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Metazoans and plants employ innate immune sys-
tems that combatmicrobial infection (Wan et al., 2019a).
Pattern-triggered immunity (PTI) relates to the ability
of multicellular eukaryotic organisms to employ pat-
tern recognition receptors (PRRs) for sensing microbial
structures, termed pathogen- or microbe-associated
molecular patterns (PAMP/MAMPs), and execute an-
timicrobial defenses. Recently, plants have also been
shown to employ PRRs that detect multicellular path-
ogens including nematodes, herbivorous insects, and
parasitic plants. Host-derived damage-associated mo-
lecular patterns (DAMPs) and immunomodulatory
phytocytokines are recognized by the same types of
cellular surface receptors. In plants, microbial effector-
mediated suppression of PTI has driven the evolution
of another set of immune receptors that either recognize
microbial effectors directly or detect effector-mediated
perturbations of host target proteins. This type of im-
munity is referred to as effector-triggered immu-
nity. In many cases, the boundaries between PTI
and effector-triggered immunity cannot be clearly
defined (Thomma et al., 2011). Therefore, it has been
suggested that the plant immune system should be
viewed more uniformly as a surveillance system that
detects invasion or danger (Cook et al., 2015; Gust
et al., 2017).

Plants recognize patterns of danger at the cell surface
via membrane-localized PRRs (Fig. 1). Depending on
the presence or absence of an intracellular kinase do-
main, PRRs are categorized as receptor kinases (RKs) or
receptor proteins (RPs), respectively. Many macro-
molecules harboring patterns are degraded by plant
enzymes to make the immunogenic epitopes accessible
for detection. Immune signaling upon pattern percep-
tion relies not only on the PRRs themselves, but on
immune signaling complexes consisting of membrane-
bound and intracellular proteins that are implicated in
scaffolding or signal transduction.

LEUCINE-RICH REPEAT-RKS

Themolecular variety of PAMP/DAMPs necessitates
different ectodomain properties of the corresponding
receptors for recognition (Saijo et al., 2018). Leucine-
rich repeat (LRR)-RKs and -RPs are similar to PRRs in
animals, most notably Toll-like receptors (Ronald and
Beutler, 2010). Plant LRR-RKs typically recognize pro-
teinaceous ligands and are involved in developmental
and immunogenic processes. In plants, LRR-RKs com-
prise a prolific family of several hundred proteins grou-
ped into different clades. Many LRR-RKs form signaling
complexes with somatic embryogenesis receptor kinases
(SERKs), LRR-RK coreceptors with relatively short ecto-
domains (five LRRs; Chinchilla et al., 2009).

Among the first reported PRRs in plants, flagellin-
sensing2 (AtFLS2) recognizes fragments of bacterial
flagellin (Gómez-Gómez and Boller, 2000). Immuno-
genic fragments are made accessible through the action
of plant enzymes. In Arabidopsis (Arabidopsis thaliana),
the b-galactosidase AtBGAL1 deglycosylates flagel-
lin, making it susceptible to proteolytic degradation
(Buscaill et al., 2019). Immunogenic flagellin fragments,
including the 22-amino acid minimal epitope flg22,
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directly bind to AtFLS2 LRRs, leading to recruitment
of the coreceptor AtBAK1/AtSERK3 (Felix et al., 1999;
Gómez-Gómez et al., 1999; Chinchilla et al., 2006).
The C terminus of the flg22 fragment is bound by
both AtFLS2 and AtBAK1, thereby facilitating com-
plex formation and induction of downstream signaling
(Chinchilla et al., 2006; Sun et al., 2013). Flg22 percep-
tion through FLS2 homologs is widespread in land
plants (Albert et al., 2010). Some solanaceous plants
have evolved a second perception system for flagellin.
The tomato (Solanum lycopersicum) LRR-RK SlFLS3 binds
flgII-28, an epitope distinct from flg22 (Hind et al., 2016).
Rice (Oryza sativa) evolved yet another perception sys-
tem for Acidovorax avenae flagellin, although the cognate
receptor remains to be identified (Katsuragi et al., 2015).
Another well-studied LRR-RK is the Arabidopsis

