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Abstract

Perception of non-self molecules known as microbe-associated molecular patterns (MAMPs) 

by host pattern recognition receptors (PRRs) activates plant pattern-triggered immunity (PTI). 

Pathogen infections often trigger the release of modified-self molecules, termed damage- or 

danger-associated molecular patterns (DAMPs), which modulate MAMP-triggered signaling to 

shape the frontline of plant immune responses against infections. In the context of advances 

in identifying MAMPs and DAMPs, cognate receptors, and their signaling, here, we focus 

on the most recent breakthroughs in understanding the perception and role of non-self and 

modified-self patterns. We highlight the commonalities and differences of MAMPs from diverse 

microbes, insects, and parasitic plants, as well as the production and perception of DAMPs upon 

infections. We discuss the interplay between MAMPs and DAMPs for emerging themes of the 

mutual potentiation and attenuation of PTI signaling upon MAMP and DAMP perception during 

infections.

Introduction

During the co-evolution with pathogens, sessile plants have developed plasma membrane 

(PM)-resident pattern recognition receptors (PRRs) to distinguish self from modified-self 

and non-self patterns and initiate pattern-triggered immunity (PTI) [1–3]. PTI provides 

plant basal immunity against a broad spectrum of pathogens. In the arms race, successful 

pathogens have evolved effector proteins, some of which could suppress PTI to promote 

pathogenicity [4]. To counteract, plants could activate effector-triggered immunity (ETI) 

mediated by intracellular nucleotide-binding domain leucine-rich repeat receptors (NLRs) 

[5], which mutually potentiates PTI to establish a unified defense system [6–10].
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Pathogen infections often cause host cellular damages, resulting in the release of damage- or 

danger-associated molecular patterns (DAMPs), essentially as modified-self patterns [3,11]. 

DAMPs are classified into constitutive DAMPs (cDAMPs) and inducible DAMPs (iDAMPs) 

[3]. cDAMPs are ubiquitous molecules released upon cellular damage, while iDAMPs are 

endogenous peptides secreted upon infections and function as immunomodulatory signals, 

also known as phytocytokines [3,12,13]. Non-self patterns have been coined as pathogen- or 

microbe-associated molecular patterns (PAMPs or MAMPs) and are derived from bacteria, 

fungi, oomycetes, viruses, nematodes, insects, and parasitic plants [3,14–16].

Perception of MAMPs or DAMPs by PRRs often recruits co-receptors and triggers some 

overlapping signaling events, such as the increased cytosolic Ca2+ levels, the production 

of extracellular reactive oxygen species (ROS), the phosphorylation of receptor-like 

cytoplasmic kinases (RLCKs), the activation of mitogen-activated protein kinase (MAPK) 

cascades, transcriptional reprogramming of defense-associated genes, and callose deposition 

on the cell walls [1,13,17].

In the context of many knowledge advances in unveiling a plethora of MAMPs and DAMPs, 

cognate receptors, and PTI signaling events, instead of summarizing all the literature, we 

focus on the most recent breakthroughs in understanding the perception and mode-of-actions 

of modified self and non-self patterns. We will discuss the commonalities and differences 

of MAMPs from diverse microbes, insects, and parasitic plants. In parallel, the production 

and perception of DAMPs upon infections will be discussed. We finish with the complex 

interplay between MAMPs and DAMPs to piece together emerging themes of the mutual 

potentiation and/or attenuation of MAMP and DAMP signaling during infections.

Decoding non-self patterns from diverse pathogens, insects, and parasitic plants

In nature, plants constantly monitor their extracellular environment for the presence of 

external threats. Non-self patterns are generic molecules specifically present in invading 

microbes, insects, and parasitic plants but absent from hosts. Recognition of non-self 

patterns by PRRs is the frontline to trigger basal immune responses in plants. Plant PRRs 

are mainly composed of PM-resident receptor-like kinases (RLKs) and receptor-like proteins 

(RLPs). RLKs and RLPs possess diverse extracellular domains (ECDs), including leucine-

rich repeats (LRRs), lysin motifs (LysM), lectin motifs, epidermal growth factor (EGF)-like 

repeats, and malectin-like motifs, which mainly mediate the pattern recognition [2,18].

MAMPs from bacterial pathogens—Diverse components, including flagellin, 

elongation factor Tu (EF-Tu), and peptidoglycans (PGNs) from bacteria, have been shown 

to bear immune-stimulating activities and function as MAMPs (Figure 1). Bacterial flagellin 

or a 22-amino acid synthetic peptide (flg22) corresponding to its N-terminus from both 

pathogenic and non-pathogenic bacteria is perceived by the LRR-RLK flagellin sensing 

2 (FLS2) and BRI1-associated receptor kinase 1 (BAK1) receptor–coreceptor complex 

and triggers the immune response in Arabidopsis [19–21]. However, the immunogenic 

flagellin fragments recognized by FLS2 are buried in the flagellin polymer structure. 

