew 

(dependent on intensity of stress) 

Climate change
139 

Wheat Cold hardening of winter wheat increased 

resistance to the snow mould pathogens 

Typhula incarnata and Microdochium 

nivale 

  
In different perspectives, plant resistance is appreciably costly, creating a predicament for the plant for 

either to grow or defend140. Heil et al.141 notes that if, as re-search has established, plants resistance is dependent on 

the resources diversion toward defense, then any environmental fact that leads to diversion of these factors for other 

purposes leads to constraints on resources. Therefore, constraints on resources is responsible for shortage of the 

resources that are set aside to aid in controlling disease through improving resistance. Höfte and Bakker142 

acknowledged that costs associated with inducing resistance will have an impact on the resources that cater for plant 

resistance. In a study about the use of ASM on wheat resistance, Miles et al.143 found that in incidences where 

nitrogen supply was available, the effectiveness of the resistance had significant impact on the target farms. In cases 

where chitinase, chitosanase, and peroxidase and levels of chitinase and peroxidase were low (causing lowering of 

nitrogen in the plants), the rate of resistance was low. Although there is little evidence on how chitosanase 

influences induced plants, the effects of enzymes on plants are influenced by nitrogen levels. 
In a study testing the influence of protein induced treatments of plants for disease control, results indicated 

that total soluble protein content decreased significantly in the first 12 h following ASM treatment144. This improved 

control of disease indicates that the fundamental metabolism may be of critical impact when controlling the effects 

of induced resistance in plants. In recent studies, this issue has been championed. Miles et al.143 states, “Arabidopsis 

plants treated with ASM exhibited a growth reduction during the week following induction.” Further, studies show 

that SAR resistance is often inhibited especially if the primary infection occurs in the absence of light. All these 

studies show that increased metabolism facilitate the level of resistance among crops. 

 

VIII. SAR Mechanism is Equivocal 

Based on the current state of information, defense in plant comprises two typical and successive roadblocks 

against pathogen attacks. PTI served as front-liner and ETI as the second defender which and it known as the gene-

for-gene resistance or upright resistance. These two defensive lines seemingly have a major superposition in their 
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transcriptomics, considering their sequential implications, and stressing that ETI may contain amplified elements of 

PTI. This aspect was observed by A. thaliana expressing resistance identical to SAR, but without secreting tissue 

HR-associated necrosis. In other words, the frontline defense (PTI) following sensing the MAMPs is able to induce 
resistance mimicking SAR with typical effects like cell wall enhancement, ROS production, and callose deposition.   

In this present review, the conspicuous questions are as follows: How come the typical SAR can be 

promptly re-induced upon pathogen infection in plants? and does the above statements support the occurrence of 

resistance being already induced in open field? What are the actual mechanisms involved when the exogenous 

inducers success-fully alert the plant to respond immediately against pathogen? Gozzo and Faoro145 compiled 

evidences to explain the SAR occurrence. The labyrinth pathways of entire phenomenon might have centered on two 

developmental stages known as priming for defenses and their activation upon pathogen attacks. The first phase is 

believed to be essential and greatly elusive although the PR-1 expression, the most predictable actor of SAR is not 

completely responsible for the barrier of resistance. Regardless, it is presumed that tissues in the physiological state 

can be altered rapidly to be usable by the time pathogen initiate their attack into host cells signify number of genes 

in priming phase ought to be conserved in pre-transcriptional state146,147 (Figure 3). Two feasible models which 
explain the pre-transcriptional stages are as follows: 

• Dormant defense regulatory proteins termed mitogen-activated protein kinases (MPKs) are believed solves 

resolve priming in greater amount which only activated at secondary post-translational stage to act upon a 

subsequent attack of pathogen. Furthermore, accumulation of transcription factors of defense gene may have 

suggested to alleviated in primed plant
148

.      

• Second possible aspect is focusing on chromatin as the probable substrate of memory in SAR. It is believed 

that gene SAR activation is related to histones serving as anchoring ground for transcriptional coactivator 

proteins149,150. With this belief, Conrath et al.148 clearly proved the transcription coactivator gene WRKY 20 being 

expressed following application of BTH which highly related to histone chemical clarifying the hypothesis provided 

by Kanno et al.149 and Ruthenburg et al.150.    

The concept of priming suggests an intrinsic system in plant enacted as memory “bank” storing all previous stresses 

to encounter next attacks. In fact, priming superior to direct induction because priming requires is not expensive151. 
  

 
FIGURE 3: This model of a basic priming system with an elicitor or inducer as ‘priming agent’. The primulas 

stimulus (e.g: chemical or natural priming agents) acts on a primed organism leading to a ‘primed phase’ and 

precedes the stress response induced by triggering stimulus (e.g: pathogen infection). The ‘post-primed’ plant 

demonstrates a stronger and prompter defense response following pathogen attack (stress trigger) subsequently leads 

to an enhanced resistance against various stresses152,153. 

 

IX. Conclusion 
Studies of effector proteins involved in SAR activation have created a wealth of knowledge in many areas 

of agriculture especially in plant protection, both at molecular and organismal levels. Different methods or 
approaches of effector proteins have been adopted in farming systems to enhance plant immunity against pests and 

diseases. However, there are significant gaps in understanding and application regarding advancement in 

identification of the vastness of the gene repertoires and the effectiveness of these effector proteins application in 
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open field. As previously mentioned, the reputed roles of effector proteins in SAR interactions are played out 

elusively. Different effector proteins are expressed in different ways toward the host plant, directly or indirectly. 

Further studies by proposing good host models are undoubtedly obligatory to shed light on many speculations. With 
breakneck growth of novel and sophisticated next-generation sequencing platforms, many roles of pathogen 

effectors in manipulating of microbiota can be revealed. This adds on to the knowledge on improving crop 

productivity. In this present review the section on elicitors or effectors either fungal or bacterial effector proteins 

shed multiples feeler questions which could enlighten re-searchers to unlocking the mystery in the near future. 