elongation factor Tu (EF-Tu)-receptor (AtEFR), which
perceives bacterial EF-Tu via the N-acetylated 18-amino
acid peptide elf18 (Zipfel et al., 2006). An alternative
EF-Tu epitope, the central fragment EFa50, is detected
in rice indicating that multiple receptors have inde-
pendently evolved for the detection of EF-Tu (Furukawa
et al., 2014), as is the case for flagellin. Recognition of
different epitopes within one protein may therefore be a
widespread attribute of basal immunity in higher orga-
nisms and point to the selection of well-suited target
molecules for pathogen perception. Additional LRR-
RK/PAMP pairs have been identified in various plant
species. These include OsXA21/RaxX16 (conserved
Xanthomonas protein required for activation of XA21-
mediated immunity, RaxX; Pruitt et al., 2015, 2017),
bacterial cold shock protein (SlCORE/csp22; Wang
et al., 2016), and xanthine/uracil permease family pro-
tein (AtXPS1/xup25;Mott et al., 2016). A common feature
of all these PRRs is their plant genus-specific distribution.
Intergeneric transfer of PRRs to crop plants lacking that
particular perception system has been reported to
enhance resistance to pathogens and could thus be a
useful tool for diseasemanagement (Brutus et al., 2010;
Lacombe et al., 2010; Rodriguez-Moreno et al., 2017;
Pfeilmeier et al., 2019).
In addition to detecting microbial molecules, plants

use LRR-RKs to monitor the presence of endogenous
phytocytokines that regulate development and immu-
nity (Luo, 2012; Gust et al., 2017). Tomato systemin, the
first identified plant peptide hormone, is an 18-amino
acid peptide that contributes to herbivorous insect re-
sistance. The LRR-RK SlSYR1 was recently identified as
the systemin receptor (Wang et al., 2018b). The closely
related SlPORK1 associates with SlSYR1 and SlSYR2
and is critical for systemin response (Xu et al., 2018).
AtPEPR1 and 2 bind endogenous AtPep1-8 peptides
derived from the C-termini of their AtPROPEP1-8 pre-
cursors (Yamaguchi et al., 2006, 2010; Krol et al., 2010).
Mature peptides are generated byCa21-dependent type-
II metacaspases (Hander et al., 2019; Shen et al., 2019).
The AtPep1 C terminus binds to the LRR domain
of AtPEPR1 and induces AtPEPR1-AtBAK1 hetero-
dimerization (Tang et al., 2015). A similar signaling
mechanism is hypothesized for the 11-member AtPIP

(PAMP‐induced secreted peptide) family. AtPIPs
are cleaved by unknown proteases from AtPrePIPs.
AtPIP1 has been shown to bind to and signal via
AtRLK7. AtPep and AtPIP signaling work coopera-
tively to amplify immune responses (Hou et al., 2014).
Other LRR-RKs are implicated in immunity, but

the ligands remain to be elucidated. Notable among
these are AtNILR1, the first identified plant receptor
involved in immunity to nematodes (Mendy et al.,
2017); OsRLK1, which initiates defense against chew-
ing herbivores (Hu et al., 2018); and AtMIK2, which has
been described as a key component in sensing Fusarium
(Coleman et al., 2019).

LRR-RPS

Multiple LRR-RPs from Arabidopsis and solanaceous
plants have been shown to have a role in immunity.
Unlike the widespread distribution of FLS2, thus far all
known LRR-RPs display genus- or subgenus-specific
distribution. Many characterized LRR-RPs consti-
tutively associate with the LRR-RK SOBIR1/EVR
(Liebrand et al., 2014). LRR-RP/SOBIR1 complexes
have been described as “bimolecular RKs” with the
LRR-RP providing the ligand specificity and SOBIR1
providing the kinase domain for intracellular signaling
(Gust and Felix, 2014).
The first LRR-RPs involved in plant defense were