How the immunogenic motifs like flg22 are accessible to PRRs during the natural 

infection remains elusive. Recently, the flg22 epitopes have been shown to be released 
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from the glycosylated flagellin by plant-secreted apoplastic β-galactosidase 1 (BGAL1) 

and an unidentified protease [22]. Interestingly, some bacterial strains deploy BGAL1 

inhibitors and glycan polymorphisms in flagellin to suppress BGAL1 function and escape 

recognition for microbial evasion of plant immunity during infections [22]. In addition, 

Ralstonia solanacearum bears a polymorphism in the flg22 sequence, avoiding the FLS2-

BAK1 recognition in most plants except in soybean (Glycine max), which has co-evolved 

polymorphisms in the soybean flagellin receptors GmFLS2 and GmBAK1 in triggering the 

immune response [23]. Similarly, the polymorphic flg22 from Agrobacterium tumefaciens 
can be detected by an FLS2 allele in the riverbank grape (Vitis riparia) [24]. These results 

suggest the evolutionary flexibility and dynamics of the MAMP encoding and decoding 

process, in which MAMPs may mutate to escape the PRR detection while PRRs could 

co-evolve to recognize the polymorphic MAMPs.

PGNs, major components of bacterial cell walls, are released by the plant chitinase 

lysozyme-like hydrolase 1 (LYS1) in triggering the immune response [25]. In Arabidopsis, 

PGN perception requires the heterologous complex consisting of the LysM-RLP LYM1, 

LYM3, and LysM-RLK chitin elicitor receptor kinase 1 (CERK1) [26], which show 

shared features with the fungal chitin perception complex in rice (Oryza sativa) [27]. In 

addition, bacterial medium-chain 3-hydroxy fatty acid (mc-3-OH-FA) metabolites, which 

are perceived by the lectin motif-RLK lipooligosaccharide-specific reduced elicitation 

(LORE), trigger immunity in Arabidopsis [28,29].

MAMPs from fungal and oomycete pathogens—Examples of MAMPs from 

fungi and oomycetes include the fungal cell wall structure building block chitin and 

polysaccharide β-glucan (Figure 1). The recognition systems and downstream signaling 

mediated by these MAMPs bear similarities and differences from those perceiving bacterial 

MAMPs.

Chitin, a major constituent of fungal cell walls, functions as an MAMP in a wide range of 

plants. Chitin perception in Arabidopsis genetically involves the multiple protein complexes 

with members of LysM-RLKs and LysM-RLPs [30,31]. Among them, LYK5 is the primary 

receptor for chitin, forming a chitin-inducible complex with CERK1/LYK1 to induce plant 

innate immunity [30]. Interestingly, chitin induces dynamic changes in the localization, 

association, or mobility of these receptors with only LYSM-containing GPI-anchored 

protein 2 (LYM2) and LYK4 being detected in the plasmodesmal PM, which is different 

from the nearby PM [31]. Chitin-LYM2-mediated signaling triggers callose deposition in 

plasmodesmata, thereby leading to plasmodesmata closure and cell isolation [31]. In rice, 

in addition to OsLYKs, LysM-RLP chitin elicitor-binding protein (OsCEBiP) was identified 

as the first chitin-binding PRR [32]. In cotton (Gossypium hirsutum), GhWAK7A, a wall-

associated kinase phosphorylates GhLYK5 and promotes a complex formation of GhLYK5 

with GhCERK1 in mediating chitin-induced responses [33]. Considering the involvement 

in both PGN and chitin-mediated responses, CERK1 likely functions as a coreceptor or 

signaling component in PRR complexes [26,27,30,33].

Necrosis and ethylene-inducing peptide 1 (Nep1)-like proteins (NLPs) are secreted 

cytotoxins present in bacteria, fungi, and oomycetes and trigger necrosis as well as 
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defense responses on dicot plants through different mechanisms [34]. NLPs bind to plant 

sphingolipid glycosylinositol phosphorylceramides (GIPCs) to induce necrosis [34]. In 

contrast, a conserved 20-amino acid fragment (nlp20), which is uncoupled from the NLP-

necrosis inducing region, is perceived by LRR-RLP RLP23 complexing with LRR-RLK 

suppressor of BIR1 (SOBIR1) and BAK1 in triggering PTI [35]. The data support the 

evolutionary diversification of MAMPs from the virulence motifs in pathogens.