Despite the potential application of the effector proteins in inducing disease resistance in field trials, the 

potency of this practice can be perplexed by host genotypes and changeable in environmental conditions suggesting 

that single-handed effectors may be irregular and poorly performed compared to the chemical pesticides. Practically, 

the pre-sent crop dis-ease control is greatly dependent on the synthetic fungicides and bactericides compared to 

biological inducers. Chemical based pesticides are more accepted by the majority farmers worldwide because of 

their effectiveness, accessible, and affordable prices of the chemical pesticides. These facts challenge researchers 

worldwide in convincing farmers to adopt biological inducers in their farm practices. Integrated pest management 
approaches feasibly offer new perspective for farmers. Combination of chemical and biological agents could provide 

wide spectrum of plant defenses against various pests and diseases thus improving and sustaining their economical 

yields. A more extensive progress is required to be done before effector proteins can be fully included as regular 

crop protection practices. Throughout this review, we are hoping that we can portray a glimpse of small picture of 

microbial effector proteins involvement in augmenting SAR in agricultural production system. 

  

References 
[1]. Mauser W, Klepper G, Zabel F, Delzeit R, Hank T, Putzenlechner B, Calzadilla A (2015). Global biomass production potentials exceed 

expected future demand without the need for cropland expansion. Nature Communications. 2015; 6: 8946. 

[2]. Pradhan P, Fischer G, van Velthuizen H, Reusser DE, Kropp JP. Closing yield gaps: How sustainable can we be? Plos One. 2015; 10: 

e0129487. 

[3]. Valin H, Sands RD, van der Mensbrugghe D, Nelson GC, Ahammad H, Blanc E, Bodirsky B, Fujimori S, Hasegawa T, Havlik P, 

Heyhoe E, Kyle P, Mason-D’Croz D, Paltsev S, Rolinski S, Tabeau A, Meijil HV, Lampe MV, Willenbockel D. The future of food 

demand: understanding differences in global economic models. Agricultural Economics. 2014; 45: 51-56. 

[4]. Barzman M, Barberi P, Birch ANE, Boonekamp P, Dachbrodt-Saaydeh S, Graf B, Hommel B, Jensen JE, Kiss J, Kudsk P, Lamichhane 

JR, Messean A, Moonen A-C, Ratnadass A, Ricci P, Sarah J-L, Sattin M. Eight principles of integrated pest management. Springer. 

2015; 35: 119-1215.  

[5]. Collinge DB, Lyngs JHJ, Meike L, Andrea M, Fani N, Tayo R, Camilo E, Birgit J. Searching for novel fungal bio-logical control agents 

for plant disease control among endophytes. In Endophytes for a growing world; Hodkinson T, Doohan F, Saunders M, Murphy B. Eds.; 

Cambridge University Press. 2019; pp. 25-51. 

[6]. Strange RN, Scott PR. Plant disease: a threat to global food security. PMID. 2005; 43: 83-116. 

[7]. Lamichhane JR, Dachbrodt-Saaydeh S, Kudsk P, Messean A. Toward a reduced reliance on conventional pesticides in european 

agriculture. Plant Disease. 2016; 100. 

[8]. Cooper J, Dobson H. The benefits of pesticides to mankind and the environment. Crop Protection. 2007; 26: 1337-1348. 

[9]. Carvalho FP. Agriculture, pesticides, food security and food safety. Environmental Science and Policy. 2006; 9: 685-692. 

[10]. Geiger F, Bengtsson J, Berendse F, Weisser WW, Emmerson M, Morales MB, Ceryngier P, Liira J, Tscharntke T, Winqvist C, Eggers S, 

Bommarco R, Part T, Bretagnolle V, Plantegenest M, Clement LW, Dennis C, Palmer C, Onate JJ, Guerrero I, Hawro V, Aavik T, Thies 

C, Flohre A, Hanke S, Fischer C, Goedhart PW, Inchausti P. Persistent negative effects of pesticides on biodiversity and biological 

control potential on European farmland. Basic and Applied Ecology. 2010; 1: 97-105. 

[11]. Damalas CA, Eleftherohorinos IG. Pesticide exposure, safety issues and risk assessment indicators. International Journal of 

Environmental Research. 2011; 8: 1402-1419. 

[12]. Kim YB, Komor AC, Levy JM, Packer MS, Zhao KT, Liu DR. Increasing the genome-targeting scope and precision of base editing with 

engineered Cas9-cytidine deaminase fusions. Nature Biotechnology. 2017; 35: 371-376. 

[13]. Ma Z, Michailides TJ. Genetic structure of Botrytis cinerea populations from different host plants in California. American 

Phytopathological Society. 2005; 89: 1083-1089. 

[14]. Bass C, Denholm I, Williamson M, Nauen R. The global status of insect resistance to neonicotinoid insecticides. Pesticide Biochemistry 

and Physiology. 2015; 121: 78-87. 

[15]. Borel B. CRISPR, microbes and more are joining the war against crop killers. Nature. 2017; 543: 302-304. 

[16]. Bosch J, Fernandez-Beaskoetxea S, Garner TWJ, Carrascal LM. Long-term monitoring of an amphibian community after a climate 

change- and infectious disease-driven species extirpation. Global Change Biology. 2018; 24: 2622-2632. 

[17]. Syed-Ab-Rahman SF, Carvalhais LC, Chua E, Xiao Y, Wass TJ, Schenk PM. Identification of soil bacterial isolates suppressing different  

Phytophthora spp. and promoting plant growth. Frontiers in Plant Science. 2018; 9: 1502. 

[18]. Thakur M, Sohal BS. Role of elicitors in inducing resistance in plants against pathogen infection: A review. International Scholarly 

Research Notices. 2013; ID 762412. 

