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Abstract

Plants being sessile in nature encounter numerous biotic agents, including bacteria, fun‐
gi, viruses, insects, nematodes and protists. A great number of publications indicate that

biotic  agents  significantly  reduce  crop  productivity,  although  there  are  some  biotic

agents that symbiotically or synergistically co-exist with plants. Nonetheless, scientists

have  made  significant  advances  in  understanding  the  plant  defence  mechanisms  ex‐
pressed against biotic stresses. These mechanisms range from anatomy, physiology, bio‐
chemistry, genetics, development and evolution to their associated molecular dynamics.

Using model plants, e.g., Arabidopsis and rice, efforts to understand these mechanisms

have led to the identification of  representative candidate genes,  quantitative trait  loci

(QTLs), proteins and metabolites associated with plant defences against biotic stresses.

However, there are drawbacks and insufficiencies in precisely deciphering and deploy‐
ing these mechanisms, including only modest adaptability of some identified genes or

QTLs to changing stress factors. Thus, more systematic efforts are needed to explore and

expand the development of biotic stress resistant germplasm. In this chapter, we provid‐
ed a comprehensive overview and discussed plant defence mechanisms involving mo‐
lecular  and  cellular  adaptation  to  biotic  stresses.  The  latest  achievements  and

perspective on plant molecular responses to biotic stresses, including gene expression,

and targeted functional analyses of the genes expressed against biotic stresses have been

presented and discussed.

Keywords: Biotic stress, climate change, innate immunity, phytohormones

1. Introduction

Biotic stresses are the damage to plants caused by other living organisms such as bacteria,

fungi, nematodes, protists, insects, viruses and viroids. Numerous biotic stresses are of

historical significance, for instance, the potato blight in Ireland, coffee rust in Brazil, maize leaf

blight caused by Cochliobolus heterostrophus in the United States and the great Bengal famine
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a more detailed discussion of the diverse aspects of plant defence patterns, including qualita‐
tive and quantitative mechanisms and their associated molecular patterns. Although patho‐

in 1943 [1]. These are some of the major events that devastated food production and led to

millions of human deaths and migration to other countries in the past. Presently, the occur‐
rence of new pathogen races and insect biotypes poses further threat to crop production [2].

Pathogens account for about 15% losses in global food production, and are a major challenge

in breeding resistant crops. Considering that genetic polymorphism is present in phytopatho‐
genic agents and insect populations, changes in the climatic factors are considered to further

influence/modify this polymorphism, causing evolution of aggressive strains or biotypes [3]

that will alter the outcome of host-pathogen interaction. Thus, disease or insect pest outbreaks

are expected to continue to cause food production losses or even worsen by expanding to the

areas they were not prevalent before [4]. This has important implications for the management

options available. Using a combination of options provides certainly more reliability. How‐
ever, in areas where resources are limiting, e.g., the smallholder farming systems in rural Africa

and South East Asia, plant breeders are compelled to make the best use of the diverse disease

and pest resistance alleles existing in cultivated crop gene pools and their wild relatives. Thus,

exploring the mechanisms of resistance regulated by these resistance alleles is required to

enable their exploitation for improving the cultivated elite germplasm that support most of

the rural poor livelihoods.

Plant mechanisms of resistance to various pathogens and insect pests are known to involve an

array of morphological, genetic, biochemical and molecular processes [5]. These mechanisms

may be expressed continuously (constitutively) as preformed resistance, or they may be

inducible and deployed only after attack. Plant success in deploying these resistance mecha‐
nisms is an evolved ability to persist in unfavourable and variable environments [6]. The recent

realization that plant mechanisms of disease/insect resistance or susceptibility are related to

mechanistic animal immunity [7] has significantly reshaped our view of plant immunity. The

identification of plant pattern recognition receptors (PRRs) that sense pathogens‘ or insect

pests‘conserved molecules termed pathogen-associated molecular patterns or herbivore-

associated molecular patterns (PAMPs/MAMPs/HAMPs)—and the subsequent PAMP-

triggered immunity (PTI) [8] is a paradigm for plant-pathogen interaction studies.

On the other hand, the ability of pathogens/insect pests to suppress or evade PTI, as a structural

and functional basis of pathogen survival and evolutionary dynamics in their feeding mech‐
anisms has revitalized research on the so-called ‘gene-for-gene’ effector induced resistance in

plants. It is now clear that effectors are important determinants of pathogens’ ability to evade

the plant’s arsenal targeted towards PAMPs/HAMPs. Effector induced resistance or vertical

resistance, often interchangeably translated in modern terms as effector triggered immunity

(ETI), is the most successful means of controlling pathogens able to evade PTI [6]. ETI engages

a compensatory mechanism within the defense network to transcriptionally coordinate and

boost the defense output against pathogens. ETI mostly relies on the endogenious NB-LRR

protein products encoded by the resistance (R)-genes. Although R gene mediated resistance

is generally not durable, ETI is now effectively deployed through pyramiding of several

resistance (R)-genes in the same cultivar, which increases resistance durability and spectrum.

Another aspect of resistance that has gained significance in plant defence studies is the systemic

acquired resistance (SAR), in which defence proteins accumulate not only at the site of infection
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but also systemically in uninfected tissues and/or plants. SAR provides long-term defense

against a broad-spectrum of pathogens and insects. Another form of induced resistance, which,

in many aspects, is similar to SAR, is induced systemic resistance (ISR). ISR is potentiated by

plant growth promoting rhizobacteria (PGPR), many of them belonging to Pseudomonas

species. Obviously, the sessile nature of plants requires an efficient signalling system capable

of detecting, transporting and interpreting signals produced at the plant-pathogen interface,

and SAR and ISR provide a practical means to confer a fitness advantage to plants in conditions

of high disease pressure, since plants are primed to more quickly and effectively activate their

defences ahead of pathogen/ insect attack. Plants also defend themselves through RNA

interference to target and inactivate invading nucleic acids from viruses, and more recently

fungal pathogens.

These are the aspects that this chapter has addressed to provide background information for

a more detailed discussion of the diverse aspects of plant defence patterns, including qualita‐
tive and quantitative mechanisms and their associated molecular patterns. Although patho‐
genic mechanisms would be interesting to the reader, this chapter does not delve extensively

into this aspect, except to mention it as a consideration in emphasizing certain aspects of plant

resistance. For additional background, the reader is referred to excellent reviews and the

references therein that address plant-pathogen interaction.

2. Plant defence mechanisms in response to pathogens

Plants respond to various pathogens through an intricate and dynamic defence system. The

mechanism of defence has been classified as innate and systemic plant response. The overview

of plant defence response is represented in Figure 1. An innate defence is exhibited by the plant

in two ways, viz., specific (cultivar/pathogen race specific) and non-specific (non-host or

general resistance) [8]. The molecular basis of non-host resistance is not well studied, but

presumably relies on both constitutive barriers and inducible responses that involve a large

array of proteins and other organic molecules produced prior to infection or during pathogen

attack [9, 10]. Constitutive defences include morphological and structural barriers (cell walls,

epidermis layer, trichomes, thorns, etc.), chemical compounds (metabolites, phenolics,

nitrogen compounds, saponins, terpenoids, steroids and glucosinolates), and proteins and

enzymes [11, 12, 199]. These compounds confer tolerance or resistance to biotic stresses by not

only protecting the plant from invasion, but also giving the plant strength and rigidity. The

inducible defences, e.g., the production of toxic chemicals, pathogen-degrading enzymes e.g.,

chitinases and glucanases, and deliberate cell suicide are conservatively used by plants because

of the high energy costs and nutrient requirements associated with their production and

maintenance. These compounds may be present in their biologically active forms or stored as

inactive precursors that are converted to their active forms by host enzymes in response to

pathogen attack or tissue damage. Plant defence strategies involving these compounds can fall

in either category, innate or SAR. Although innate immunity is of greater efficiency and is the

most common form of plant resistance to microbes, both defence strategies depend on the
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Generally, PTI and ETI trigger similar defence responses, but ETI is much faster and quanti‐
]. ETI is often associated with a localized cell death termed the hypersen‐

ability of the plant to distinguish between self and non-self molecules. The molecular bases of

these defence mechanisms are discussed below.

Plant defense mechanisms

Innate resistance Acquired resistance

Non specific, general 

resistance

Specific resistance (cultivar/ 

pathogenic race specificity)

1. Non-host resistance 

(HR; ROS; BAX inhibitor-1;

PEN genes)

2. Basal resistance against bacteria

(Flagellin/FLS2 interaction;

ROS; Antimicrobial compounds)

3. Race non-specific mlo resistance 

and quantitative resistance to fungi 

(Cell wall thickening;

Antimicrobial compounds; ROS) 

4. Resistance to necrosis-inducing

stresses

(High antioxidant capacity)

1. Extreme resistance –

symptomless gene-for-gene resist.