classified as resistance genes. These include tomato
SlCf2, SlCf4, SlCf5, and SlCf9, which confer resistance
to Cladosporium fulvum (Cf) isolates carrying the corre-
sponding avirulence (Avr) genes encoding the Cys-rich
proteins Avr2, Avr4, Avr5, and Avr9, respectively
(Jones et al., 1994; Joosten et al., 1994; Dixon et al., 1996,
1998). Rather than binding Avrs directly, Cfs are
reported to detect the inhibitory effect of Avrs on spe-
cific plant proteases (Hammond-Kosack et al., 1994;
Rooney et al., 2005). Since the identification of Cfs,
many LRR-RPs have been shown to have a role in de-
fense in solanaceous plants. SlEIX1 and SlEIX2 bind
ethylene-inducing xylanase (EIX) from Trichoderma spp.
(Dean et al., 1989; Ron and Avni, 2004). Whereas SlEIX2
is capable of initiating defense responses upon EIX
treatment, SlEIX1 is involved in BAK1-dependent at-
tenuation of EIX-mediated defense (Bar et al., 2010,
2011). Different surface-exposed regions within EIX
and the related Botrytis xylanase BcXyn11A have been
reported to be crucial for SlEIX2-dependent recogni-
tion, but the activity of these regions could not be ver-
ified using peptide epitopes. Recently, the 25-amino
acid peptide xyn25 from BcXyn11A was reported to
trigger defense responses in tomato and tobacco
(Nicotiana tabacum; Frías et al., 2019). Whether this
activity is EIX1/2-dependent remains to be shown.
SlVe1 is implicated in resistance to Verticillium dahliae
harboring the effector Ave1, a homolog of plant na-
triuretic peptides presumably acquired by horizontal
gene transfer (Kawchuk et al., 2001; de Jonge et al.,
2012; Postma et al., 2016). The wild potato LRR-RP
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Figure 1. Plant pattern recognition receptors, coreceptors, and corresponding ligands. Receptor complexes are grouped
according to the structural class of the (putative) ligand binding receptors. Receptor complex components listed have bio-
chemically or genetically been shown to be involved in perception of cognate patterns. Species prefixes for receptors and cor-
eceptors: At, Arabidopsis; Bn, B. napus; Lj, L. japonicus; Md, Malus domestica; Mt, M. truncatula; Nb, N. benthamiana; Os,
O. sativa; Ps, P. sativum; Sl, S. lycopersicum; Sm, Solanum microdontum; Vu, V. unguiculata; and Vv, Vitis vinifera. Species
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SmELR mediates response to the Phytophthora-derived
elicitin INF1 in a SOBIR1-dependent manner (Du et al.,
2015; Domazakis et al., 2018). Nicotiana benthamiana
harbors the receptor NbRXEG1 that is responsible for
recognition of the glycoside hydrolase family 12member
XEG1 from Phytophthora sojae (Ma et al., 2015; Wang
et al., 2018c). While csp22 is perceived by an LRR-RK
in tomato (Wang et al., 2016), the csp22 response in
N. benthamiana is reported to require the LRR-RP
NbCSPR (Saur et al., 2016).
LRR-RPs are also known to play multiple roles in

microbial resistance in Brassicaceae. Resistance of Bras-
sica napus to Leptosphaeria maculans is determined by
BnLepR3/BnRLM2-mediated recognition of AvrLm1/
AvrLm2 (Long et al., 2011; Larkan et al., 2013, 2014,
2015). The Arabidopsis LRR-RPs AtRLP1/ReMAX,
AtRLP23, AtRLP30, and AtRLP42/RBPG1 have been
described to perceive an enigmatic MAMP from Xantho-
monas spp. (Jehle et al., 2013); Nep1-like proteins (NLPs)
from various bacteria, oomycetes, and fungi (Böhm et al.,
2014; Albert et al., 2015); Sclerotinia sclerotiorum filtrate
elicitor1 (SCFE1; Zhang et al., 2013) and fungal polyga-
lacturonases (Zhang et al., 2014), respectively. Nlp20, the
20-amino acid minimal immunogenic motif from NLPs,
binds directly to AtRLP23 and induces complex forma-
tion with AtSERKs (Böhm et al., 2014; Albert et al., 2015,
2019). SCFE1 also induces complex formation between
AtRLP30 and AtSERKs (Albert et al., 2019). A similar
mechanism is anticipated for the activation of other RPs.
In addition to microbial pathogens, LRR-RPs are also