[19]. Walters DR, Ratsep J, Havis ND. Controlling crop diseases using induced resistance: challenges for the future. Journal of Experimental 

Botany. 2013; 64: 1263-1280. 

[20]. Wiesel L, Newton AC, Elliot I, Booty D, Gilroy EM, Birch PRJ, Hein I. Molecular effects of resistance elicitors from biological origin 

and their potential for crop protection. Frontiers in Plant Science. 2014; 5: 655. 

[21]. Bektas Y, Eulgem T. Synthetic plant defense elicitors. Frontiers in Plant Science. 2015; 5: 804. 

[22]. Conrath U. Systemic acquired resistance. Plant Signaling and Behavior. 2006; 1: 179-184. 



Microbial Effector Proteins: Green Inducer for Systemic Acquired Resistance in Plants  

DOI: 10.9790/264X-0704021124                             www.iosrjournals.org                                                     21 | Page 

[23]. Zhu T, Song F, Zheng Z. Molecular characterization of the rice pathogenesis-related protein, OsPR-4b and its antifungal activity against 

Rhizoctonia solani. Journal of Phytopathology. 2006; 154: 378-384. 

[24]. Borad V, Sriram S. Pathogenesis-related proteins for the plant protection. Asian Journal of Experimental Sciences. 2008; 22: 189-196. 

[25]. Wu C-T, Bradford KJ. Class I chitinase and β-1,3-glucanase are differentially regulated by wounding, methyl jasmonate, ethylene and 

gibberellin in tomato seeds and leaves. Plant Physiology. 2003; 133: 263-273. 

[26]. Alexander D, Glascock C, Pear J, Stinson J, Ahl-Goy P, Gut-Rella M, Ward E, Goodman RM, Ryals J. Systemic acquired resistance in 

tobacco: use of transgenic expression to study the functions of pathogenesis-related proteins. Molecular Plant-Microbe Interactions. 

1993; 2: 527-533. 

[27]. Gao Q-M, Zhu S, Kachroo P, Kachroo A. Signal regulators of systemic acquired resistance. Frontiers in Plant Science. 2015; 6: 228. 

[28]. Strobel NE, Ji C, Gopalan S, Kuc JA, He SY. Induction of systemic acquired resistance in cucumber by Pseudomonas syringae pv. 

syringae 61 HrpZPss protein. The Plant Journal. 1996; 9: 431-439. 

[29]. Bakar NA, Sohaime MZ, Juri NM, Badrun R, Sarip J. Induction of systemic acquired resistance in papaya by foliar application of HrpN 

recombinant protein for increased resistance against papaya dieback pathogen. Current Investigations in Agriculture and Current 

Research. 2018; 2: 195-202. 

[30]. Prasannath K. Pathogenicity and virulence factors of phytobacteria. South African Journal of Botany. 2013; 1: 24-33. 

[31]. Anastasia PT, Skandalis N, Anastasia D, Gazimarina NB, Sarris PF. Playing the “Harp”: evolution of our under -standing of hrp/hrc 

genes. Annual Review of Phytopathology. 2010; 48: 347-370. 

[32]. Liu R, Lu B, Wang X, Zhang C. Thirty-seven transcription factor genes differentially respond to a harpin protein and affect resistance to 

the green peach aphid in Arabidopsis. Journal of Biosciences. 2010; 35: 435-450. 

[33]. Fu ZQ, Dong X. Systemic acquired resistance: turning local infection into global defense. Annual Review of Plant Biology. 2013; 64: 

839-863. 

[34]. Degrave A, Fagard M, Perino C, Brisset MN, Gaubert S. Erwinia amylovora type three-secreted proteins trigger cell death and defense 

responses in Arabidopsis thaliana. Molecular Plant-Microbe Interactions. 2008; 21: 1076-1086. 

[35]. Fontanilla M, Montes M, De Prado R. Effects of the foliar-applied protein “Harpin (Ea)” (messenger) on tomatoes infected with 

Phytophthora infestans. Communications in Agricultural and Applied Biology Science. 2005; 70: 41-45. 

[36]. Chen L, Zhang SJ, Zhang SS, Qu S, Ren X. A fragment of the Xanthomonas aoryzae pv. oryzicola harpin HpaG Xooc reduces disease 

and increases yield of rice in extensive grower plantings. Phytopathology. 2008; 98: 792-802. 

[37]. Jones JD, Dangi JL. The plant immune system. Nature. 2006; 444: 323-329. 

[38]. Pritchard L, Birch PR. The zigzag model of plant-microbe interactions: Is it time to move on? Molecular Plant Pathology. 2014; 15: 865-

870. 

[39]. Langin G, Gouguet P, Ustun S. Microbial effector proteins – a journey through the proteolytic landscape. Trends in Microbiology. 2020; 

28: 523-535. 

[40]. Kamoun S. A catalogue of the effector secretome of plant pathogenic oomycetes. Annual Review of Phytopathology. 2006; 44: 41-60. 

[41]. Kamoun S. Groovy times: filamentous pathogen effectors revealed. Current Opinions in Plant Biology. 2007; 10: 358-365. 

[42]. Djamei A, Schipper K, Rabe F, Ghosh A, Vincon V, Kahnt J. Metabolic priming by a secreted fungal effector. Nature. 2011; 478: 395-

398. 

[43]. Dong S, Yin W, Kong G, Yang X, Qutob D, Chen Q. Phytophtora sojae avirulence effector Avr3b is secreted NADH and ADP-ribose 

pyrophosphorylase that modulates plant immunity. PLoS Pathogens. 2011; 7: e102353. 