2. Rx-resistance against viruses

without HR

3. Symptomless reaction to rust

pathogens, no visible HR

4. Gene-for-gene resistance 

(ROS; Phytoalexins; Phenol 

oxidation;  Stress proteins)

5. Resistance to pathogen toxins

(Enzymatic detoxification; Lack 

of toxin recept)

6. Gene silencing (Recognition and 

decomposition of foreign RNAs 

with ribonucleases)

Acquired resistance develops 

against a second infection 

“Stress memory”

Accumulation of SA; Stimulated

antioxidants; Gene silencing;

Rhizobacterial induction

Pathogen

Signals (e.g. endogenous/exogenous elicitors 

e.g. Avrs, mechanical stimulation)   

Signal perception by 

PAMP receptors e.g. FLS2

Signal transduction (e.g. MAPK cascades (MPK6), EDS1, SGT1, HSPs)      (H2O2, SA, JA, ET, NO)      

Signal perception 

by R genes

Figure 1. Overview of cellular mechanisms of biotic stress response leading to innate immunity and systemic acquired

resistance. Plant PRRs or R-genes perceive PAMPS/DAMPs and effectors, respectively. Inside the cell, an overlapping

set of downstream immune responses results from the PTI/ETI continuum. This includes the activation of multiple sig‐
naling pathways involving reactive oxygen species (ROS), defense hormones (such as salicylic acid, jasmonic acid and

ethylene), mitogen activated protein kinases (MAPK), and transcription factor families, e.g., AP2/ERF, WRKY, MYB,

bZIP etc. these signals activate either innate response or acquired immune response or both.

3. Innate immunity

Innate immunity in plants is divided into microbial-associated molecular-pattern-triggered

immunity (MTI; also called PTI) and effector-triggered immunity (ETI). In MTI/PTI, innate

immunity is defined by receptors for microbe-associated molecules, conserved mitogen-

associated protein kinase signalling cascades and the production of antimicrobial peptides/

compounds [13]. Recognition of microbes is divided into two branches, one involving slowly

evolving microbial- or pathogen-associated molecular patterns, such as fungal chitin, xylanase

or bacterial flagellin, lipopolysaccharides and peptidoglycans [14], and the other that responds
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to a compromised ‘self’, also called damage-associated molecular patterns (DAMPs) [14, 15].

Both PAMPs and DAMPs are recognized by transmembrane pattern recognition receptors

(PRRs).

A common strategy employed by adapted pathogens is to secrete effector proteins that avoid

or regulate PTI recognition. To counter this stealth afforded by the microbial effectors, plants

have evolved an intracellular surveillance involving polymorphic NB-LRR protein products

encoded by resistance (R) genes, named after their characteristic feature due to the presence

of nucleotide binding (NB) and leucine-rich repeat (LRR) domains [9]. This type of plant

defence is referred to as ETI and is synonymous to pathogen race/host plant cultivar-specific

plant disease resistance [8].

Generally, PTI and ETI trigger similar defence responses, but ETI is much faster and quanti‐
tatively stronger [16]. ETI is often associated with a localized cell death termed the hypersen‐
sitive response (HR) that functions to restrict further spread of microbial attack [9, 17]. Hence,

the important feature of ETI is the ability to sense microbe-mediated modifications inferred

on points of vulnerability in the host, whereas PTI is able to sense infectious-self and non-self.

By guarding against weak points or even setting up decoys to confuse invaders, ETI is an

efficient defence system for more progressed infections [15, 18], whereas PTI is important for

non-host resistance and for basal immunity in susceptible host plant cultivars. In the following

section, we will discuss novel insights and overviews on the dynamics of innate immunity in

plant defence.

3.1. Pathogen- or microbial-associated molecular-pattern (PAMP/MAMP)-triggered
immunity (PTI)

PTI (formerly called basal or horizontal disease resistance) is the first facet of active plant

defence and can be considered as the primary driving force of plant-microbe interactions [19].

As discussed before, PTI involves the recognition of conserved, indispensable microbial

elicitors known as PAMPs by PRRs of either the receptor-like kinase (RLK) or receptor-like

proteins (RLPs) families, which are membranous bound extracellular receptors. RLPs resemble

the extracellular domains of RLKs, but lack the cytosolic signalling domain, whereas RLKs

have both extracellular and intracellular kinase domains [6]. Instances of hetero-oligomeric

complexes between RLKs and RLPs have been reported to occur, and to complement each

other in PAMP detection [8], as will be discussed in the following sections. Examples of RLPs

include the S locus glycoprotein (SLG), CLAVATA2 and Xa21D. RLKs are numerous, and some

examples will also be discussed in the following sections. Despite different configurations,

both RLKs and RLPs receptors contribute to blocking infection before the microbe gains a hold

on the plant.

PAMPs occur throughout the pathogen classes, including bacterial flagellin (flg22) and EF-Tu

(elf18), fungal chitin (CEBiP) and mannans of yeast, xylanase (LeEIX1/2) and Oomycetes’

heptaglucan (HG) [17, 19–21]. The early responses induced by PAMPs occur within minutes

to hours and are varied, ranging from rapid ion fluxes across the plasma membrane, oxidative

burst, activation of mitogen-activated protein kinases (MAPKs) and calcium-dependent

protein kinases (CDPKs) to local induction of defence -related genes or pathogen cell wall/cell
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set of downstream immune responses results from the PTI/ETI continuum. This includes the activation of multiple sig‐



], further sug‐

Oryza longistami‐

membranes lyasing enzymes/peptides, e.g., chitinases, glucanases and defensins (Figure 1)

[22]. Other responses may include production of antimicrobial phytoalexins, plant cell wall

modifications, e.g. deposition of papillae, enriched with (1,3)-β-glucan cell wall polymer,

callose, lignin biosynthesis, or changes in cell wall proteins and pectic polysaccharide struc‐
tures [14, 22, 89, 90, 200]. When the pathogen gains entry and initiates colonization, a concerted

effort of both PTI and ETI may be required to restrict further colonization. In the event that

ETI is not active, PTI could probably contribute to effective plant resistance as much as ETI, if

the capacity to recognize undetected epitopes could be engineered into plants. Some of the

examples of PTI that have been shown to contribute to resistance in plants are discussed in the

following section.

3.1.1. Specific examples of PTI in plants

3.1.1.1. Flagellin-induced resistance

Flagellin constitutes the main building block of bacterial flagellum, and is so far the best

characterized PAMP in plants. A 22 amino acid (flg22) peptide-spanning region in the N-

terminal part of flagellin of Pseudomonas syringae is sufficient to elicit the whole array of typical

immune responses in a broad variety of plants [23]. The PRR responsible for flagellin percep‐
tion in the model plant Arabidopsis thaliana is the leucine-rich repeat receptor-like kinase (LRR-

RLK) FLAGELLIN-SENSING 2 (FLS2). Functional FLS2 homologs have been identified in other

major groups of higher plants, including tomato, grapevine, Nicotiana benthamiana and rice,

suggesting that the receptors for the flg22 epitope of bacterial flagellin are evolutionarily

ancient and conserved [14, 24]. Despite evolutionary conservation, FLS2 proteins from

different plant species, such as tomato flagellin receptor (LeFLS2), grapevine (VvFLS2) and A.

thaliana (AtFLS2), still exhibit different perception specificities to elicitation determinants of

flagellins [24–26]. This suggests that the domains found in FLS may have undergone some

functional innovations that contribute to different perception specificities. Flagellin also seems

to be recognized by other means in certain plant species. For instance, in rice, flg22 epitope

does not allow the activation of PRR, but flagellin induces cell death [26]. Moreover, the

glycosylation status of flagellin proteins is emerging as a determinant of recognizing adapted

and non-adapted bacteria by Solanaceae plants, such as tobacco and tomato [27, 28]. More

recently, another flagellin, flgII-28, was identified in Solanaceae [29], though the corresponding

PRR is yet to be identified. Both flg22 and flgII-28 are physically linked by a stretch of 33 amino

acid residues, suggesting that both molecules are detected by the same receptor, FLS2 [30].

The signalling events triggered in plant cells following flg22 detection include rapid binding

of FLS2 to BAK1 (BRI1-associated kinase 1) by reciprocal transphosphorylation of their kinase

domains [31]. The plasma membrane localized receptor-like cytoplasmic kinase BOTRYTIS-

INDUCED KINASE 1 (BIK1) and related PBS1-LIKE (PBL) kinases associate with FLS2/BAK1

[32]. The complex formed triggers multiple rapid phosphorylation events resulting in BIK1

release. BIK1 plays a central role in conveying signals from not only FLS2 but also other PRRs,

including EFR, CERK1 and the DAMP receptor, PEPR1/PEPR2. The signal transduction

downstream of flg22 perception includes a Ca2+ burst, activation of CDPKs and RbohD required
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for the ROS burst and induction of MAPK cascades. These signalling cascades activate

transcriptional reprogrammers such as the WRKY TFs, which are required for induction of

defence genes [201].

3.1.1.2. Elongation factor (EF-Tu) induced resistance

Elongation factor Tu (EF-Tu) is the most abundant bacterial protein originally isolated from

Escherichia coli, and acts as PAMP in Brassicaceae family members including A. thaliana [33]. The

conserved N-acetylated epitope elf18 (first 18 amino acids of the protein) is sufficient to trigger

defence responses in plants [33, 34]. The shorter peptide, elf12 (first 12 N-terminal amino acids),

comprising the acetyl group, is inactive as an elicitor but acts as a specific antagonist for EF-

Tu–related elicitors. EF-Tu is recognized by the LRR-RLK EF-TU RECEPTOR (EFR) of the same

subfamily (LRRXII) as FLS2 [34]. Interestingly, the ability to perceive elf18 epitope seems

restricted to the plant family Brassicaceae. However, heterologous expression of EFR in the

Solanaceae family, e.g., N. benthamiana and Solanum lycopersicum, makes them more resistant

to a range of phytopathogenic bacteria, suggesting that EFR can be as well used to engineer

broad-spectrum disease resistance in other families [35]. More recently, EFa50 central region

comprising Lys176 to Gly225 was found to be fully active as a PAMP in rice and induced

H2O2 generation and callose deposition [36]. Moreover, AtEFR-transformed rice plants were

shown to be well responsive to the Xanthomonas oryzae derived elf18 peptide by strongly

inducing ROS burst and expression of OsPBZ1 in transgenic cell cultures [37], further sug‐
gesting that EFR confers stable resistance across plant families.