MAMPs from commensal and symbiotic microbes—Considering that the 

commensal and symbiotic microbes also produce diverse MAMPs, an outstanding question 

is how MAMPs present in these beneficial, life-supporting microbes evade host recognition. 

A systemic investigation of the naturally occurring flg22 epitopes in commensal microbiota 

revealed substantial flagellin epitope variations, and most variants in the flg22 sequence 

from these commensal bacteria are non-immunogenic to the host [36]. Thus, to avoid 

plant immunity, commensal bacteria tend to lose the immunogenic activities of MAMPs. 

However, flagellins are the building blocks of the flagellum important for bacterial motility, 

an essential function for host colonization. Another question arises in terms of how such 

variations in flagellins affect bacterial motility and fitness. Mutagenesis analysis of flagellin 

unveiled that some variants showed altered host recognition and immunogenic activities but 

maintained normal motility [37], suggesting the evolutionary dynamics of immunogenic and 

motility functions in maximizing microbial fitness.

In addition, hosts also evolved strategies to counteract immunity triggered by MAMPs 

present in the symbiotic microbes. For example, a recent study showed that the rice OsMYR 

symbiotic receptor competed with the OsCEBiP MAMP receptor for the complex formation 

with OsCERK1 involved in the chitin-induced immune response [38]. By recognizing 

different lengths of chitooligosaccharides (COs), two distinct receptors discriminate the 

signals of friends and foes, and result in the opposing outcomes of symbiosis and defense.

MAMPs from insects and nematodes—Herbivores also release immunomodulatory 

molecules, which are termed, based on their origins, herbivore-associated molecular patterns 

(HAMPs) and egg-associated molecular patterns (EAMPs) [39]. Inceptin, a proteolytic 

fragment of plant chloroplast ATP synthase γ-subunit present in caterpillar oral secretions, 

is perceived as a HAMP by LRR-RLP Inceptin receptor (INR) complexing with SOBIR1 

and somatic embryogenesis receptor kinases (SERKs) in cowpea (Vigna unguiculata) and 

common bean (Phaseolus vulgaris) [40]. However, it remains speculative for the precise 

processing and releasement of inceptin peptides from plant chloroplasts. Recently, egg-

derived phosphatidylcholines (PCs) were identified as an EAMP that signals through 

lectin receptor kinase-I.1 (LecRK-I.1) and LecRK-I.8 [41,42]. Despite that it is yet to 

be determined whether PCs are bona fide ligands of the LecRK-I receptors, the data 

demonstrate the important function of plant RLKs in detecting non-self patterns from 

diverse invading structures, including insect eggs.

Plant-parasitic nematodes release the pheromone ascarosides, which trigger defense 

responses with the yet-identified receptor(s) [43]. Interestingly, nematode-induced LRR-

RLK 1 (NILR1) and BAK1 are required for plant resistance against different nematodes 
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[44]. It will be interesting to determine whether these RLKs perceive specific molecules 

from nematodes in mediating plant defense.

MAMPs from viral pathogens—Double-stranded RNA (dsRNA), an intermediate 

product during DNA and RNA viral replications, triggers RNA interference, a primary 

plant immune response against viral infections. Interestingly, dsRNA also stimulates 

PTI responses, which requires SERK1 but is independent of Dicer-like (DCL) proteins, 

critical components in binding and cleaving dsRNA in triggering RNA interference 

[45]. In addition, dsRNA induces callose deposition at the plasmodesmata, leading to 

plasmodesmata closure and restricting the viral movement in an RLCK BIK1-dependent 

but ROS-independent manner [46]. Additionally, geminiviral Nuclear shuttle protein 

(NSP) interacts with the LRR-RLK NSP-interacting kinase 1 (NIK1), which positively 

regulates plant antiviral immunity but negatively regulates plant antibacterial immunity 

[47]. Yet-identified viral MAMPs may induce NIK1 dimerization in suppressing viral RNA 

translation. Mechanisms underlying the opposite roles of NIK1 in antibacterial and antiviral 

immunity remain elusive.