[44]. Yaeno T, Li H, Chaparro-Garcia A, Schornack S, Koshiba S, Watanabe S. Phosphatidylinositol monophos-phate-binding interface in the 

oomycete RXLR effector AVR3a is required for its stability in host cells to modulate plant immunity. Proceedings of the National 

Academy of Sciences. 2011; 108: 14682-14687. 

[45]. Park CH, Chen S, Shirsekar G, Zhou B, Khang CH, Songkumarn P. The Magnaporthe oryzae effector AvrPiz-t tar-gets the RING E3 

ubiquitin ligase APIP6 to suppress pathogen-associated molecular pattern-triggered immunity in rice. Plant Cell. 2012; 24: 4748-4762. 

[46]. Snelders NC, Kettles GJ, Rudd JJ, Thomma BPHJ. Plant pathogen effector proteins as manipulators of host micro-biomes? Molecular 

Plant Pathology. 2018; 19: 257-259. 

[47]. Liu Z, Gao Y, Kim YM, Faris JD, Shelver WL, de Wit PJGM, Xu SS, Friesen TL. SnTox1, a Parastagonospora nodorum necrotrophic 

effector, is a dual‐ function protein that facilitates infection while protecting from wheat‐ produced chitinases. New Phytologist. 2016; 

211: 1052-1064. 

[48]. Kettles GJ, Bayon C, Sparks CA, Canning G, Kanyuka K, Rudd JJ. Characterization of an antimicrobial and phyto-toxic ribonuclease 

secreted by the fungal wheat pathogen Zymoseptoria tritici. New Phytologist. 2017; 217: 320-331. 

[49]. Golicz AA, Bayer PE, Bhalla PL, Batley J, Edwards D. Pangenomics comes of age: from bacteria to plant and animal applications. 

Trends in Genetics. 2019; 36: 132-145. 

[50]. Kanja C, Hammond-Kosack KE. Proteinaceous effector discovery and characterization in filamentous plant pathogens. Molecular in 

Plant Pathology. 2020; 21: 1353-1376. 

[51]. Jones DA, Bertazzoni S, Turo CJ, Syme RA, Hane JK. Bioinformatic prediction of plant–pathogenicity effector proteins of fungi. 

Current Opinions in Microbiology. 2018; 46: 43-49. 

[52]. Carreón-Anguiano KG, Islas-Flores I, Vega-Arreguín J, Sáenz-Carbonell L, Canto-Canché B. EffHunter: A Tool for Prediction of 

Effector Protein Candidates in Fungal Proteomic Databases. Biomolecules. 2020; 10: 712. 

[53]. Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: Discriminating signal peptides from transmembrane regions. Nature 

Methods. 2011; 8: 785–786. 

[54]. Kall L, Krogh A, Sonnhammer ELL. Advantages of combined transmembrane topology and signal peptide prediction--the Phobius web 

server. Nucleic Acids Research. 2007; 35: W429–W432. 

[55]. Krogh A, Larsson B, von Heijne G, Sonnhammer ELL. Predicting transmembrane protein topology with a hidden markov model: 

Application to complete genomes11Edited by F. Cohen. Journal of Molecular Biology. 2001; 305: 567–580. 

[56]. Horton P, Park KJ, Obayashi T, Fujita N, Harada H, Adams-Collier CJ, Nakai K. WoLF PSORT: Protein localization predictor. Nucleic 

Acids Research. 2007; 35: W585–W587. 

[57]. Boller T, Felix G. A renaissance of elicitors: perception of microbe-associated molecular patterns and danger signals by pattern-

recognition receptors. Annual Review of Plant Biology. 2009; 60: 379-406. 

[58]. Hofius D, Tsitsigiannis DI, Jones JD, Mundy J. Inducible cell death in plant immunity. Semin. Cancer Biology. 2007; 17: 166–187. 



Microbial Effector Proteins: Green Inducer for Systemic Acquired Resistance in Plants  

DOI: 10.9790/264X-0704021124                             www.iosrjournals.org                                                     22 | Page 

[59]. Fu ZQ, Dong X. Systemic acquired resistance: turning local infection into global defense. Annual Review of Plant Biology. 2013; 64: 

839-863. 

[60]. Bernsdorff F, Doring A-C, Gruner K, Schuck S, Brautigam A, Zeier J. Pipecolic acid orchestrates plant systemic acquired resistance and 

defense priming via salicylic acid-dependent and independent pathways. Plant Cell. 2016; 28: 102-129. 

[61]. Viestra RD. The ubiquitin-26S proteasome system at the nexus of plant biology. Nature Reviews Molecular and Cellular Biology. 2009; 

10: 385-397. 

[62]. Sadanandom A, Bailey M, Ewan R, Lee J, Nelis S. The ubiquitin-proteasome system: central modifier of plant signalling. New 

Phytologist. 2012; 196: 13-28. 

[63]. Ustun S, Sheikh A, Gimenez-Ibanez SS, Jones A, Ntoukakis V, Bornke F. The proteasome acts as hub for plant immunity and is targeted 

by Pseudomonas type III effectors. Plant Physiology. 2016; 172. 

[64]. Marshall RS, Viestra RD. Autophagy: the master of bulk and selective recycling. Annual Reviews of Plant Biology. 2018; 69: 173-208. 

[65]. Banfield MJ. Perturbation of host ubiquitin systems by plant pathogen/pest effector proteins. Cell Microbiology. 2014; 17: 18-25. 

[66]. Marino D, Peeters N, Rivas S. Ubiquitination during plant immune signaling. Plant Physiology. 2012; 160. 

[67]. Ustun S, Bornke F. Interactions of Xanthomonas type-III effector proteins with the plant ubiquitin and ubiquitin-like pathways. Frontiers 

of Plant Physiology. 2014; 5: 736. 

[68]. Berndsen CE, Wolberger C. New insights into ubiquitin E3 ligase mechanism. Nature Structural and Molecular Biology. 2014; 21: 301-

307. 