The mechanism of EFR resistance is mediated by heteromeric complex formation. For instance,

in rice, the complex formed between SOMATIC EMBRYOGENESIS RECEPTOR KINASEs

(OsSERK2; an ortholog of BAK1) and XA21 binding protein 24 (XB24) is the most important

component of XA21-mediated defence response. Four SERK co-receptor-like kinases interact

with EFR within seconds to minutes of ligand binding [38], and once the ligand is perceived,

EFR is rapidly phosphorylated, which triggers downstream signal activation, including the

activation and release of BIK1. BIK1 plays a central role in conveying signals, as discussed

before (see discussion on flagellin-induced resistance). Interaction between EFR and SERK also

triggers the activation and release of other members of the cytoplasmic receptor-like kinase

subfamily VII from the complex. Downstream components of these responses include

activation of a RING finger ubiquitin ligase (XB3), MAPKs, the plant-specific ankyrin-repeat

(PANK) containing protein XB25, and WRKY TFs.

Notwithstanding the FLS2 and EFR PRRs identified so far, relatively fewer PRR genes have

been utilized to enhance plant resistance to bacterial pathogens through breeding and

transgenic approaches [37], except a few that have been shown to be better adapted to defence

signalling. The most famous example is that of Xa21 gene transferred from Oryza longistami‐
nata, which confers high resistance to X. oryzae in rice [39]. Heterologous expression of XA21

in Citrus sinensis, Lycopersicon esculentum and banana (Musa sp.) also conferred moderate

resistance to Xanthomonas axonopodis pv. citri and resistance to Ralstonia solanacearum and

Xanthomonas campestris pv. malvacearum in experiments under controlled conditions [40–42].

The tomato RLP Ve1, which recognizes Ave1 from Verticillium dahliae race 1 is another inter-

class example that confers stable resistance when transferred and expressed in Arabidopsis

for use as a model genetic system [43]. Taken together, XA21 and Ve1 are an example of
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Arabidop‐
), sug‐

]. Thus, further research is required to understand mechanis‐

engineered resistance strategy under controlled conditions, despite their taxonomic restric‐
tions. However, more PRRs recognizing conserved molecular signatures in bacteria will need

to be discovered and their complex interaction with the plant’s physiology and metabolism

and the environment understood, if the ambition of improving crop plants through genetic

engineering of broad-spectrum disease resistance by gene transfer is to become more con‐
vincing.

3.1.1.3. Plant perception of PAMPs from fungi and oomycetes

Chitin, a homopolymer of β-(1,4)-linked N-acetylglucosamine (GlcNAc) unit, is a major
constituent of fungal cell walls and is a classical PAMP [17]. Chitin is an ideal point of attack

during plant defence responses since glucosamine polymers are not found in plants. Upon

pathogen contact with the host, plant chitinases (hydrolytic enzymes) break down microbial
chitin polymers. Interestingly, different plants have evolved mechanisms that employ

common factors for chitin perception, and this could be probably the reason for the evolution

of pathogen counter measures, e.g., in the biotrophic fungal pathogen Cladosporium fulvum [44].
In this context, the reaction of tomato with induction of defense-related, signal transduction

and transcription genes to external chitin application supports the role of the described

mechanisms [202].

The first chitin-binding PRR was identified in rice as the lysine motif (LysM)-RLP, and was

named chitin-elicitor binding protein (CEBiP) [45]. CEBiP is a glycoprotein that localizes in the

plasma membrane. Upon chitin binding, CEBiP homodimerizes and forms a hetero-oligomeric

complex with the Chitin Elicitor Receptor Kinase 1 (OsCERK1), the rice ortholog of Arabidopsis
AtCERK1. The binding thus forms a sandwich-type receptor system for chitin as described in

[45, 46]. The mechanism of perception, however, varies between plant species. For example,

AtCERK1 does not seem to employ CEBiP-like LysM-RLPs to induce typical immune responses

such as reactive oxygen species and immune gene expression upon chitin perception [47].

Instead, AtCERK1 binds directly to octamers of chitin, which in turn induce AtCERK1

homodimerization and the resultant immune signalling [48]. Arabidopsis LysM (AtLYM2), the

closest ortholog of AtCEBiP, and the rice LysM RLPs (OsLYP4 and OsLYP6) are also able to

bind chitin [49]. However, it is not clear whether AtLYM2/LYK4 also display the putative

homodimerization induced by chitin perception. Two other orthologs of CEBiP, AtLYM1 and

AtLYM3, which specifically bind PGN, but not chitin, interact with AtCERK1. This indicates

that AtCERK1 is a multifaceted RLK that also forms hetero-oligomeric complexes with ligand-

binding RLPs, probably across different plant families.

Fungal xylanases also function as fungal PAMPs by eliciting defence responses and promoting
necrosis [50, 51]. In tomato, ethylene-inducing xylanases (EIXs) produced by Trichoderma

species are perceived by two specific LRR-RLPs receptors, LeEix1 and LeEix2 [52]. Both

receptors bind Eixs, but oLeEix2 is the primary mediator of defence responses. LeEix1 hetero‐
dimerizes with LeEix2 upon application of the Eixs and attenuates Eix-induced internalization

and the subsequent signalling of the LeEix2 receptor [53]. Microbial xyloglucan-specific
endoglucanases (XEGs) have also been reported to induce plant defences. Fungal XEGs are
inhibited by xyloglucan endoglucanase inhibiting proteins (XEGIPs), which so far have been

characterized in tomato, carrot and tobacco [54, 55].
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Other PRRs that have been identified in plants in response to fungal PAMPs include the

Brassica napus LepR3/Rlm2, for blackleg resistance, which perceives AVRLM1 [56]. In Arabidop‐
sis, Rlm2 interacts with suppressor of BAK1-interacting receptor-like kinase 1 (AtSOBIR1), sug‐
gesting that SOBIR1 is a component of LRR-RLP-mediated resistance against Leptosphaeria

maculans, which is similar to that formed by rice OsCERK1 and Arabidopsis AtCERK1 [57]. The

tomato Cf proteins (Cf2, Cf4 and Cf9) that recognize the corresponding effector proteins (Avr2,

Avr4 and Avr9) secreted by C. fulvum are other PRR-like receptors that were previously

identified. Cf4 interacts with BAK1 in a manner similar to the rice ligand binding and associated

receptor OsSERK/EFR.

Wheat and Arabidopsis RLP1.1 and RLP30 are also involved in antifungal defence, although

the corresponding ligands are unknown so far [58]. Several orphan PAMPs with unknown

PRRs, from fungi or oomycetes that can trigger immune signalling have also been identified,

including fungal ergosterol [59], oomycete arachidonic acid [60], elicitins (INF1) [61], the

transglutaminase-derived immunogenic epitope Pep13 [62], cryptogein [63] and cellulose-

binding elicitor lectin (CBEL) [64]. Thus, further research is required to understand mechanis‐
tically how these orphan PAMPs are involved in PTI.

Taken together, the identification of several potential host plant receptor targets and receptor

complexes, and their stability across plant species and in the field will greatly help to improve

plant protection. Moreover, identification of several potential microbial molecules that act as

PAMPs would increase chances of identifying more potential host plant PRRs for developing

crops with higher resistance or inducible resistance.

3.1.1.4. Plant perception of virus PAMPs

Although viral patterns inducing PTI are well known from animal systems, there is no similar

pattern reported for plants [48]. Instead, plant resistance to viruses is mediated by post-

transcriptional gene silencing of viral RNA or ETI. Nevertheless, infection by compatible

viruses can also induce defence responses similar to PTI. Typical PTI cellular responses in

plant-virus interactions include ion fluxes, ROS production, ethylene, salicylic acid (SA),

MAPK signalling and callose deposition, for review see [65]. Commonly reported genes

associated with PRRs in response to viruses include PEPs that encode longer peptides (ProPEP)

from which small peptides (PEP) are derived. In Arabidopsis, AtPEP interact with two DAMP

PRRs, PEP-receptor 1 (PEPR1) and PEPR2 [66], both of which interact with BAK1 upon

recognition of AtPEP. Thus, BAK1 is important for antiviral defence in Arabidopsis. Indeed, the

bak1 mutants show enhanced susceptibility to three different RNA viruses (TMV-U1, ORMV

and TCV) during compatible interactions [67]. The immune response induced by PEPR-

BAK1 interaction is a classical PTI. Another viral resistance mechanism, which is highly similar

to BAK1 and BAK1-like Kinase 1 (BKK1), is exhibited by the viral nuclear shuttle protein (NSP)-

interacting kinases (NIKs) from leucine-rich repeats containing receptor-like serine/threonine

kinase (LRR-RKs) subfamily [68].