MAMPs from parasitic plants—Like pathogens, parasitic plants constraint plant 

productivities. The resistance mechanism against parasitic plants could be attributed to the 

detection and activation of MAMP-mediating signaling [16,48]. For example, a Glycine-rich 

protein (GPR) from the cell wall of rootless parasite Cuscuta reflexa acts as an MAMP 

in tomato (Solanum lycopersicum) and is perceived by LRR-RLP Cuscuta receptor 1 

(CuRe1), leading to defense response in resistant hosts [49]. Recently, LRR-RLK HaOR7 

in sunflower (Helianthus annuus) was identified as a key genetic determinant in mediating 

resistance against parasitic plant sunflower broomrape (Orobanche cumana) [50]. Despite 

unclear modes-of-action, some unknown components or MAMPs from O. cumana may 

trigger the defense response blocking the connection of the sunflower root vascular system 

with sunflower broomrape [50]. These findings imply the convergent themes by which 

plants recognize and differentiate self from non-self patterns in parasitic plants, insects, and 

microbial pathogens.

Generating and recognizing modified-self patterns during infections

MAMP perceptions and pathogen infections induce the production of modified-self 

cDAMPs and iDAMPs [3]. cDAMPs are ubiquitous molecules released into certain cellular 

compartments upon cellular damages and infections. In contrast, iDAMPs, known as 

proteinaceous DAMPs or phytocytokines, are secretory peptides processed from precursor 

proteins upon infections.

cDAMPs—Various molecules, including oligosaccharides, nucleotides, and amino acids, 

can be released by enzymatic or physical degradation upon infections and act as the primary 

cDAMP signals [3].

Cell wall components: Oligogalacturonides (OGs) with varying degrees of polymerization 

are fragments of the plant cell wall and function as danger signals responding to changes 

in cell wall integrity, wounding, and pathogen infections [51,52]. Compared with long OGs 
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(degree of polymerization from 10 to 15), trimeric OGs trigger more profound immune 

responses in plants [53]. Various plant cell wall-degrading enzymes secreted by necrotrophic 

bacteria and fungi contribute to the release of OGs [52]. The Arabidopsis Wall-associated 

kinase 1 (WAK1) recognizes long OGs and activates OG-mediated defense responses 

against fungal and bacterial pathogens [54].

Nucleotides: Adenosine 5′-triphosphate (ATP), a major biochemical energy source for all 

living cells, could be released into the apoplasts upon stresses, wounding, and pathogen 

infections. Extracellular ATP (eATP), released via the wounded cell membrane, exocytosis, 

ATP-binding ABC transporters, or nucleotide transporters, function as a cDAMP in animals 

and plants [55]. In Arabidopsis, the lectin-like RLK P2K1/DORN1/LecRK-I.9 receptor is 

essential for perception of eATP in response to wounding, herbivory, and pathogen [55,56]. 

A recent report shows that P2K2 (LecRK-I.5) is an alternative eATP receptor with a higher 

affinity than P2K1 [57].

Pathogen infections also induce the releasement of nicotinamide adenine dinucleotides either 

in their phosphorylated (NADP+) or unphosphorylated (NAD+) forms into the extracellular 

fluid, leading to plant immune activation [58]. A lectin-like RLK LecRK-VI.2 and BAK1 

may function as a receptor complex for extracellular NAD+ and NADP+, which play a role 

in systemic acquired resistance (SAR) [58]. Furthermore, extracellular NAD(P)+ has been 

implicated in functioning as an SAR mobile signal in plants [58]. However, it awaits to 

be further illustrated whether and how endogenous eNAD(P)+ (extracellular nicotinamide 

adenine dinucleotides in their phosphorylated or unphosphorylated forms) moves during 

infections.

Amino acids: The amino acid glutamate is also an immunogenic signal in the wound- and 

insect-induced defenses [59,60]. Glutamate released from locally damaged tissues triggers 

long-distance defense signaling, which depends on PM-bound ion channels of Glutamate 

receptor-like (GLR) [60,61]. GLR3.3 and GLR3.6 sense the apoplastic glutamate and other 

amino acids and trigger Ca2+ influx, further propagating to distal leaves for systemic defense 

responses [60]. It remains elusive whether glutamates act in local tissues or are transmitted 

distantly.

iDAMPs or phytocytokines—iDAMPs function as secondary signals upon the 

perception of stimuli and modulate immunity, abiotic stresses, plant growth and 

development [3]. Phytocytokines usually contain a signal peptide at the N-terminus of the 

precursor proteins for secretion. However, there are some phytocytokines without a signal 

peptide [13,62]. Furthermore, phytocytokines undergo enzymatical and post-translational 

modifications to generate bioactive peptides [62,63].

Phytocytokines without a signal peptide: Despite the absence of a signal peptide, those 

phytocytokines are also released from the damaged cells into the apoplasts [62]. Systemin, 

an 18-amino acid peptide, is induced by wounding and herbivore attacks and triggers 

long-distance systemic defense responses in the Solanaceae family [64]. Two subtilisin-like 

proteases (phytaspases) mediate the prosystemin processing into Leu-systemin, which is 

less active than systemin [65]. How the fully bioactive systemin is generated and secreted 
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remains elusive. Tomato LRR-RLK SYR1 and SYR2, as well as PORK1, are required for 

systemin-triggered responses and mediate plant defense against insect herbivory [66,67]. 