[69]. Shu K, Yang W. E3 ubiquitin ligases: ubiquitous actors in plant development and abiotic stress responses. Plant and Cell Physiology. 

2017; 58: 1461-1476. 

[70]. D’Andrea A, Pellman D. Deubiquinating enzymes: a new class of biological regulators. Critical Reviews in Biochemistry and Molecular 

Biology. 1998; 33: 337-352. 

[71]. Komander D. The emerging complexity of protein ubiquitination. Biochemical Society Transactions. 2009; 37: 937-953. 

[72]. Reyes-Turcu FE, Ventii KH, Wilkinson KD. Regulation and cellular roles of ubiquitin-specific deubiquitinating enzymes. Annual 

Reviews of Biochemistry. 2009; 78: 363-397. 

[73]. Grant SR, Fisher EJ, Chang JH, Mole BM, Dangl JL. Subterfuge and manipulation: Type III effector proteins of phytopathogenic 

bacteria. Annual Reviews of Microbiology. 2006; 60: 425. 

[74]. Tampakaki AP, Skandalis N, Gazi AD, Bastaki MN, Sarris PF, Charova SN, Kokkinidis M, Panopoulos NJ. Playing the “Harp”: 

Evolution of our understanding of hrp/hrc genes. Annual Reviews of Phytopathology. 2010; 48: 347-370. 

[75]. Roine E, Wei W, Yuan J, Nurmiaho-Lassila EL, Kalkkinen N, Romantschuk M, He SY. Hrp pilus: An hrp-dependent bacterial surface 

appendage produced by Pseudomonas syringae pv. tomato DC3000. Proceedings of the National Academy of Sciences. 1997; 94: 3459-

3464. 

[76]. Jin Q, He SY. Role of the Hrp pilus in type III protein secretion in Pseudomonas syringae. Science. 2001; 294: 2556-2558. 

[77]. Li CM, Brown I, Mansfield J, Stevens C, Boureau T, Romantschuk M, Taira S. The Hrp pilus of Pseudomonas syringae elongates from 

its tip and acts as a conduit for translocation of the effector protein HrpZ. European Molecular Biology Organization Journal. 2002; 21: 

1909-1915. 

[78]. Alfano JR, Collmer A. Type III secretion system effector proteins: Double agents in bacterial disease and plant defense. Annual Reviews 

of Phytopathology. 2004; 42: 385-414. 

[79]. Wei ZM, Laby RJ, Zumoff CH, Bauer DW, He SY, Collmer A, Beer SV. Harpin, elicitor of the hypersensitive response produced by the 

plant pathogen Erwinia amylovora. Science. 1992; 257: 85-88. 

[80]. Choi MS, Heu S, Pack NC, Koh HJ, Lee JS, Oh CS. Ectopic expression of hpa1 gene of Xanthomonas oryzae pv. oryzae encoding a 

bacterial harpin protein enhances disease resistance to both fungal and bacterial pathogens in rice and Arabidopsis. Plant Pathology. 

2012; 28: 364-372. 

[81]. He SY, Huang HC, Collmer A. Pseudomonas syringae pv. syringae harpinPss: A protein that is secreted via the Hrp pathway and elicits 

the hypersensitive response in plants. Cell. 1993; 73: 1255-1266. 

[82]. Charkowski AO, Alfano JR, Preston G, Yuan J, He SY, Collmer A. The Pseudomonas syringae pv. tomato HrpW protein has domains 

similar to harpins and pectate lyases and can elicit the plant hypersensitive response and bind to pectate. Journal of Bacteriology. 1998; 

180: 5211-5217. 

[83]. Kim JF, Beer SV. HrpW of Erwinia amylovora, a new harpin that contains a domain homologous to pectate lyases of a distinct class. 

Journal of Bacteriology. 1998; 180: 5203-5210. 

[84]. Kim JG, Jeon E, Oh J, Moon JS, Hwang I. Mutational analysis of Xanthomonas harpin HpaG identifies a key functional region that 

elicits the hypersensitive response in nonhost plants. Journal of Bacteriology. 2004; 186: 6239-6247. 

[85]. Tsunemi K, Taguchi F, Marutani M, Watanabe-Sugimoto M, Inagaki Y, Toyoda K, Shiraishi T, Ichinose Y. Degeneration of hrpZ gene 

in Pseudomonas syringae pv. tabaci to evade tobacco defence: An arms race between tobacco and its bacterial pathogen. Molecular Plant 

Pathology. 2011; 12: 709-714. 

[86]. Xie Z, Chen Z. Harpin-induced hypersensitive cell death is associated with altered mitochondrial functions in tobacco cells. Molecular 

Plant-Microbe Interactions. 2000; 13: 183-190. 

[87]. Krause M, Durner J. Harpin inactivates mitochondria in Arabidopsis suspension cells. Molecular Plant-Microbe Interactions. 2004; 17: 

131-139. 

[88]. Desikan R, Hancock JT, Ichimura K, Shinozaki K, Neill SJ. Harpin induces activation of the Arabidopsis mitogen-activated protein 

kinases AtMPK4 and AtMPK6. Plant Physiology. 2001; 126: 1579-1587. 

[89]. Gopalan S, Wei W, He SY. Hrp Gene-dependent induction of hin1: A plant gene activated rapidly by both harpins and the avrPto gene-

mediated signal. The Plant Journal. 1996; 10: 591-600. 

[90]. Zhang S, Klessig DF. Pathogen-induced MAP kinases in tobacco. Results and Problems in Cell Differentiation. 2000; 27: 65-84. 

[91]. Knoeck M, Hardham AR, Dodds PN. The role of effectors of biotrophic and hemibiotropic fungi in infection. Cellular Microbiology. 

2011; 13: 1849-1857. 