Recent reviews have also suggested that the ribonuclease III-type DICER-like (DCL) enzymes

could be acting as PRRs perceiving viral nucleic acids and triggering immune responses

equivalent to the zig-zag model first layer [66]. The virus-derived molecules (e.g., dsRNAs)
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patterns that are available for recognition only after cell/tissue damage. The striking similari‐

 peptides derived from propeptide (Pro‐

) and rapid alkaliniza‐

R. solanacea‐

wall degrading enzymes and their inhibitors, e.g., polygalacturonases (PGs) and polygalac‐

]. As discussed before, R genes encode proteins of the intracel‐

express‐

act as PAMPs, which trigger PTI and RNA interference (RNAi). However, PTI is typically a

form of innate immunity, whereas RNAi induces a form of adaptive immunity. Thus, it is clear

that a lot remains to be discovered to prove that virus-derived molecules trigger PTI.

3.1.1.5. Plant perception of insect PAMPs

Molecular recognition via ligand-receptor binding phenomena is increasingly becoming

important in insect-plant interactions [69]. As reported earlier, the concept of PAMPS has been

expanded to include herbivore-associated molecular patterns or damaged-self compounds

produced after insect attack [70]. HAMPs isolated and characterized to date include compo‐
nents found in insect oral secretions (proteins, fatty acid-amino acid conjugates (FACs),

sulphur-containing fatty acids, as well as plant-derived molecules generated following insect

herbivory, including degradation products of ATP synthase and cell walls [71, 72]. The insect

oral secretion molecules are released by chewing insects and have been reported to induce ion

imbalances, variations in membrane potential, changes in Ca2+ fluxes and the generation of

reactive oxygen species (ROS), which stimulate downstream signalling events in plants [73].

Ca2+ influx is obviously preceded by the opening of calcium channels, and it is likely that these

channels are associated with plant receptors tuned to insect elicitors. Recently, a mechanism

similar to PTI was reported in Arabidopsis in which LRR-RK BAK1 was shown to contribute

to innate immunity against aphids [69]. Moreover, application of synthetic FACs on wounded

N. attenuate leaves strongly induced MAPK activity, and subsequently wound-induced

modifications in the transcriptome, proteome and defensive secondary metabolites [74, 75].

Insect egg ovipositional fluids have also been shown to induce plant defences [76, 77].

Moreover, insect egg deposition on one leaf could induce volatile emission in the other egg-

free leaves [77], suggesting that SAR could be involved after detection of insect eggs’ associated

molecules. An interesting example was reported in the oviposition by Pieris brassicae, which

triggered SA accumulation and the subsequent induction of PAMP responsive gene expression

associated with lectin-domain RK (LecRK), LecRK-I [78]. Correspondingly, expression of the

defence gene PR-1, which requires EDS1, SID2 and NPR1, was also detected, implicating the

SA pathway downstream of the insect egg recognition.

Another mechanism that is closely related to the PAMP receptors in plant resistance to insects

is the Mi-1 gene in tomato. The induction of Mi-1 confers resistance to Macrosiphum euphor‐
biae [79]. A receptor-like kinase gene OsLecRK in rice, which confers basal resistance to

Nilaparvata lugens, was recently suggested to be a PRR that recognizes molecules secreted by

these insects [80]. A similar mechanism was demonstrated in aphid infestation of Arabidopsis

in which the immune response was apparently triggered by infiltration of aphid saliva [81].

Consistent with this, infiltration of whole aphid extract from M. persicae was reported to

activate PTI-like responses in Arabidopsis [69, 82].

This notwithstanding, the insect HAMP-receptor binding phenomenon that allows plants to

detect insects still remains less clear as to whether these responses are exclusively due to the

specific perception of herbivores or due to different damage patterns or both.
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3.1.1.6. Infection self-perception DAMPs

As discussed before, plants can also sense self-molecules called damage-associated molecular

patterns that are available for recognition only after cell/tissue damage. The striking similari‐
ties of DAMP perception in animals and plants have been reviewed [83]. A perfect example

that was discussed earlier is the Arabidopsis plasma membrane LRR receptor kinase (LRR-RK),

designated PEPR1/PEPR2, which perceives AtPep peptides derived from propeptide (Pro‐
PEPs) encoded by a seven-member multigenic family (Pep1-Pep7). Both PEPR1 and PEPR2

were reported to be transcriptionally induced by wounding, treatment with methyl jasmonate,

Pep peptides and pathogen-associated molecular patterns [64, 84]. Moreover, AtPep perception

is part of a PTI amplification loop and is important for the induction of systemic immunity [85].

In another example, hydroxyproline-containing glycopeptides (HypSys) and rapid alkaliniza‐
tion factor (RALF) peptides have been shown to induce an MAPK cascade in tomato cells [86].

The precursors of HypSys and RALF are constitutively present in the plant cell walls [14].

Microbial proteases or intracellular proteases release these peptides upon cell injury, making

then to act as DAMPs.

Cell wall components derived from the enzymatic activity of highly specific microbial

homogalacturonan (HGA) is another good example of DAMPs [87]. The enhanced production

of oligogalacturonic acid (OGA) fragments from plant cell walls potentially acts as DAMP,

which are perceived by receptors such as RLK THESEUS1 (THE1), ER and WAK1. Plants may

also rely on the recognition of cell wall degrading enzymes (CWDEs) by LRR-RLPs receptors,

e.g., RBPG1 and LeEIX1-2 [88]. A decisive role of the composition and structure of plant cell

wall polysaccharides, specifically of side chains of pectic polysaccharides, in elicitation of plant

defence has also been described in tomato interaction with a bacterial pathogen, R. solanacea‐
rum [89, 90, 203]. Thus, studying the expression of endogenous molecules and microbial cell

wall degrading enzymes and their inhibitors, e.g., polygalacturonases (PGs) and polygalac‐
turonase-inhibiting proteins (PGIPs) [204] is a valuable approach to understanding the

dynamics of plant-pathogen interactions as well as to develop a strategy to improve plant

protection using induced plant endogenous molecules.

3.2. Effector-triggered immunity (ETI)

ETI (formerly called R-gene-mediated or vertical resistance) is based on the highly specific,

direct or indirect interaction of pathogen effectors and the products of plant R genes according

to the gene-for-gene theory [14]. As discussed before, R genes encode proteins of the intracel‐
lular nucleotide-binding leucine-rich repeat (NB-LRR) class [10]. The NB-LRR consist of N-

terminal effector domain, central NB domain and C-terminal LRR domain, which largely vary

in plants [91]. Two major subgroups that have distinct N-terminal domains are generally

recognized: (1) one group with a Toll–interleukin 1 receptor (TIR) domain are called TNLs,

and (2) those with a coiled-coil (CC) domain are called CNLs [92].

In Arabidopsis, the CNLs functionally interact with the glycosylphosphatidylinositol (GPI)

anchored protein—NON-RACE SPECIFIC DISEASE RESISTANCE 1 (NDR1), a positive

regulator of SA accumulation, for signalling [93, 94]. Indeed, an ndr1 mutation compromises

resistance conferred by the CC-NBS-LRR proteins RPS2, RPM1 or RPS5 to P. syringae express‐
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β

-induced phosphor‐

ing the avirulence effectors avrRpt2, avrB and avrRpm1, or avrPph3, respectively [95]. In

contrast, multiple TNLs functionally associate with ENHANCED DISEASE SUCEPTIBILITY

1 (EDS1) and PHYTOALEXIN DEFICIENT 4 (PAD4) for signalling. For instance, resistance

conferred by the TIR–NBS–LRR protein RPS4, which recognizes avrRps4 in P. syringae is

compromised in eds1 mutants [96]. However, resistance mediated by some R genes is inde‐
pendent of EDS1/PAD4 and NDR1 or require additional co-activating proteins, suggesting

existence of additional components for signal transmission during plant-pathogen interaction.

Some of the regulatory components functionally associated with R genes for an effective HR

mediated resistance include RAR1 (required for Mla12 resistance) and SGT1 (suppressor of the

G2 allele of skp1) proteins [97]. RAR1 interacts with the N-terminal half of HSP90 that contains

the ATPase domain. HSP90 also specifically interacts with SGT1 that contains a tetratricopep‐
tide repeat motif and a domain with similarity to the co-chaperone p23 [98]. These observations

suggest that R proteins require several co-activating proteins, although distinct downstream

signalling pathways could be involved. There are also some NLRs containing N terminus other

than the classical TIR and CC, either because their protein structures are not validated or due

to lack of significant homology; they are referred to as non-TIR-type NLRs (nTNLs) or

generally referred to as NLRs. Further work on non-sequenced genomes is likely to expand

the number of NLRs, and probably refine functional difference associated with NLR reper‐
toires.

Regardless of the NLR class, NB-ARC domain is the core nucleotide-binding fold in NB-LRR

proteins. Four distinct subdomains constitute the NB-ARC domain, including nucleotide-

binding (NB) fold and ARC1, -2 and -3 subdomains. ARC1 is a four-helix bundle, ARC2 is a

winged-helix fold and ARC3 is a helical bundle [99]. ARC1 and ARC2 are conserved in

Caenorhabditis elegans CED-4, and plant NB-LRR R proteins, whereas ARC3 is absent [99].

Throughout the NB-ARC domain in R proteins, numerous conserved motifs (e.g., hhGRExE,

Walker A or P-loop, Walker B, GxP, RNBS-A to D and MHD) have been reported [100]. A

mutation in these conserved motifs has shown their functional importance in the NB-LRR

proteins [101], and is apparently a critical factor determining R gene functional effector

recognition pattern differences. Generally, pathogen effector recognition by NLR and NLR

expression are broadly characterized into (1) direct NLR-Effector interaction or (2) indirect

NLR indirect surveillance of effector activities.