involved in defense against higher organisms. SlCuRe1
detects a proteinaceous pattern fromCuscuta reflexa and
represents the first receptor implicated in defense
against parasitic plants (Hegenauer et al., 2016). Cow-
pea (Vigna unguiculata) inceptin receptor binds the
11-amino acid inceptin (Vu-In) that is proteolytically
cleaved from the chloroplastic ATP synthase during
caterpillar herbivory (Steinbrenner et al., 2019).

LYSIN MOTIF-RKS AND RPS

Plants sense polysaccharide patterns using lysin motif
(LysM) receptors. LysM-RKs contain three extracel-
lular LysM domains, a transmembrane domain, and
an intracellular kinase domain (Buendia et al., 2018;
Schlöffel et al., 2019). LysM-RPs lack kinase and
transmembrane domains but are instead attached to
the plasma membrane by GPI-anchors. Compared to
the LRR-receptor family, the LysM-receptor family is
rather small, comprising five to 22 LysM-RKs and two
to five LysM-RPs (Buendia et al., 2018). LysM-RKs and -
RPs contribute to both immunity and symbiosis by
sensing N-acetylglucosamine-containing patterns such

as lipochitooligosaccharides, chitooligosaccharides (CO),
and peptidoglycan (PGN). Interplay between receptors
and coreceptors seems to be complex, particularly in re-
spect to distinguishing between defense and symbiosis.
The LysM-RK chitin elicitor receptor kinase1 (CERK1)

seems to be a key player in N-acetylglucosamine per-
ception for most defense pathways (Shinya et al., 2015).
Rice perceives octameric CO fragments by OsCERK1
and the LysM-RP chitin elicitor-binding protein (OsCE-
BiP; Kaku et al., 2006; Shimizu et al., 2010). Struc-
tural and biochemical studies revealed that CO binding
within the second LysM domain induces homodime-
rization of OsCEBiP, which is likely followed by the
recruitment of OsCERK1 (Shimizu et al., 2010; Hayafune
et al., 2014; Liu et al., 2016). OsCERK1 is also required for
perception of symbiotic short chain CO, a process that
is independent of OsCEBiP (Carotenuto et al., 2017).
Intriguingly, OsCERK1 has been reported to play a role
in lipopolysaccharide (LPS) signaling as well (Desaki
et al., 2018).
In Arabidopsis, chitin is perceived by a complex of

LysM-RKs comprising AtLYK4, AtLYK5, and AtCERK1
(Miya et al., 2007; Cao et al., 2014; Xue et al., 2019).
AtLYK4 and AtLYK5 interact constitutively (Xue et al.,
2019), whereas AtLYK5 and AtCERK1 interaction is
ligand-dependent (Cao et al., 2014). Downstream sig-
naling is dependent on AtCERK1 homodimerization
(Liu et al., 2012b; Cao et al., 2014). A second chitin-
sensing mechanism in Arabidopsis has been proposed
for regulation of fluxes across plasmodesmata. This
pathway is dependent on AtLYK4 and AtLYK5 along
with AtLYM2/AtCEBiP (Faulkner et al., 2013), which
has been shown to bind chitin (Shinya et al., 2012).
Putative orthologs of OsCEBiP in other plant species

have also been shown to be involved in CO response.
Lotus (Lotus japonicus) LjLYS6/LjCERK6 binds CO6-8.
The structure of LjLYS6 is highly similar to AtCERK1
with a highly conserved chitin binding site (Bozsoki
et al., 2017). MtLYK9 (a putative ortholog of LjLYS6)
and MtLYR4 are indispensable for chitin signaling in
Medicago truncatula (Bozsoki et al., 2017). PsLYK9 is
proposed as a CERK1-like receptor for chitin in Pisum
sativum (Leppyanen et al., 2017), although chitin binding
has not yet been demonstrated. LysM-RKs are also in-
volved in CO-triggered immunity in grapevine (Vitis
vinifera; VvLYK1-1 and VvLYK1-2) and apple (Malus
domestica;MdCERK1; Zhou et al., 2018; Brulé et al., 2019).
PGN signaling in Arabidopsis and rice is mediated

by tripartite complexes of LysM-RPs and -RKs. In
Arabidopsis, AtLYM1 and AtLYM3 form a PGN re-
ceptor complex with AtCERK1 (Willmann et al., 2011).
As with AtBGAL1-mediated breakdown of flagellin,
the hydrolase AtLYS1 promotes elicitor accessibility
by releasing PGN fragments from insoluble bacterial