[92]. Seidl V, Marchetti M, Schandl R, Allmaier G, Kubicek CP. Epl1, the major secreted protein of Hypocrea atroviridis on glucose, is a 

member of a strongly conserved protein family comprising plant defense response elicitors. FEBS. 2006; 273: 4346-4359. 

[93]. Frías M, Brito N, González C. The Botrytis cinerea cerato-platanin BcSpl1 is a potent inducer of systemic acquired resistance (SAR) in 

tobacco and generates a wave of salicylic acid expanding from the site of application. Molecular Plant Pathology. 2013; 14: 191-196. 



Microbial Effector Proteins: Green Inducer for Systemic Acquired Resistance in Plants  

DOI: 10.9790/264X-0704021124                             www.iosrjournals.org                                                     23 | Page 

[94]. Gonzalez-Fernandez R, Aloria K, Valero-Galvan J, Redondo I, Arizmendi JM, Jorron-Novo JV. Proteomic analysis of mycelium and 

secretome of different Botrytis cinerea wild-type strains. Proteomics. 2014; 97: 195-221. 

[95]. Boddi S, Comparini C, Calamassi R, Pazzagli L, Cappugi G, Scala A. Cerato-platanin proteins is located in the cell walls of ascospores, 

conidia and hyphae of Ceratocystis fimbriata f. sp. platani. FEMS Microbiology Letters. 2004; 233: 341-346. 

[96]. Mishina TE, Zeier J. Pathogen-associated molecular pattern recognition rather than development of tissue necrosis contributes to 

bacterial induction of systemic acquired resistance in Arabidopsis. The Plant Journal. 2010; 50: 500–513. 

[97]. Lombardi L, Faoro F, Luti S, Baccelli I, Martellini F, Bernardi R, Picciarelli P, Scala A, Pazzagli L. Differential timing of defense-

related responses induced by cerato-platanin and cerato-populin, two non-catalytic fungal elicitors. Physiologia Plantarum. 2013; 149: 

408–421. 

[98]. Pazzagli L, Cappugi G, Manao G, Camici G, Santini A, Scala A. Purification, characterization, and amino acid sequence of cerato-

platanin, a new phytotoxic protein from Ceratocystis fimbriata f. sp. platani. Journal of Biological Chemistry. 1999; 274: 24959-24964. 

[99]. Djonovic S, Pozo MJ, Dangott LJ, Howell CR, Kenerley CM. Sm1, a proteinaceous elicitor secreted by the biocontrol fungus 

Trichoderma virens induces plant defense responses and systemic resistance. Molecular Plant Microbe Interactions. 2006; 19: 838-853. 

[100]. Djonovic S, Vargas W, Kolomiets M, Horndeski M, Wiest A, Kenerley C. A proteinaceous elicitor Sm1 from the beneficial fungus 

Trichoderma virens is required for induced systemic resistance in maize. Plant Physiology. 2007; 145: 875-889. 

[101]. Salas-Marina MA, Isordia-Jasso MI, Islas-Osuna MA, Delgado-Sanchez P, Jimenez-Bremont JF, Rodriguez-Kessler M, Rosales-

Saavedra MT, Herrera-Estrella A, Casas-Flores S. The Epl1 and Sm1 proteins from Trichoderma atroviride and Trichoderma virens 

differentially modulate systemic disease resistance against different life style pathogens in Solanum lycopersicum. Frontiers in Plant 

Science. 2015; 6. 

[102]. Crutcher FK, Moran-Diez ME, Ding S, Liu J, Horwitz BA, Mukherjee PK. A paralog of the proteinaceous elicitor SM1 is involved in 

colonization of maize roots by Trichoderma virens. Fungal Biology. 2015; 119: 476–86. 

[103]. Zhang Y, Gao Y, Liang Y, Dong Y, Yang X, Yuan J, Qiu D. The Verticillium dahliae SnodProt1-Like Protein VdCP1 Con-tributes to 

Virulence and Triggers the Plant Immune System. Frontiers in Plant Sciences. 2017; 8: 1880. 

[104]. Chen H, Quintana J, Kovalchuk A, Ubhayasekera W, Asiegbu FO. A cerato-platanin-like protein HaCPL2 from Het-erobasidion 

annosum sensu stricto induces cell death in Nicotiana tabacum and Pinus sylvestris. Fungal Genetics and Biology. 2015; 84: 41-51. 

[105]. Zhang Z, Yingbin L, Laixin L, Jianjun H, Jianqiang L. Characterization of cmcp Gene as a Pathogenicity Factor of Ceratocystis 

manginecans. Frontiers in Microbiology. 2020; 11: 1824. 

[106]. Li S, Dong Y, Li L, Zhang Y, Yang X, Zeng H, Shi M, Pei X, Qiu D, Yuan Q. The Novel Cerato-Platanin-Like Protein FocCP1 from 

Fusarium oxysporum Triggers an Immune Response in Plants. International Journal of Molecular Sciences. 2019; 20: 2849. 

[107]. Saravanakumar K, Fan L, Fu K, Yu C, Wang M, Xia H, Sun J, Li Y, Chen J. Cellulase from Trichoderma harzianum interacts with roots 

and triggers induced systemic resistance to foliar disease in maize. Scientific Reports. 2016; 6: 35543, 

[108]. Martinez C, Blanc F, Le Claire E, Besnard O, Nicole M, Baccou JC. Salicylic Acid and Ethylene Pathways Are Differentially Activated 

in Melon Cotyledons by Active or Heat-Denatured Cellulase from Trichoderma longibrachiatum. Plant Physiology. 2001; 127. 

[109]. Moran-Diez E, Hermosa R, Ambrosino P, Cardoza RE, Gutierrez S, Lorito M, Monte E. The ThPG1 endopolygalac-turonase is required 

for the trichoderma harzianum-plant beneficial interaction. Molecular Plant Microbe Interactions. 2009; 22: 1021-1031. 