3.2.1. Direct NLR-effector interaction

NLRs maintain an ADP-binding inactive state in the absence of effectors. The binding of

effectors induces conformational changes in NLRs, which allow ADP/ATP exchange. Conse‐
quently, the exchange of nucleotides triggers a second conformational change that activates

the NB-LRRs’ N-terminus (TIR or CC) to interact with and trigger downstream target processes

[102]. However, there is no substantial evidence on direct NLR-effector interaction that

underlies resistance specificity in the NLR-effector combinations, apart from the yeast two-

hybrid (Y2H) and in vitro interaction assays [103, 104]. A few examples that attempt to show

the NLR-effector interaction include the Arabidopsis NLR RPP1 recognition of the oomycete

effector ATR1 leading to Hyaloperonospora arabidopsidis (Hpa) resistance [104]. Both the RPP1
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receptor and ATR1 alleles from Hpa strains can be diverse. This diversity contributes to a

spectrum of resistance phenotypes and effectors. For instance, the recognition specificity of

RPP1-WsB (from the Wassilewskija ecotype) and RPP1-NdA (from the Niederzenz ecotype)

vary. The RPP1-NdA recognizes a small subset of the ATR1 alleles recognized by RPP1-WsB,

while the RPP1-WsB associates with the cognate Hpa effector protein, Atr1, through its LRR

domain in a recognition-specific manner [105]. Another example is the Arabidopsis NLR

RRS1, a domain with sequence similarity to WRKY TFs, positioned after the LRR. The cognate

effectors AvrRps4 and PopP2 directly interact with this WRKY-like domain to activate the

downstream resistance components [106].

Together, the different R proteins have functional domains that can occupy different positions

in NLRs. The functional domain positioning differences could be the reason behind several R

genes that have been identified in plants. For instance, in rice more than 100 NLRs encoding

genes have been described to confer resistance to strains of Magnaporthe oryzae [107]. However,

only few R proteins encoded by these genes have been characterized, which limits their

deployment. A well-known structure for the recognition of M. oryzae effectors is that of AVR-

Piz-t, which adopts a six-stranded β-sandwich structure and contains a single disulphide bond

[108]. The AVR-Pia and AVR1-CO39 have also been reported to be recognized by the R GENE

ANALOGs (RGA4/RGA5) NLR pair [109, 110] through direct binding to a Heavy-Metal

Associated domain (HMA; also known as RATX1) integrated into RGA5 after the LRR position.

RGA4/RGA5 physically interact to prevent cell death mediated by RGA4 in the absence of AVR-

Pia; the presence of the effector relieves this suppression, and induces cell death response, a

mechanism that could also be described as indirect NLR surveilance. More recently, Maqbool

et al. [111] also found that recognition of AVR-Pik by Pik is by direct binding to the HMA domain

of Pik-1. However, the positioning of the HMA domain between the CC and NB-ARC region

of Pik-1 and after the LRR in RGA5 is a striking difference between Pik-1 and RGA5. These

conformational changes underlying direct effector binding could be causing immunity-related

signalling differences. However, the intra- and/or inter-molecular complexes mediating

output may be conserved [111].

3.2.2. Indirect NLR surveillance of effector activities

During indirect recognition, the NLR guards the host protein by recognizing (monitoring) the

modifications caused by the pathogen effector on the guarded protein [10]. The guarded

protein can either be the actual effector virulence target or a decoy inviting modification by

the pathogen. An example of the indirect recognition of effectors by NLRs was demonstrated

in the conserved Arabidopsis protein RPM1-interacting protein 4 (RIN4). RIN4 is targeted by

multiple bacterial effectors, e.g., AvrRpt2, AvrRpm1 and AvrB, and is monitored for effector-

induced modification by two plasma membrane CNL receptors, RPM1 (resistance to P.

syringae pv. maculicola 1) and RPS2 (resistance to P. syringae 2) [112]. AvrB-induced phosphor‐
ylation and cis/trans isomerization coupled with conformational changes in RIN4 are sensed

by RPM1 to activate immune signalling [112, 113]. AvrRpt2, being a cysteine protease, cleaves

RIN4 and induces RIN4 degradation. In the absence of RPM1 and RPS2, RIN4 acts as a negative

regulator of basal resistance, and in that capacity appears to be targeted for manipulation by

multiple bacterial effectors [114].
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The functioning of NLRs as genetically tightly linked pairs to deliver disease resistance was

also recently reported [115]. Moreover, Williams et al. [116] demonstrated, by coupling crystal

structure and functional analyses, that RPS4 and RESISTANT TO RALSTONIA SOLANACEA‐
RUM 1 (RRS1) TIR domains form homo- and hetero-dimers through a common conserved

interface that includes a core serine-histidine (SH) motif. Transient expression assays in

tobacco revealed that the RPS4 TIR domain triggers an effector-independent cell death, which

is dependent on the SH motif. Co-expression of the RRS1 TIR domain and RPS4 TIR impedes

the auto-active cell death caused by RPS4 TIR, and this was found to be dependent on the RRS1

SH motif. This suggests that an inactive RRS1/RPS4 TIR hetero-dimer and the formation of an

active RPS4 TIR homo-dimer compete to modulate signalling. As discussed before, Cesari et

al. [109] investigated the mode of action of RGA 4 and 5 that associate through their coiled-coil

domains. RGA4 and RGA5 are tightly linked rice CC-NLRs, which functionally interact to

modulate resistance to the rice pathogen M. oryzae. RGA5 modulates an effector independent

cell death constitutively induced by RGA4 signalling. RGA5 domain on the C-terminus has a

heavy-metal-associated domain, which is related to the cytoplasmic copper chaperone ATX1

from Saccharomyces cerevisiae (RATX1 domain). This domain is an AVR-Pia effector interacting

domain in RGA5. Thus, the formation of the RGA4/RGA5 hetero-complex is crucial to regulate

RGA4 activity in the absence of pathogen in rice. Hence, RGA4 acts as a signalling component

regulated by its interaction with RGA5 that acts both as a repressor and a receptor that directly

binds the AVR-Pia proteins. The apparent striking similarity between the RPS4/RRS1 and the

RGA4/RGA5 functional models suggests that similarities are likely to be frequent between the

different R genes present in dicots and monocots.

3.2.3. Patterns of NLRs signalling in plant defence

Most NLRs respond to the presence of proteins (effectors) delivered by adapted pathogens/

parasites. Using suppressor screens, Gabriels et al. [117], identified NRC1 (NLR protein required

for HR-associated cell death 1) as a component of fungal resistance modulated by the tomato

plasma membrane receptor-like resistance protein Cf-4 (C. fulvum 4). NRC1 mediates resistance

and cell death induced by both membrane receptors and intracellular NLRs. This indicates

that NRC1 is probably a downstream convergence point in ETI initiated at various cell

locations. Indeed, silencing of NRC1 in N. benthamiana impairs the HR mediated by several

other R proteins including two NLRs, Rx and Mi. Members of a conserved class of non-

canonical CNLs also function in ETI, downstream of NLR effector recognition and have been

designated as helper NLRs [118]. Characterization of these non-canonical CNLs is required in

order to track their interaction networks.

The downstream components of ETI signalling events partially overlap with PTI response,

including activation of MAPK cascade and activation of TFs such as WRKYs [119]. In Arabi‐
dopsis, three CNLs—activated disease resistance 1 (ADR1), ADR1-L1 and ADR1-L2—transduce

signals that lead to SA accumulation and induction of downstream WRKYs modulated

resistance [118]. In rice, the CNL receptor, panicle blast 1 (Pb1), also appears to mediate

resistance against rice blast in a mechanism involving interaction with WRKY45, a TF involved

in induced resistance via SA signalling pathway [120]. Some CNLs directly translocate or
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localize in the nucleus to activate defence [121], e.g., barley mildew A 10 (MLA10) and Arabi‐
dopsis RPS4 and RPS6. In the nucleus, MLA10 interacts with Hordeum vulgare (Hv)

WRKY1/2, which are suppressors of basal defence, during incompatible interaction with

powdery mildew fungus. A CNL designated as MLA1, also from barley, functions in Arabi‐
dopsis against Blumeria graminis f. sp. hordei (Bgh) [122]. The MLA1-triggered immunity,

including host cell death response and disease resistance, is fully retained in Arabidopsis

mutant plants that are simultaneously impaired in well-characterized defence-phytohormone

pathways (ET, JA and SA). Similar to MLA1, co-acting Arabidopsis TNL pair, RPS4 and RRS1

(which encodes a WRKY DNA binding domain), confers resistance in cucumber, N. benthami‐
ana, and tomato [122].