Figure 1. (Continued.)
prefixes are indicated for coreceptors if studied in the same species as the receptor, but are excluded if studied in (multiple)
heterologous organisms. Identified minimal epitopes of patterns are given in parentheses. Dependent on the range of analysis,
pattern origins are stated as whole kingdoms or as species names, which does not exclude a broader, yet unknown, distribution.

Plant Physiol. Vol. 182, 2020 1585

Receptor Complexes Involved in Plant Defense



cell walls (Liu et al., 2014). In addition to CO and PGN
perception, AtCERK1 is involved in the perception of
1,3-b-D-(Glc)6 from fungal cell walls (Mélida et al.,
2018). In rice, two LysM-RPs, OsLYP4 and OsLYP6,
together with OsCERK1, contribute to PGN and CO6
recognition using the same binding site (Liu et al.,
2012a). Structure–function analysis of PGN percep-
tion is lacking.

Legumes use LysM-receptors not only for danger sur-
veillance but also to regulate symbiosis. In lotus, LjNFR1
(LYK) and LjNFR5 (LYR) bind lipochitooligosaccharide
Nod factors and are essential for symbiosis (Broghammer
et al., 2012). Homologs of LjNFR1 and LjNFR5 have been
identified in M. truncatula (MtLYK3; MtNFP, MtLYR3)
and P. sativum (PsSym37, PsK; PsSym10, PsLYR3). In
Medicago, MtLYK9 is involved in symbiosis with
arbuscular mycorrhizal fungi (Gibelin-Viala et al.,
2019). The legume LysM-RK LjEPR3 binds bacterial
exopolysaccharides involved in symbiosis (Kawaharada
et al., 2015).

OTHER TYPES OF RECEPTORS

The malectin-like-domain RK FERONIA (AtFER)
was initially found to be critical for female fertility in
Arabidopsis (Huck et al., 2003; Rotman et al., 2003) and
later identified as a receptor for the peptide rapid al-
kalinization factor1 (AtRALF1) involved in regulating
primary root growth (Haruta et al., 2014). In the past
few years, AtFER has emerged as an important com-
ponent of immune signaling complexes with a pro-
posed role as a RALF-regulated scaffold. Regulation
of immunity by AtFER depends on the GPI-anchored
protein AtLLG1, which constitutively associates with
AtFER, AtFLS2, and AtEFR (Shen et al., 2017). AtFER
and AtLLG1 enhance the association of AtFLS2/AtEFR
with AtBAK1 upon flg22/elf18 perception, but this
association is hampered by AtRALF23 (Stegmann et al.,
2017). A recent study shows that AtRALF23 directly
interacts with both AtFER and AtLLG1 and promotes
assembly of an AtRALF23-AtLLG1-AtFER hetero-
complex (Xiao et al., 2019). How AtRALF23 negatively
regulates AtFLS2/AtEFR-mediated response through
the AtLLG1-AtFER complex remains unknown. Other
roles have also been assigned to AtFER. During salt-
stress, AtFER is necessary to maintain cell-wall integ-
rity by sensing the damage of pectin (Feng et al., 2018).
Cell-wall LRR extensin 3 (LRX3),, LRX4, and LXR5 as-
sociate with AtRALF23 and AtFER, and function to-
gether as a module to transduce cell-wall signals that
regulate growth and salt tolerance (Zhao et al., 2018).
Whether AtLRX3/4/5, pectin, or other cell-wall com-
ponents are also part of the scaffolds that regulate
immune receptor complexes is an interesting topic for
further investigation.