[110]. Rotblat B, Enshell-Seijffers D, Gershoni JM, Schuster S, Avni A. Identification of an essential component of the elicitation active site of 

the EIX protein elicitor. The Plant Journal. 2002; 32. 

[111]. Ruocco M, Lanzuise S, Lombardi N, Woo SL, Vinaie F, Marra R, Variese R, Manganiello G, Pascale A, Scala V, Turra D, Scala F, 

Lorito M. Multiple roles and effects of a novel Trichoderma hydrophobin. MPMI. 2015; 28: 167-179. 

[112]. Moscatiello R, Sello S, Ruocco M, Barbulova A, Cortese E, Nigris S, Baldan B, Chiurazzi M, Mariani P, Lorito M, Navazio L. The 

Hydrophobin HYTLO1 Secreted by the Biocontrol Fungus Trichoderma longibrachiatum Triggers a NAADP-Mediated Calcium 

Signalling Pathway in Lotus japonicas. International Journal of Molecular Sciences. 2018; 19: 2596. 

[113]. Guzman-Guzman P, Aleman-Duarte MI, Delaye L, Herrera-Estrella A, Olmedo-Monfil V. Identification of effector-like proteins in 

Trichoderma spp. and role of a hydrophobin in the plant-fungus interaction and mycoparasitism. BMC Genetics. 2017; 18: 16. 

[114]. Zhangnam H, Ji S, Guo R, Liu Z. Hydrophobin HFBII-4 from Trichoderma asperellum induces antifungal resistance in poplar. Brazilian 

Journal of Microbiology. 2019; 50. 

[115]. Yu C, Dou K, Wang S, Wu Q, Ni M, Zhang T, Lu Z, Tang J, Chen J. Elicitor hydrophobin Hyd1 interacts with Ubiq-uilin1-like to induce 

maize systemic resistance. Journal of Integrative Plant Biology. 2020; 62: 509-526. 

[116]. Wang N, Liu M, Guo L, Yang X, Qiu D. A Novel Protein Elicitor (PeBA1) from Bacillus amyloliquefaciens NC6 Induces Systemic 

Resistance in Tobacco. International Journal of Biological Sciences. 2016; 12: 757-767. 

[117]. Linder M, Szilvay GR, Nakari-Setala T, Penttila ME. Hydrophobins: the protein-amphiphiles of filamentous fungi. FEMS Microbiology 

Reviews. 2005; 29: 877-896. 

[118]. Huang Y, Mijiti G, Wang Z, Yu W, Fan H, Zhang R, Liu Z. Functional analysis of the class II hydrophobin gene HFB2-6 from the 

biocontrol agent Trichoderma asperellum ACCC30536. Microbiology Research. 2015; 171: 8-20. 

[119]. Dietrich R, Ploss K, Heil M. Constitutive and induced resistance to pathogens in Arabidopsis thaliana depends on nitrogen supply. Plant, 

Cell and Environment. 2004; 27: 896-906. 

[120]. Pozo MJ, Azcón-Aguilar C. Unravelling mycorrhiza-induced resistance. Current Opinion in Plant Biology. 2007; 10: 393-398. 

[121]. Ogallo JL, McClure MA. Systemic acquired resistance and susceptibility to root-knot nematodes in tomato. Phytopathology. 1996; 86: 

498-501. 

[122]. Kosaka H, Aikawa T, Ogura N, Tabata K, Kiyohara T. Pine wilt disease caused by the pine wood nematode: the induced resistance of 

pine trees by the avirulent isolates of nematode. European Journal of Plant Pathology. 2001; 107: 667-675. 

[123]. Waller F, Achatz B, Baltruschat H, Fodor J, Becker K, Fischer M, Heier T, Huckelhoven R, Neumann C, von Wettstein D, Franken P, 

Kogel K-H. The endophytic fungus Piriformospora indica reprograms barley to salt-stress tolerance, disease resistance, and higher yield. 

PNAS. 2005; 102: 13386-13391. 

[124]. Bostock RM. Signal crosstalk and induced resistance: straddling the line between cost and benefit. Annual Review of Phytopathology. 

2005; 43: 545-580. 

[125]. Kang SH, Cho HS, Cheong H, Ryu CM, Kim JF, Park SH. Two bacterial endophytes eliciting both plant growth promotion and plant 

defense on pepper (Capsicum annuum L.). Journal of Microbiology and Biotechnology. 2007; 17: 96-103. 



Microbial Effector Proteins: Green Inducer for Systemic Acquired Resistance in Plants  

DOI: 10.9790/264X-0704021124                             www.iosrjournals.org                                                     24 | Page 

[126]. Pasquer F, Isidore E, Zarn J, Keller B. Specific patterns of changes in wheat gene expression after treatment with three antifungal 

compounds. Plant Molecular Biology. 2005; 57: 693-707. 

[127]. Herman MAB, Restrepo S, Smart CD. Defense gene expression patterns of three SAR-induced tomato cultivars in the field. 

Physiological and Molecular Plant Pathology. 2007; 71: 192-200. 

[128]. Walters DR, Havis ND, Sablou C, Walsh DJ. Possible trade-off associated with use of a combination of resistance elicitors. 

Physiological and Molecular Plant Pathology. 2011; 75: 188-192. 

[129]. Martenelli JA, Brown JKM, Wolfe MS. Effects of barley genotype on induced resistance to powdery mildew. Plant Pathology. 1993; 42: 

195-202. 

[130]. Dann E, Diers B, Byrum J, Hammerschmidt R. Effect of treating soybean with 2,6-dichloroisonicotinic acid (INA) and benzothiadiazole 

(BTH) on seed yields and the level of disease caused by Sclerotinia sclerotiorum in field and greenhouse studies. European Journal of 

Plant Pathology. 1998; 104: 271-278. 