Another example supporting our understanding of the NLR nuclear activity is the interaction

of N immune receptor with the TF SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 6

(SPL6) in N. benthamiana [123]. The N immune receptor is present in the nucleus, and confers

resistance to tobacco mosaic virus (TMV) infection. N receptor associates with SPL6 at the sub-

nuclear bodies only when the cognate effector, p50, is present in the cell. A genetic requirement

for SPL6 was not only shown in N. benthamiana for N-mediated disease resistance using the

yeast two-hybrid system, but also in A. thaliana for RPS4 immune receptor mediated defence

against P. syringae pv. tomato expressing AvrRps4 effector. Moreover, a number of RPS4-

mediated defence responsive genes were differentially regulated upon AtSPL6 silencing,

including some of the previously characterized defence responsive genes such as PAD4, PR1,

ALD1, AIG1, NUDT6 and FMO1. Additional evidence has been shown in Arabidopsis RPW8

resistance protein, which encodes truncated CNL-like proteins conferring resistance to

powdery mildews in N. tabacum and N. benthamiana as in Arabidopsis. RPW8 requires SA,

EDS1, NPR1 and PAD4 to be effective. The functional role of RPW8 is typically similar to a

TNL ADR1, a close homolog of N Requirement Gene 1 (NRG1), which functions in and beyond

innate immunity [124]. These findings present a unique opportunity to further understand

how effector-activated immune receptors directly associate with TFs in the nucleus to activate

immune responses. Overall, a resistance signalling framework appears to have emerged for

plants in which certain specificity-determining (sensor) NLRs initiate the immune response

and either auto-activate and contribute to defence or compliment with other signalling NLRs

to contribute to defence by conveying or amplifying the signal.

4. Phytohormones in plant defence response to pathogens and insects

Plant defence against pathogen/herbivore attack involves many signal transduction pathways

that are mediated by a network of phytohormones. Phytohormones also play a critical role in

regulating plant growth and development. Three most reported plant defence response

phytohormones against pathogens/insects include salicylic acid (SA), jasmonic acid (JA) and

ethylene (ET) [125]. Salicylic acid, a benzoic acid derivative, is an extensively studied important

phytohormone in the regulation of plant defence [13]. In Arabidopsis, activation of the SA

pathway has been shown to be important in both basal and R gene mediated biotrophic and

hemibiotrophic pathogen defence [126, 127]. As discussed before, NDR1 and EDS1 act
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upstream of SA, while the downstream pathway is modulated by NONEXPRESSOR OF PR

GENES 1 (NPR1), and WRKY45 in rice. NPR1 is a transcriptional co-activator of a large set of

defence-related genes downstream of SA, and it can conditionally regulate PDF1.2 expression

following treatment of plants with SA and MeJA [128]. SA also contributes to the HR-associated

resistance via mechanisms that interact with RBOHD, a catalyst in ROS generation and cell

death [128]. In tobacco, SA significantly increases in resistant plants infected with TMV [129].

A similar response was observed in Ny-1-resistant potatoes after infection with Potato virus

Y (PVY) [130].

In response to insect attack, SA regulates plant defence signalling against aphids by modulat‐
ing the activity of PAD4. Indeed, pad4 mutants, with compromised SA signalling, have

increased susceptibility to Myzus persicae. Correspondingly, there is a correlation between pad4

susceptibility and a delay in aphid-induced senescence [131], indicating that SA defence

pathways are compromised in pad4 mutants. Basal SA defences have also been shown to

decrease M. euphorbiae longevity in tomato. Moreover, SA is necessary for Mi1.2-mediated

resistance to potato aphids [132]. SA is also a key derivative of SAR in plants. SAR is a ‘whole-

plant’ broad-spectrum resistance response that occurs following an earlier localized exposure

to a pathogen [133]. It is well known that ETI can trigger SAR through both local and systemic

synthesis of SA, resulting in transcriptional reprogramming of a battery of genes encoding PR

proteins [133, 134]. The reports published so far point to different compounds as potential SAR

signals [135]. A change in amino acid homeostasis is one of the suggested components in SAR

mediated by ETI [136]. Moreover, amino acids have been reported to be precursors of a large

array of plant secondary metabolites involved in defence, including signal SA, cell wall

components and anthocyanins. Further evidence on the involvement of amino acid homeo‐
stasis in plant defence was reported in Arabidopsis agd2-like defence response protein 1 (ald1)

mutants. Characterization of the Arabidopsis ald1 suggested that an amino acid–derived

defence signal was generated upstream of SA synthesis [135]. These findings reveal that plants

likely employ amino acids and their derivatives to rapidly reprogram SA synthesis and cellular

transcription in order to cope with pathogen invasion, even though it appears to be at the

expense of growth and development.

SA also interacts with other phytohormones either synergistically or antagonistically [137–

138]. There is an obvious cross-talk between JA and SA signalling pathways in pepper to

control thionin synthesis as part of the PR response and other defence pathways [139]. Other

synergistic examples include the treatment of N. benthamiana plants with JA or SA, which was

shown to enhance systemic resistance to TMV [140]; Ellis et al. [141] have also shown that SA-

and JA-signalling pathways are required to accomplish the defence response necessary to avert

pathogen attack. More recently, Arabidopsis mutants with constitutive SA responses were

reported to require JA and ethylene signalling for SA mediated resistance [142]. A dominant

mutant named suppressor of SA insensitivity (ssi1), which has constitutive expression of PR genes

and is resistant to P. syringae, was also shown to constitutively express PDF1.2 and accumulate

elevated levels of SA [143]. Although this finding may be intriguing, because SA does not

normally induce PDF1.2 in wild-type plants, it suggests the existence of an intricate signalling

network involving SA and JA. Another mutant named constitutive PR 5 (cpr5) was shown to
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have SA-mediated NPR1-independent resistance, which apparently required components of

the JA and ET signal pathways [144]. The pre-treatment of plants with JA followed by SA was

also shown to remarkably enhance resistance more than otherwise. Moreover, plants impaired

in the JA pathway fail to accumulate SA in the leaves or phloem and become highly susceptible

to TMV [145]. Conversely, impairing the SA pathway does not affect JA levels, although

increased susceptibility is observed [141, 146]. During infection by the pathogen P. syringae pv.

tomato (Pst) DC3000/AvrRpm1, JA as a systemic signal for SAR, increases significantly 6 hours

after infection and returns to normal 11 hours after infection [147], which suggests that JA may

be transiently required for SA accumulation. Further evidence indicates that SAR is compro‐
mised in JA-insensitive mutants, sgt1b/jai4, opr3 (JA-biosynthesis mutant) and jin1 (JA-

response mutant). The JA-biosynthesis mutants dde2 and opr3 as well as the downstream

signalling mutants coi1, jar1 and jin1, though intact in SAR, partially require JA biosynthesis

for an effective resistance response [148]. Thus, it is possible that JA probably modulates early

components of the SA biosynthetic or signalling pathway. However, it seems likely that the

synergistic mechanisms may require not only SA and JA, but also ethylene [149, 150], consid‐
ering that cpr5 phenotype is suppressed by the ethylene-insensitive (ein2) mutation.

The negative crosstalk between SA and JA/ET pathways is probably modulated by TGA1A-

RELATED GENE (TGA) factors. TGA class of bZIP TFs are repressed by plant-specific gluta‐
redoxins (e.g., ROXY19), which are in turn induced by SA. Co-expression of ROXY19 with

OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF-domain protein 59 (ORA59) and

ETHYLENE INSENSITVE 3 (EIN3) complex suppresses ORA59 promoter activity. Moreover,

a study by Van der Does et al. [137] indicated that SA negatively regulates ORA59 protein

accumulation in 35S:ORA59-GFP overexpressing plants. ORA59 is a transcriptional regulator

of JA/ET-induced defence genes and is activated by either JA or ET and suppressed by SA.

More recently, TGA2, TGA5 and TGA6 were shown to activate the SA-suppression of ET-

inducible defence by regulating ORA59 expression [150]. This suggests that SA-suppresses JA/

ET-inducible defence by interfering with ORA59 activity through regulation of ROXY-TGA

interaction. Conversely, evidence of SA positive regulation of ET was proposed by Guan et al.

[151]. These authors have shown that in Arabidopsis, SA modules ET by potentiating MITO‐
GEN-ACTIVATED PROTEIN KINASE6 (MPK6) and MPK3, and involves two 1-aminocyclo‐
propane-1-carboxylic acid synthase (ACS; ACS2 and ACS6) isoforms, which are downstream

components o MPK signalling pathway. This finding adds another level of complexity to the

phytohormones regulatory network and will probably require further elucidation on how this

pathway differs from the ORA59 regulated pathway.

On the other hand, most ET dependent defenses are positively modulated by JA. The

JASMONATE ZIM-DOMAIN (JAZ) protein, which directly binds EIN3/EIL1 and recruits

HISTONE DEACETYLASE 6 (HDA6) to repress ET responsive transcription, is repressed in

the presence of JA. Thus, accumulation of JA degrades JAZ and allows the binding of EIN3 to

the ERF1 promoter resulting in the transcription of ERF1 [142, 152]. EIN3 also directly activates

the promoter of ORA59 that regulates JA/ET-activated defence pathway. Studies on microarray

analysis of Arabidopsis plants infected with Alternaria brassicicola revealed that nearly half of

the genes induced by ET are also induced by JA [153]. This was substantiated by Lorenzo et
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al. [154] who reported that JA and ET pathways indeed converge in the transcriptional

activation of ERF1, which encodes a TF that regulates the expression of pathogen response

genes. ERF TFs have been reported to exhibit different regulatory roles depending on the

species. For instance, in wheat ERF gene TaPIEP1/TaPIE1, which belongs to the B3 subgroup

within the ERF subfamily, confers enhanced resistance to the fungal pathogens, Bipolaris

sorokiniana and R. cerealis, when overexpressed in transgenic wheat [155], whereas in cotton

GhERF of group IX, which includes ORA59, confer resistance to Xanthomonas campestris pv.

malvacearum. Because ERF1 integrates signals from the JA and ET defence signalling pathways,

the constitutive expression of ERF family members activates the expression of several JA/ET-

dependent defence genes and induces resistance against necrotrophic pathogens. For instance,

expression of several PR genes which confer resistance against several necrotrophs (e.g., PR3

and PR5d and PDF1.2) is modulated by ERFs. These defence genes possess a GCC box in their

promoters, which is a direct target for the action of ERFs [156].