Plant elicitor peptides (Peps) are derived from their precursors PROPEPs with eight 

members in Arabidopsis, expression of which are induced by MAMPs, herbivores, and 

wounding [68,69]. Upon cellular damage, Ca2+-activated type-II metacaspases (MCs) cleave 

PROPEP1, leading to the releasement of Pep1, which functions in resistance to herbivores 

and pathogens across different plant species [70,71]. Peps are sensed by the LRR-RLKs Pep 

receptor 1 (PEPR1) and PEPR2 in complex with BAK1 [68,72]. How Peps are released into 

the apoplasts and whether they can trigger long-distance defense signaling remain a mystery. 

Maize (Zea mays) immune signaling peptide 1 (Zip1) is a maize-specific secreted peptide 

that activates the salicylic acid (SA)-mediated defense but exhibits no effect on the PTI 

signaling in maize [73]. Zip1 is released from its propeptide precursor by two Papain-like 

cysteine proteases, PLCP1 and PLCP2. It is not known how Zip1 is perceived by plant cells.

Phytocytokines with a signal peptide: Precursors of most secreted peptides harbor a signal 

peptide, which mediates their secretion and is subsequently cleaved [3]. Expression of these 

precursor genes is often induced by stimuli and bear cell- or tissue-type specificity [3]. 

Rapid alkalization factors (RALFs) are a large family of secreted cysteine-rich peptides 

forming disulfide bonds, which are implicated in diverse developmental processes as 

well as immunity [74,75]. Some RALFs are processed by subtilase site-1-protease (S1P) 

[76] and subsequently recognized by malectin-like receptor kinases (MLRs), also known 

as Catharanthus roseus receptor-like kinase-1-like proteins [77]. Interestingly, RALF17 

positively but RALF23/RALF33 negatively regulate plant immunity in an MLR FER-

dependent manner [76]. How different RALFs trigger opposing immune responses via 

FER awaits to be investigated. In addition, Serine-rich endogenous peptides (SCOOPs) 

represent a group of secreted peptides involved in plant development and immunity [78,79]. 

Precursors of several SCOOPs are induced upon pathogen infections and MAMP treatments 

[78,80]. LRR-RK male discoverer 1-interacting receptor-like kinase 2 (MIK2) in complex 

with BAK1 and SERK4 is required for sensing the conserved SCOOP signature motifs 

present in plant-derived SCOOPs as well as microbial SCOOP-like (SCOOPL) peptides 

[78,79].

In addition to proteolytic processing from precursors, several secreted peptides undergo 

post-translational modifications to release biologically active peptides [62,63]. Root 

meristem growth factors (RGFs), also known as GOLVEN (GLV), are a group of secreted 

and tyrosine-sulfated peptides and mainly expressed in root meristem with the RGF7 

precursor-encoding gene (preRGF7) being up-regulated and preRGF6/9 down-regulated 

in leaves upon bacterial infections [81,82]. RGF7 is sensed by RGF1-insensitive (RGI) 

receptors RGI4 and RGI5 in complex with BAK1 and SERK4 in triggering plant immunity 

[81]. Like RGF7, RGF6/9 are processed via sulfation and cleaved by SUBTILASE 6.1 

(SBT6.1) and SBT3.8 [83,84]. Interestingly, RGF6/9 perceived by RGI3 enhance the flg22-

triggered immune response likely by forming a complex with FLS2 and increasing the FLS2 

abundance [82].

Ge et al. Page 7

Essays Biochem. Author manuscript; available in PMC 2022 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Coordination of MAMPs and DAMPs in modulating plant immunity

DAMPs induced by MAMP perceptions and pathogen infections play essential roles in 

fortifying and/or amplifying the immune responses. To maintain the immune homeostasis 

without running amok from autoimmunity, DAMP-triggered signaling could also attenuate 

the immune outputs. The modes-of-action of DAMPs, including immunomodulatory 

phytocytokines, can act directly on the same target cell, adjacent cells, or distant cells, which 

resembles the autocrine, paracrine, or endocrine signaling in animals, respectively (Figure 

2).