Several nonproteinaceous elicitors are detected by
other lectin-type RKs. The bulb-type lectin S-domain-
1 RK AtLORE was initially reported to sense the con-
served lipid Amoiety of LPS (Ranf et al., 2015). Recently,

however, medium-chain 3-hydroxy fatty acids (mc-3-
OH-FAs) that copurify with LPS, but not LPS itself,
were shown to elicit AtLORE-dependent immunity
(Kutschera et al., 2019). How the mc-3-OH-FA me-
tabolites are derived from bacteria remains unknown.
A legume-type lectin RK, AtLecRK-I.9/AtDORN1,
was identified as a high affinity receptor for extracel-
lular ATP (eATP; Choi et al., 2014). eATP triggers
AtLecRK-I.9/AtDORN1-mediated AtRBOHD phos-
phorylation to regulate stomatal aperture and bacte-
rial resistance (Chen et al., 2017). Recently, it was
reported that the root endophytic fungus Serendipita
indica secretes an ecto-59-nucleotidase to modulate
eATP levels and thereby prevent detection (Nizam
et al., 2019). Another legume-type lectin RK, LecRK-
I.8, is also involved in basal resistance against bacterial
pathogens. LecRK-I.8 is reported to directly sense ex-
tracellular NAD1 as a DAMP (Wang et al., 2017).
Surprisingly, AtLecRK-I.8 was also recently reported
to mediate immune response to lipid extracts from the
eggs of the insect Pieris brassicae (Gouhier-Darimont
et al., 2019). The explanation for these paradoxical
findings are not yet clear. The lipidic extracts are un-
likely to contain NAD1, but it is possible that they could
trigger NAD1 release to the cytoplasm (Gouhier-
Darimont et al., 2019).

The EGF-like–domain RK AtWAK1 perceives oligo-
galacturonide (OG), which is released from pectin
during fungal infection (Brutus et al., 2010). Hyper-
accumulation of OGs causes growth inhibition and
eventually cell death. Oxidization of OGs by OG oxi-
dases 1–4 dampens OG-triggered immune responses
(Benedetti et al., 2018). Oxidization of cellodextrin, an-
other DAMP released from cellulose, by AtCELLOX
also attenuates immune responses (Locci et al., 2019),
suggesting that oxidation of cell-wall–derived oligosac-
charides is a common mechanism to modulate DAMP-
triggered immune signaling.

PRR COMPLEXES AT THE PLASMA MEMBRANE

As mentioned previously, SERKs serve as coreceptors
for various LRR-RK and -RP receptors involved in de-
velopmental and immunity signaling pathways (Yasuda
et al., 2017; He et al., 2018). Structural analyses have
revealed a common activation mechanism for LRR-RKs,
in which the LRR domains of receptors and shape-
complementary SERKs heterodimerize in the pres-
ence of ligand. Ligands promote dimerization either
by binding both proteins directly as “molecular glue”
or allosterically through stabilization of an RK island
domain (Sun et al., 2013; Wang et al., 2015; Hohmann
et al., 2017). LRR-RPs likely employ a similar activa-
tion mechanism, but the structural role of SOBIR1 in
formation of the tripartite complex is unknown.

In the absence of ligand, receptor–SERK complex as-
sembly is negatively regulated by AtBIR2 and AtBIR3,
two closely related LRR-RKs with structures similar to
SERKs but lacking kinase activity (Halter et al., 2014;
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Imkampe et al., 2017). AtBIR2/3 constitutively associate
with AtBAK1 in the absence of ligand and AtBAK1
heterodimerization with AtFLS2 and other LRR-RKs
(Halter et al., 2014; Imkampe et al., 2017). In the
presence of flg22, AtBIR2 and AtBIR3 dissociate from
AtBAK1, which then becomes accessible for the in-
teraction with AtFLS2 (Halter et al., 2014; Imkampe
et al., 2017). Recent structural analyses revealed that
AtBIR2/3 have a conserved SERK binding mecha-
nism (Hohmann et al., 2018). Additional quantitative
biochemical assays revealed that AtBRI1 (an LRR-RK
involved in brassinolide-mediated growth) andAtBIR2/3
compete for binding of SERKs. AtBRI1 is able to out-
compete AtBIR2/3 in the presence of ligand (Hohmann
et al., 2018). It is plausible that a similar competition sys-
tem exists for AtFLS2 and AtBIR2/3. It is unknown
whether such a regulatory system exists for LysM-RKs or
other types of receptors.
AtNIK1, a LRR-RK, has previously been shown to be