Although ET has been shown to regulate plant defence responses against fungi and bacteria,

ET is probably not essential in plant resistance against viruses. Recently, 1-aminocyclopro‐
pane-1- carboxylic acid (ACC) was shown to enhance TMVcg accumulation in treated plants

[157], which increased susceptibility, suggesting that ET is required for viral infection.

Other phytohormones, such as ABA, gibberellins (GBs), auxins, brassinosteroids and cytoki‐
nins (CKs), have recently emerged as defence regulators [158]. ABA, a sesquiterpene com‐
pound resulting from the cleavage of γ-carotene, regulates numerous developmental

processes and adaptive stress responses in plants. ABA can positively regulate plant defence

at the early stages of infection by mediating stomatal closure against invaders, or inducing

callose deposition if the pathogen evades the first line of defence [159]. If activated at later

stages, ABA can suppress ROS induction and SA or JA signal transduction, thereby negating

defences controlled by these two pathways [160].

Cytokinins promote cell division, and are known to play a role in the synthesis and mainte‐
nance of chlorophyll and chloroplast development and metabolism. CKs are also involved in

the modulation of defence mechanisms, including the induction of resistance against viruses

[161, 162], but are known to suppress HR [163]. Cytokinins can however act synergistically

with SA signalling [164]. CKs activate the transcriptional regulator ARABIDOPSIS RESPONSE

REGULATOR 2 (ARR2), which positively modulates SA signalling by interacting with the SA-

responsive factor TGA3 [165]. TGA3 induces the binding of ARR2 to the promoters of PR-1 and

PR-2 to induce cytokinin-dependent gene transcription. Correspondingly, the npr1-1 or NahG

mutants fail to modulate the induction of ARR2 when treated with CK, indicating that CK

modulates signaling components downstream of SA. Moreover, increased transcription of

genes involved in SA-biosynthesis and signalling (e.g., SID1, SID2, PR-1 and PR-5) is observed

in ARR2 over-expressing mutants challenged with P. syringae pv. tomato (Pst DC3000). Thus,

CKs synergistically interacts not only with the SA signaling pathway to boost SA dependent

induction of plant defence genes but also modulates SA biosynthesis. Cytokinins have also

been shown to enhance the production of two antimicrobial phytoalexins, scopoletin and

capsidiol in tobacco plants challenged with P. syringae pv. tabaci (Pst) independent of SA

signalling [166]. Moreover, cytokinins induce the expression of cell wall invertase, a key
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sucrose cleaving enzyme required for carbohydrates supply through an apoplasmic pathway

[167]. Invertase is required for plant defence against pathogens, including Pst. The glucose

target of rapamycin (TOR) signalling pathway involved in autophagy apparently modulates

the transcriptional dynamics associated with cytokinin-invertase-induced defence pathway

by providing the required energy, metabolites and the cell cycle machinery required for

cytokinin signal transduction [168]. The link between autophagy and cytokinin signalling was

previously suggested [169], but the cytokinin-induced defence system in this interplay is

probably a protective mechanism to maintain plant growth and proliferation despite pathogen

challenge [170].

Brassinosteroids (BRs) are a class of polyhydroxysteroids that affect many cellular processes

including elongation, proliferation, differentiation, membrane polarization and proton

pumping [171]. BRs are increasingly becoming important in plant defence against pathogens.

The mechanism underlying BR signalling involves the direct binding of BRs such as BL and

castasterone to the LRR-RLK (BRI1). This interaction is reported to unlock BRI1 from the

negative regulator BKI1, followed by heterodimerization of BRI1 with a co-receptor BAK1 and

phosphorylation of the BRI1-interacting signalling kinase (BSK1). Other events include the

activation of the protein phosphatase BSU1. These biochemical changes inhibit the shaggy-like

kinase BIN2, which culminates into the activation of the homologous TFs, BZR1 and BES1/

BZR2 [172]. These TFs translocate to the nucleus, interact with BR-responsive promoters, and

cause transcriptional changes that eventually lead to defence response. BRs have been

demonstrated to enhance plant defence against pathogens. In potato, BRs have been shown to

be effective against viral infection from the starting planting materials to the second tuber

generation [173]. Furthermore, application of BRs on tobacco plants decreases TMV viral load

and restricts infection by other biotrophs [174]. The same authors reported that BAK1 is

essential for plant basal immunity during compatible interactions with RNA viruses. The BAK1

mutants, bak1-4 and bak1-5, accumulate turnip crinkle virus (TCV), oilseed rape mosaic virus

(ORMV) and TMV to higher levels compared to the WT plants [174]. Thus, BAK1 could

probably be a general regulator of plant defence against biotrophs and hemibiotrophs. BRs

have also been reported to interact with other phytohormones, such as GA and auxins, but

independent of SA [175]. For details on auxin- and cytokinin-modulated immunity, and

GA/BR interaction, the reader is referred to excellent reviews [176, 177]. Furthermore, details

on the interaction of BRs and SA, including their effect on SAR marker genes (e.g., PR-1, PR-2

and PR-5) can be found in [178].

Taken together, the intricate cross-talk among hormones to cooperate with other signals and

to coordinate appropriate induction of defences against pathogens and/or insect pests depends

on the pathogen type, physiological stage and environmental and probably circadian regula‐
tions.

5. RNAi-mediated plant defence

RNA interference or silencing is one of the emergent crop improvement strategies that involve

sequence-specific gene regulation by small non-coding RNAs, which mainly belong to two
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 (PPV) are other examples docu‐

the whole genomic regions has already shown promise in the development of special popu‐

categories, i.e., small interfering RNA (siRNA) and microRNA (miRNA). Though these sRNAs

differ in biogenesis [179], both regulate the target gene repression through ribonucleoprotein

silencing complexes. Plant RNA silencing involves four basic steps, which include introduction

of double-stranded RNA (dsRNA) into the cell, processing of dsRNA into 18–25-nt small RNA

(sRNA), sRNA 2-O-methylation and sRNA incorporation into effector complexes that interact

with target RNA or DNA [180]. The formation of RNA-induced silencing complex (RISC) and

its incorporation into the antisense strand of siRNAs, which interacts with Argonaute and

other effector proteins, precedes the cleavage of the target mRNA. For details about the

formation of RISC and cleavage of the target mRNA, the reader is referred to comprehensive

reviews [179, 181]. For sRNA to meet the target mRNA, it has to move from the point of

initiation to the target. Thus, two main movement categories include cell-to-cell (short-range;

symplastic movement through the plasmodesmata) and systemic (long-range; through the

vascular phloem) movement. These mobile silencing strategies use sRNAs to target mRNA in

a nucleotide sequence specific manner. By use of fluorescently labelled 21 and 24-nt siRNAs,

Dunoyer et al. [182] demonstrated the movement of siRNAs from cell to cell and over long

distances. Such systematic movements enhance systemic silencing of viruses as reported in N.

benthamiana [183]. Similar systemic movements have been reported in the phloem sap of oilseed

rape [184] and pumpkin [185]. Endogenous 21-nt miRNAs (miR399) were also reported to be

mobile within the roots [186], and between shoots and roots of rapeseed and pumpkin [187].

Thus, sRNAs can be targeted to most active plant tissues, with transcription activity, to achieve

a desirable consequence.

Several RNAi strategies have shown success in plant improvement against biotic stresses.

Arabidopsis miR393 was the first sRNA implicated in bacterial PTI [188], and enhanced miR393

accumulation was found during sRNA profiling in Arabidopsis challenged with Pst [189]. The

mechanism of miR393-induced resistance involves repression of auxin signalling by negatively

regulating the F-box auxin receptors like transport inhibitor response 1 (TIR1). This process

restricts Pst infection, and, indeed, plants overexpressing miR393 exhibit effective resistance

against Pst [188].

RNAi in plant resistance to fungi has also shown promise. For instance, RNAi-mediated

suppression of a rice gene OsSSI2 enhances resistance towards M. oryzae and X. oryzae [189].

Moreover, RNAi suppression of OsFAD7 and OsFAD8, the two genes encoding for Ω-3 fatty

acid desaturase, also enhances resistance against M. oryzae [190]. RNAi targeting of lignin

production pathway genes aimed at reducing lignin content has also been shown to enhance

resistance against Sclerotinia sclerotiorum in soybean [191]. Increased resistance to Blumeria

graminis f. sp. tritici in wheat was also demonstrated through RNAi using 24 miRNAs [192].

Nevertheless, the performance of these approaches under environmental conditions has often

been unsatisfactory and environmental influences in expression of resistance often remain

unpredictable [205].

In response to virus infection, several cases have shown successful crop improvement. For

instance, resistance to African Cassava Mosaic Virus (CMV) was achieved in transgenic cassava

plants producing dsRNA against PSTVd sequences [193]. A similar strategy was successful in

transgenic tomato resistance against Potato Spindle Tuber Viroid (PSTVd) [194]. RNAi targeting
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of the virus coat protein has also been successfully engineered into plants to induce resistance

against viruses. For instance, transgenic tobacco plants expressing the CP gene of TMV are

resistant to TMV. The resistance of N. benthamiana to Cucumber Green Mottle Mosaic Virus

(CGMMV); and that of Prunus domestica to Plum Pox virus (PPV) are other examples docu‐
mented; for review see [179].