Mutual potentiation of immunity by MAMPs and DAMPs—MAMP treatment can 

induce the expression, maturation, production, and/or releasement of diverse DAMPs. 

cDAMPs, like OGs, eATP, eNAD(P)+, and glutamate, which are released into the 

apoplasts upon MAMP perceptions and elicit some overlapping immune responses with 

those triggered by MAMPs, including ROS burst and expression of defense-associated 

genes [3,85]. However, the timing, thresholds, and tissue specificity (local or distal) of 

the immune responses triggered by different MAMPs/DAMPs may vary. For example, 

unlike MAMPs and other DAMPs, eNAD(P)+ likely acts as a mobile signal to mediate 

LecRK-VI.2-dependent SAR and amplify the immune responses in distal tissues [58]. 

In general, the expressions of precursors of phytocytokines and their cognate receptors 

are induced by MAMPs. Those phytocytokines include RALFs, SCOOPs, RGFs, Peps, 

and PAMP-induced peptides (PIPs), which could potentiate MAMP-triggered immune 

responses. RLK7-mediated PIP1 signaling is required for flg22-induced defense responses 

cooperatively with Pep1 [86]. The observation that MIK2 perceives both plant- and microbe-

derived SCOOPs suggests that plant-derived SCOOPs were evolved to amplify SCOOPL 

signaling [78,79]. Although the mechanism underlying DAMP-mediated amplification of 

MAMP-triggered signaling remains fragmented, members of RALFs and RGFs have been 

suggested to modulate the MAMP receptor abundance and membrane nanodomain assembly 

as scaffolds [82,87]. Grim reaper (GRI) peptides, which are proteolytically processed by 

metacaspase 9 (MC9) and recognized by LRR-RLK pollen-specific receptor-like kinase 5 

(PRK5), induce oxidative stress, ROS-dependent cell death, and the defense hormone SA 

signaling [88]. Expression of GRI and MC9 is induced by oxidative stress and wound, 

suggesting ROS-mediated feedback regulation on the MC9-GRI-PRK5 signaling module. 

It remains unknown whether and how this signaling module mechanistically integrates 

with MAMP-mediated signaling since ROS burst is among essential early signaling events 

triggered by multiple MAMPs.

Attenuation of immunity by phytocytokines or microbial peptides mimicking 
host MAMPs—Some phytocytokines antagonistically modulate plant immunity to prevent 

excessive defense responses. For example, in contrast with RALF17, RALF23, 33, and 

34 peptides attenuate MAMP-induced immune responses by complexing with FER, which 

scaffolds and promotes the MAMP-induced PRR complex formation [76]. Furthermore, 

plant natriuretic peptides (PNPs) also negatively regulate SA-mediated local and systemic 

resistance in an LRR-RLP PNP receptor (PNP-R1/2)-dependent manner [89]. Considering 

the important role of ROS and SA in plant PTI, these peptides may play a role in attenuating 

the immune signaling outputs.
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Some pathogens also secrete phytocytokine-like peptides to interfere with the plant 

defense signaling and promote pathogenicity. For example, parasitic nematodes possess 

RALF-like proteins, which interact with plant FER receptors and dampen the plant 

immune responses to facilitate their parasitism [90]. In addition, Fusarium-RALF (F-RALF) 

peptides derived from Fusarium oxysporum trigger the plant apoplast alkalization in the 

FER-dependent manner, thereby enhancing the infectious opportunity and pathogenicity 

[91]. Furthermore, Xanthomonas axonopodis pv. citri-derived PNP-like peptide (XacPNP) 

induced upon infections is required for pathogenicity with an elusive mechanism [92]. 

These phytocytokine-mimics exemplify how microbial organisms exploit the host signaling 

machinery for survival and pathogenicity.

Conclusion and perspectives

The plant PM is decorated with an array of RLKs and RLPs with expanded family 

members (>600 RLKs and 57 RLPs in Arabidopsis), many of which play a fundamental 

role in sensing non-self patterns and triggering the immune response. Non-self patterns 

could be from pathogens, insects, and parasitic plants. In addition, plant genomes encode 

thousands of small peptides, some of which function as immunomodulatory phytocytokines. 

Their expression, maturation, and secretion could be modulated during pathogen infections. 

Moreover, cDAMPs, including eATP, eNAD(P)+, and glutamate, function as short- and 

long-distance signaling molecules in modulating plant immunity. Some phytocytokines 

cross-talk to each other and play roles in cell-to-cell communication in autocrine, endocrine, 

or paracrine manners [63]. Furthermore, phytocytokines coordinate with MAMPs to 

modulate defense responses either agonistically or antagonistically by different mechanisms. 

Apparently, pathogens also explore and modulate immune signaling by mimicking plant 

phytocytokines and vice versa. The signaling networks mediated by RLKs and RLPs sensing 

non-self and modified-self patterns shape the robust immunity against infections from a 

broad spectrum of pathogens, pests, and parasitic plants.