[131]. Resende MLV, Nojosa GBA, Cavalcanti LS, Aguilar MAG, Silva LHCP, Perez JO, Andrade GCG, Carvalho G.A, Castro RM. Induction 

of resistance in cocoa against Crinipellis perniciosa and Verticillium dahlia by acibenzo-lar-S-methyl (ASM). Plant Pathology. 2002; 51: 

621-628. 

[132]. Tucci M, Ruocco M, De Masi L, De Palma M, Lorito M. The beneficial effect of Trichoderma spp. on tomato is modulated by plant 

genotype. Molecular Plant Pathology. 2011; 12: 341-354. 

[133]. Walters DR, Havis ND, Paterson L, Taylor J, Walsh DJ. Cultivar effects on the expression of induced resistance in spring barley. Plant 

Disease Journal. 2011; 95: 595-600. 

[134]. Sharma K, Butz AF, Finckh MR. Effects of host and pathogen genotypes on inducibility of resistance in tomato (Solanum lycopersicum) 

to Phytophthora infestans. Plant Pathology. 2010; 59: 1062-1071. 

[135]. Cohen Y, Gisi U. Systemic translocation of C-14 DL-3-aminobutyric acid in tomato plants in relation to induced resistance against 

Phytophthora infestans. Physiological and Molecular Plant Pathology. 1994; 45: 441-456. 

[136]. Córdova-Campos O, Adame-Álvarez RM, Acosta-Gallegos JA, Heil M. Domestication affected the basal and induced disease resistance 

in common bean (Phaseolus vulgaris). European Journal of Plant Pathology. 2012; 134: 367-379. 

[137]. Ayres PG, Woolacott B. Effects of soil water level on the development of adult plant resistance to powdery mildew in barley. APPL. 

1980; 94: 255-263. 

[138]. Wiese J, Kranz T, Schubert S. Induction of pathogen resistance in barley by abiotic stress. Plant Biology. 2004; 6: 529-536. 

[139]. Gaudet DA, Chen THH. Effects of hardening and plant age on development of resistance to cottony snow mold (Coprinus 

psycromorbidus) in winter wheat under controlled conditions. Canadian Journal of Botany. 1987; 65: 1152-1156. 

[140]. Herms DA, Mattson WJ. The dilemma of plants: to grow or to defend. The Quarterly Review of Biology. 1992; 67: 283-335. 

[141]. Heil M, Hilpert A, Kaiser W, Linsenmair KE. Reduced growth and seed set following chemical induction of pathogen defence: does 

systemic acquired resistance (SAR) incur allocation costs? Journal of Ecology. 2000; 88: 645-654. 

[142]. Höfte M, Bakker PAHM. Competition for iron and induced systemic resistance by siderophores of plant growth promoting rhizobacteria. 

In Microbial siderophores, 2nd ed.; Varma A, Chincholkar SB. Springer, Berlin, 2007; 12: 121-133. 

[143]. Miles AK, Willingham SL, Cooke AW. Field evaluation of strobilurins and a plant activator for the control of citrus black spot. 

Australasian Plant Pathology. 2004; 33: 371-378. 

[144]. Silue D, Pajot E, Cohen Y. Induction of resistance to downy mildew (Peronospora parasitica) in cauliflower by 

DL‐ β‐ amino‐ n‐ butanoic acid (BABA). Plant Pathology. 2002; 51: 97-102. 

[145]. Gozzo F, Faoro F. Systemic acquired resistance (50 years after discovery): moving from the lab to the field. Journal of Agricultural and 

Food Chemistry. 2013; 61: 12473-12491. 

[146]. Conrath U. Molecular aspects of defense priming. Trends in Plant Science. 2011; 16: 524-531. 

[147]. Van Verk MC, Bol JF, Linthorst HJ. Prospecting for Genes involved in transcriptional regulation of plant defenses, a bioinformatics 

approach. BMC Plant Biology. 2011; 11: 1-12. 

[148]. Conrath U, Beckers GJ, Flors V, García-Agustín P, Jakab G, Mauch F, Newman MA, Pieterse CM, Poinssot B, Pozo MJ, Pugin A, 

Schaffrath U, Ton J, Wendehenne D, Zimmerli L, Mauch-Mani B. Prime-A-Plant Grp, B. Priming: getting ready for battle RID D-3308-

2011 RID A-9326-2011. Molecular Plant−Microbe Interactions. 2006; 19: 1062−1071. 

[149]. Kanno T, Kanno Y, Siegel RM, Jang MK, Lenardo MJ, Ozato K. Selective recognition of acetylated histones by bromodomain proteins 

visualized in living cells. Molecular Cell. 2004; 13: 33−43. 

[150]. Ruthenburg AJ, Allis CD, Wysocka J. Methylation of lysine 4 and histone H3: intricacy of writing and reading a single epigenetic mark. 

Molecular Cell. 2007; 25: 15−30. 

[151]. Conrath U. Molecular aspects of defense priming. Trends in Plant Science. 2011; 16: 524-531. 

[152]. Martinez-Medina A, Flors V, Heil M, Mauch-Mani B, Pieterse CMJ, Pozo MJ, Ton J, van Dam NM, Conrath U. Recognizing Plant 

Defense Priming. Trends in Plant Sciences. 2016; 21: 818-822. 

[153]. De Vega D, Newton AC, Sadanandom A. Post-translational modifications in priming the plant immune system: ripe for exploitation. 

FEBS Letters. 2018; 592: 1929-1936. 

 

 

Ros Azrinawati Hana Bakar, et. al. “Microbial Effector Proteins: Green Inducer for Systemic 

Acquired Resistance in Plants.” IOSR Journal of Biotechnology and Biochemistry (IOSR-JBB), 

7(4), (2021): pp. 11-24. 

 

 