a positive regulator of plant immunity to viral infec-
tions (Zorzatto et al., 2015). Recently, AtNIK1 has been
reported to negatively regulate flg22-induced immune
responses by physical interaction with both FLS2 and
BAK1 (Li et al., 2019). Whereas BIR2/BIR3 function to
prevent FLS2–BAK1 complex formation in the absence
of flg22, NIK1 suppression of FLS2–BAK1 complex
formation is enhanced upon flg22 perception (Li et al.,
2019). Thus, NIK1 may be involved in attenuating FLS2
signaling or controlling optimum levels of FLS2–BAK1
complexes.
Like AtFER described previously, several other RKs

also appear to function as scaffolds to regulate immune
receptor complex formation. AtIOS1, a malectin-like
LRR-RK, associates with multiple PRRs and coreceptors
and promotes AtFLS2–AtBAK1 complex formation upon
flg22 perception (Yeh et al., 2016). Two other malectin-
like-domain RKs, AtANX1 and AtANX2, also associ-
ate with AtFLS2 and AtBAK1, but negatively regulate
AtFLS2–AtBAK1 complex formation (Mang et al.,
2017). It is not known if AtANX1 and AtANX2 func-
tion as scaffolds for other PRRs. A comprehensive in-
teraction network analysis of receptor ectodomains
identified the LRR-RK AtFIR as an additional AtFLS2
interactor that promotes AtFLS2–AtBAK1 complex
formation. AtFIR is required for flg22 response and
microbial resistance (Smakowska-Luzan et al., 2018).
This study further revealed that the LRR-RK AtA-
PEX associates with AtPEPR1 and AtPEPR2 in a
ligand-independent manner and negatively regulates
AtPEPR1/AtPEPR2-mediated and AtFLS2-mediated
immune responses. In contrast, AtAPEX acts as a
positive regulator in AtBRI1 signaling (Smakowska-
Luzan et al., 2018).
Single-particle tracking live-cell imaging revealed

that AtFLS2 and AtBRI1 localize within distinct plasma
membrane nanodomains of different sizes, which
suggests that spatiotemporal separation of receptor
complexes may play a role in maintenance of signal
specificity (Bücherl et al., 2017; McKenna et al., 2019).
Nanodomain size and diffusion of AtFLS2 is regulated

by both the cytoskeleton and the cell wall (McKenna
et al., 2019). How the dynamics of AtFLS2-containing
nanodomains regulate signaling remains unknown.

POST-TRANSLATIONAL MODIFICATIONS IN
EARLY IMMUNE SIGNALING

Perception of danger triggers numerous defense re-
sponses including stomatal closure, callose deposition,
reactive oxygen species (ROS) burst, and production of
defensive secondary metabolites. Generation and regu-
lation of these responses involves a complex signaling
network that employs several types of post-translational
modifications (Bhattacharjee et al., 2015; Withers and
Dong, 2017; de Vega et al., 2018). Here we highlight
early events in PRR signaling (i.e. those occurring in the
proximity of the PRR complexes). Presumably, the first
intracellular signaling event upon PAMP perception is
transphosphorylation between the kinase domains of
coreceptors and PRRs (or adaptor kinases like SOBIR1).
Phosphorylation patterns are not the same in all cases.
In vitro studies show that AtBAK1 is differentially
phosphorylated by the AtBRI1, AtBIK1, AtFLS2, and
AtEFR kinase domains (Wang et al., 2014). Perraki et al.
(2018) identified AtBAK1 phosphosites that are re-
quired for immunity but not brassinolide signaling.
These results imply that kinases may not be simply on/
off switches in certain pathways, but could have mul-
tiple modes of activation depending on the pattern of
phosphorylation or phosphocode.
Upon activation, AtBAK1 phosphorylates positive