Despite a series of breakthroughs that have been made, particularly in the identification 

of MAMPs, DAMPs, and their cognate receptors, our knowledge on the concerted actions 

of MAMP- and DAMP-mediated immunity against natural infections is still at the tip 

of the iceberg, and outstanding questions await to be addressed. Although treatments of 

MAMPs and DAMPs trigger defense responses in plants, can all MAMPs and DAMPs 

be sensed by plants during natural infections? How are the immune-eliciting motifs of 

MAMPs and DAMPs accessible to the PM-resident PRRs enclosed by the cell wall? Do 

different cell types, for instance, leaf epidermis and mesophyll cells, bear similar or different 

sensitivities to MAMPs and DAMPs? Many RLKs, RLPs, and DAMPs are involved in 

plant growth, development, and abiotic stress responses, in addition to immunity. For 

instance, many phytocytokines induced by drought and salt stresses play essential roles 

in biotic and abiotic stresses [13]. Whether and how these processes are interconnected 

or uncoupled are not known in most cases. The importance of MAMPs and DAMPs in 

modulating plant immunity is mainly based on some classical and well-established PTI 

readouts. Whether they also explore other plants physiological and developmental processes 

to increase plant fitness as a defense strategy is unknown. For example, leaf shedding in 

cauline leaves mediated by inflorescence deficient in abscission (IDA) peptides perceived by 
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LRR-RLK HAESA (HAE)/HSL2 in complex with BAK1/SERKs has been implicated as an 

antibacterial defense mechanism [93,94]. In addition, understanding how multiple MAMPs 

and DAMPs interplay with each other through their shared or non-shared downstream 

pathways and how host plants locally or systemically regulate MAMP- or DAMP-mediated 

responses will shed light on comprehension of their roles in coordinating stress responses 

and developmental regulation. In addition to efforts to discover and characterize known/

unknown non-self and modified-self patterns, how they are translationally modified by 

certain processing enzymes and properly secreted with/without signal peptides are still 

far from clear. Rapid technological development, including single-cell sequencing and 

proteomics, single-molecule imaging, sensors for in vivo detection of small molecules 

and peptides, and tissue-/site-specific gene-editing, will undoubtedly further advance our 

understanding of the coordinated action of MAMPs and DAMPs in plant immunity in the 

context of growth, development, and coping with other environmental stresses.

Acknowledgements

We apologize to those whose work is not cited due to space limitations. We thank lab members and Dr. Ping He for 
insightful discussions and critical reading of the manuscript.

Funding

This work was supported by the National Institutes of Health (NIH) [grant number 1R35GM144275–01]; and the 
National Science Foundation (NSF) [grant number IOS-2049642 (to L.S.)].

Abbreviations

ATP adenosine 5′-triphosphate

BAK1 BRI1-associated receptor kinase 1

BGAL1 β-galactosidase 1

cDAMP constitutive DAMP

CEBiP chitin elicitor-binding protein

CERK1 chitin elicitor receptor kinase 1

DAMP damage- or danger-associated molecular pattern

dsRNA double-stranded RNA

eATP extracellular adenosine 5′-triphosphate

eNAD(P)+ extracellular nicotinamide adenine dinucleotides in their 

phosphorylated or unphosphorylated forms

FLS2 flagellin sensing 2

HAMP herbivore-associated molecular pattern

iDAMP inducible DAMP

Ge et al. Page 10

Essays Biochem. Author manuscript; available in PMC 2022 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LecRK-I.1 lectin receptor kinase-I.1

LRR leucine-rich repeat

LysM lysin motif

MAMP microbe-associated molecular pattern

MC metacaspase

MIK2 male discoverer 1-interacting receptor-like kinase 2

NIK1 NSP-interacting kinase 1

NLP necrosis and ethylene-inducing peptide 1 (Nep1)-like protein

OG oligogalacturonide

PGN peptidoglycan

PIP PAMP-induced peptide

PM plasma membrane

PNP plant natriuretic peptide

PRK5 pollen-specific receptor-like kinase 5

PRR pattern recognition receptor

PTI pattern-triggered immunity

RALF rapid alkalization factor

RGF root meristem growth factor

RLCK receptor-like cytoplasmic kinase

RLK receptor-like kinase

RLP receptor-like protein

ROS reactive oxygen species

SAR systemic acquired resistance

SCOOP serine-rich endogenous peptide

SCOOPL SCOOP-like

SOBIR1 suppressor of BIR1

WAK1 wall-associated kinase 1
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Summary

• The perception of non-self and modified-self molecules by PRRs elicits PTI.