In functional biology studies, virus-induced gene silencing (VIGS) has emerged to be one of

the most powerful RNA-mediated post-transcriptional gene silencing (PTGS), not only in plant

protection against viruses, but also for gene knockouts in functional genomic studies [195, 196].

Although RNAi has the potential to contribute to increased crop productivity, by generating

crops with improved resistance against pests and diseases, it would be even better if interaction

between sRNAs and their targets is validated in several backgrounds. This would provide

valuable insight into mechanisms of post-transcriptional gene regulation and multiple

molecular pathways controlling plant stress responses. However, the danger of unintentional

silencing of genes with regions of homology to the intended target, and target mutations

leading to easier escape from miRNA-directed silencing are still ethical issues. Certain

biosafety concerns on the use of RNAi transgenics, especially transcriptional gene silencing by

chromatin modification is even a more sensitive and contentious issue, as it is rumoured to

lead to hereditary changes associated with adverse effects. Thus, the underlying mechanisms

associated with RNAi require further investigations using well-controlled experiments.

6. Modern approaches for improving biotic stress tolerance in plants

Conventional breeding methods still play an important role in the selection of new varieties.

However, emerging tools in biotechnology are much needed to maximize the probability of

success. One area of biotechnology, molecular marker assisted breeding (MAB), has already

made significant impact in improving efficiency of conventional breeding. There are, however,

major gaps in the improvement of traits controlled by a large number of small effects, epistatic

QTLs displaying significant genotype × environment (G × E) interactions. Thus, accurate

indirect selections based on genomic tools that have emerged over the last few decades are

continuously being employed to improve the breeding efficiency for such traits. The advantage

is that, to date, the genome sequences for more than 55 plant species have been produced and

many more are being sequenced [197]. The genome sequence information available enables

the identification and development of genomewide markers. Availability of markers covering

the whole genomic regions has already shown promise in the development of special popu‐
lations, such as recombinant inbred lines (RILs), near isogenic lines (NILs), introgression lines

(ILs) or chromosome segment substitution lines (CSSLs). Recently, heterogeneous inbred

family (HIFs) and multi-parent advanced generation inter-cross (MAGIC) populations, which

can serve the dual purpose of permanent mapping populations for precise QTL mapping and

for direct or indirect use in variety development, have shown promise in plant breeding. Also,

genomewide association (GWA) analysis has been successfully applied to rice, maize, barley,

wheat, sesame and other plants. GWA has also been adapted to the “breeding by design”
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methods. Although there are shortcomings, including errors introduced during NGS proce‐

sequenced markers, and 10–20% bulk size, most QTLs can be identified within two genera‐

approach, often referred to as genome selection (Figure 2), which predicts the outcome of a set

of crosses on the basis of molecular markers information.

Recently, a combination of different approaches has been used to develop new rice cultivars

referred to as ‘Green Super Rice’, possessing resistance to multiple insects and diseases, high

nutrient efficiency and drought resistance. If fully exploited, the integration of a similar

approach with breeding by design or genome selection would help to design new plant types

with not only a few selected major loci, but nearly all the functional loci of the genome

controlling key desirable traits in commercial cultivars.

Expression studies also present a major area of interest for breeders. Among them, the NGS

technologies have become the mainstay of studying complex traits, as direct sequencing of

genomes and comparison with reference sequences is increasingly becoming more feasible.

Re-sequencing has been performed for model species, e.g., Arabidopsis, to understand the

whole genome sequence variation, and ultimately discover single nucleotide polymorphisms

(SNPs). Similar re-sequencing efforts have been applied in rice, maize, soybean, grape and

poplar. Combining re-sequencing with the recent developments in omic biology, including

Figure 2. Principle of genomic selection. Two steps are involved; developing a training population to provide pheno‐
typic and genotypic data; effects are estimated for all molecular markers. The second step involves genotyping untest‐
ed populations and selecting superior genotypes based on their expected phenotypes according to the estimates

obtained from the marker effects on the training population (bottom).
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transcriptomics, proteomics, metabolomics, epigenetics and physiological and biochemical

methods (Figure 3) will remarkably provide novel possibilities to understand the biology of

plants and consequently to precisely develop stress tolerant crop varieties.

The recent advent of genotyping by sequencing (GBS) approach that minimizes ascertainment

biases and the need for prior genome sequence information associated with traditional

techniques has also enabled single nucleotide polymorphism marker detection, exposition of

QTLs and the discovery of candidate genes controlling stress tolerance. Thus, genome/

transcript profiling when combined with genome variation analysis is a potential area which

could prove useful for breeders in the near future [205, 209]. Another newly developed

approach, which combines genetical genomics and bulk segregant analysis (BSA) to identify

markers linked to genes, shows the possibility of coupling BSA to high throughput sequencing

methods. Although there are shortcomings, including errors introduced during NGS proce‐
dures, this method has proven to be useful in identifying stress tolerance genomic regions in

crop plants. A more recent modification that exploits the power of deep sequencing of target-

enriched SNP markers to increase the efficiency of BSA analysis is called target-enriched TEX-

QTL mapping [197]. The authors propose that by combining a large F2 population size, deeply

sequenced markers, and 10–20% bulk size, most QTLs can be identified within two genera‐
tions. Although it does not currently detect very closely linked QTL, TEX-QTL method is

Figure 3. Supportive omic tools for increasing plant breeding efficiency against biotic stresses. Sky blue lines indicate

interactions; largest bold black lines indicate epigenetic regulation; red lines indicate regulation; and blue line indicates

metabolic reactions.
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potentially a useful development in plant breeding. It is envisaged that BSA, by genotyping

pooled-segregant sequencing, is likely to increase the reliability and reduce the time required

to map all QTL defining the trait of interest and to identify causative superior alleles that can

subsequently be used for crop improvement by targeted genetic engineering.

Desirable alleles are also being identified using functional genomic tools, including transfor‐
mation,  insertional  mutagenesis,  RNAi,  the  screening of  either  mutant  or  natural  germ‐
plasm collections by means of  targeting induced local  lesions in genomes (TILLING) or

ecotype TILLING (EcoTILLING) methodologies. These strategies enable plant scientists to

predict gene functions and allow efficient prediction of the phenotype associated with a given

gene, the so-called reverse genetics approach. The availability of a large volume of sequen‐
ces generated through NGS technologies is significantly increasing the number and quality

of candidates for TILLING and EcoTILLING studies. Thus, a number of crops have benefit‐
ed from these technologies, including Arabidopsis, lotus, barley, maize, pea, melon and rice,

for review see [198].

The use of improved recombinant DNA techniques to introduce new traits in early phases of

cultivar selection is also currently gaining momentum in plant biology. Techniques such as

oligonucleotide-directed mutagenesis (oDM) as well as those based on zinc finger nuclease

(ZFN), transcription activator-like effector nuclease (TALeN) and clustered regularly inter‐
spaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) system are all

capable of specifically modifying a given target sequence leading to genotypes not substan‐
tially different from those obtained through traditional mutagenesis. The practical use of these

techniques in developing countries and the performance of the germplasm developed through

them under environmental conditions [206, 207, 208] is yet to be fully demonstrated.

7. Conclusion and perspective

Plant resistance to biotic stresses is jointly controlled by the plants’ anatomy, physiology,

biochemistry, genetics, development and evolution. Efforts to understand these mechanisms

have generated a lot of data on candidate genes, quantitative trait loci (QTLs), proteins and

metabolites associated with plant defences. This chapter has reviewed most of these aspects

to provide a reader with background information on the diverse plant defence patterns. Some

of the genes and methods that hold promise for improving plant defences are also discussed.

Certainly, plant-pathogen/insect interaction is a complex phenomenon that involves various

signalling pathways tracking and regulating the pathogens/insect ingress. The interactions

leading to effective defence apparently involve activation of both innate and systemic acquired

resistance, and require both direct and indirect pathways to rapidly limit the entry or prolif‐
eration of biotic agents in the plant. Identifying and harmonizing an efficient defence signalling

pathway, which leads to activation of an effective defence strategy, is still a challenge,

considering the large number of genes and proteins often expressed in most plant-pathogen/

insect interaction studies. However, there are some resistance components that have shown

promise, although further studies would be necessary to clarify the signalling patterns in
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which such components are involved. Important examples include LRR-RK BAK1, which
features in several signalling networks leading to plant resistance against a diversity of
pathogens and insects, and NRC1 which mediates resistance and cell death induced by both
membrane receptors and intracellular NLRs. BAK1 forms heteromeric complexes with other
receptors, which indicates that BAK1 is a multifaceted receptor capable of PAMP detection,
while NRC1 is probably a downstream convergence point in ETI initiated at various cell
locations. Thus, BAK1 and NRC1 could probably contribute to effective plant resistance to a
diversity of pathogens and insects. However, identification of additional effective receptors
will be necessary to counter the stealthy tendencies of most pathogens and insects, and to
guarantee the transmission of signals to the downstream components. More studies on
adaptability of defence genes or QTLs to changing biotic agents and climatic conditions also
need to be conducted in order to limit boom and bust incidences frequently observed in
pathosystems.
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