• Non-self molecules, termed MAMPs, are generic molecules specifically 

present in invading microbes, insects, and parasitic plants but absent from 

hosts.

• Modified-self molecules induced or released upon pathogen infections or 

MAMP perceptions are termed DAMPs.

• Immunomodulatory phytocytokines are secretory peptides processed from 

precursor proteins upon infections.

• Mutual potentiation and attenuation of MAMP- and DAMP-triggered 

signaling modulate plant immune homeostasis in the context of growth, 

development, and coping with other environmental stresses.

• Plants and pathogens have co-evolved to possess phytocytokines and their 

mimics for defensive and pathogenicity adaptation.

Ge et al. Page 18

Essays Biochem. Author manuscript; available in PMC 2022 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Decoding MAMPs and DAMPs by the cognate receptors
(A) Recognition of diverse MAMPs from bacteria, fungi, oomycetes, insects, nematodes, 

viruses, and parasitic plants by plant PM-resident PRRs. The bacterial flagellin or flg22 

peptide is perceived by the LRR-RLKs FLS2 in complex with BAK1. Free mc-3-OH-FAs 

are recognized by LecRK LORE. Bacterial PGN is sensed by LysM-RLPs LYM1 and 

LYM3 with LysM-RLK CERK1. Fungal chitin is perceived by LysM-RLP OsCEBiP 

and OsCERK1 in rice, LysM-RLK LYK5 and CERK1 in Arabidopsis, and LysM-RLKs 

GhGLYK5 and GhCERK1 in cotton. Bacterial, fungal, and oomycete necrosis and ethylene-

inducing peptide 1 (Nep1)-like protein (NLP) is recognized by RLP23 in complex 

with SOBIR1 and BAK1. Inceptin from herbivore oral secretions is recognized by LRR-

RLP inceptin receptor (INR) in complex with SOBIR1 and SERKs. Insect egg-derived 

phosphatidylcholine (PC) is identified as an EAMP signaling through lectin receptor 

kinase-I.1 (LecRK-I.1) and LecRK-I.8. Nematode-induced LRR-RLK 1 (NILR1) is required 

for basal resistance to nematodes. Viral double-stranded RNA (dsRNA) stimulates PTI 

responses requiring SERK1, and LRR-RLK NIK1 positively regulates plant antiviral 

immunity. The parasitic plant Cuscuta reflexa cell wall protein CrGRP is sensed by tomato 

LRR-RLP CuRe1 by recognizing the epitope, Crip21. LRR-RLK HaOR7 from sunflower 

recognizes an unknown MAMP and confers resistance against parasitic plant Orobanche 
cumana. (B) Recognition of DAMPs by PRRs. cDAMPs are ubiquitous molecules with 

essential roles in plant homeostasis and released into the apoplasts upon infections. 

They include oligogalacturonide (OG), eATP, eNAD(P)+, and glutamate recognized by 
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WAK1, LecRK-I.9, and LecRK-I.5, LecRK-I.8 and LecRK VI.2, and GLR3.3 and GLR3.6, 

respectively. iDAMPs, termed phytocytokines, are small secretory peptides processed from 

precursor proteins (pro-iDAMPs) by proteases upon infections and cell damages (right). 

Several well-studied iDAMPs and their receptors are shown on the left. Abbreviations: 

CERK1, chitin elicitor receptor kinase 1; CuRe1, Cuscuta receptor 1; eATP, extracellular 

adenosine 5′-triphosphate; eNAD(P)+, extracellular nicotinamide adenine dinucleotides in 

their phosphorylated or unphosphorylated forms; GLR, glutamate receptor-like; NIK1, NSP-

interacting kinase 1; SOBIR1, suppressor of BIR1.
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Figure 2. Mutual potentiation and/or attenuation of immunity by MAMPs and DAMPs and 
pathogen mimicry
Perception of MAMPs, phytocytokines, and pathogen-derived phytocytokine-mimic 

peptides by PRRs induces the PTI signaling via acting on the same infected cell, adjacent 

cells, or distal cells. Pathogen infections or MAMP perceptions induce the production of 

DAMPs and phytocytokines, which further modulate the PTI signaling. Phytocytokines (1) 

and pathogen mimicries (2) mutually amplify MAMP-induced defense responses. Moreover, 

host-derived phytocytokine (3) or pathogen-derived phytocytokine-mimic peptides (4) can 

interfere with and attenuate the MAMP-or host phytocytokine-mediated immune signaling. 

All figures were generated using BioRender (biorender.com).
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