regulators of immunity such as the receptor-like cyto-
plasmic kinase (RLCK) AtBIK1 and negative regulators
of immunity such as AtBIR2/3. Phosphorylation of
AtBIR2/3 promotes their dissociation from the receptor
complex, facilitating formation of an active complex
(Halter et al., 2014; Imkampe et al., 2017). AtBIK1 also
dissociates from the receptor complex and phosphory-
lates multiple downstream targets including AtRGS1,
which regulates heterotrimeric G proteins, and AtR-
BOHD, the NADPH oxidase responsible for PRR-
mediated ROS burst (Liang et al., 2018; Liang and
Zhou, 2018; Mithoe and Menke, 2018). AtBIK1 has
also been shown to partially localize to the nucleus,
where it can phosphorylate several WRKY transcrip-
tion factors involved in transcriptional reprogram-
ming (Lal et al., 2018). Recently, AtBIK1 was further
shown to activate a calmodulin-gated calcium channel
composed of AtCNGC2 and AtCNGC4 (Tian et al.,
2019). Phosphorylation of AtCNGC2/4 by AtBIK1 is
critical for calcium spiking in response to immune
elicitors (Tian et al., 2019). The related channel proteins
AtCNGC19 and 20 have recently been implicated in
regulation ofAtBAK1-dependent cell death containment
in plant immunity (Yu et al., 2019), and AtCNGC19 has
further been shown to have a role in resistance against
insect herbivory (Meena et al., 2019). It is not yet known
if BIK1 also has a role in activating AtCNGC19 and
AtCNGC20.
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AtBIK1 is part of the 46-member Arabidopsis RLCK-
VII family (Rao et al., 2018), which contains many
members thought to play roles in development and
immunity. Rao et al. (2018) performed an extensive
analysis in which higher order mutants of nine RLCK-
VII subfamilies were tested for their roles in immunity
and development. This study revealed that multiple
RLCK-VIIs play roles in immunity including subfam-
ilies 4, 5, 7, and 8. AtPBL27, from the RLCK-VII-1 sub-
family, was recently shown to promote chitin-induced
stomatal closure by phosphorylating the S-type anion
channel AtSLAH3 (Liu et al., 2019). AtPBL27 is critical
for this activity, as a pbl27mutant is defective in chitin-
induced stomatal closure and more susceptible to Bo-
trytis infection (Liu et al., 2019). AtPBL27 was also
reported to phosphorylate AtMAPKKK5, initiating a
MAP kinase signaling cascade including AtMPK3/6
(Yamada et al., 2016). However, a subsequent report
claims that RLCK-VII-4 subfamily members, but not
AtPBL27, mediate this process (Bi et al., 2018).

In most cases, RLCK-VII single mutants do not show
significant defects in immunity, likely due to overlapping
functions. Nevertheless, RLCK-VIIs play selective roles in
triggering different outputs. AtBIK1, for example, is crit-
ical for ROS and calcium signaling (Tian et al., 2019) but
not MAPK activation (Feng et al., 2012). RLCK-VIIs also
play differential roles in responses to different elicitors.
For example, the RLCK-VII-4 subfamily is important for
ROS responses to chitin but not flg22 or elf18 (Rao et al.,
2018). In Arabidopsis, nlp20 triggers notably different
outputs than flg22 or elf18 (Wan et al., 2019b). In-
triguingly, although AtBIK1 is a positive regulator of
flg22- and elf18-triggered immunity, bik1 mutants
show stronger responses to nlp20, suggesting an op-
posing regulatory role of BIK1 in LRR-RP- and LRR-RK
signaling (Wan et al., 2019b).

The 12-member RLCK-XII family also has important
roles in immune and developmental signaling. AtBSK1
associates with AtFLS2 and is critical for several im-
mune responses including flg22-induced ROS (Shi
et al., 2013). Like PBL27 and RLCK-VII-4s mentioned
previously, AtBSK1 is also reported to phosphorylate
AtMAPKKK5 and thereby initiate MAPK signaling
(Yan et al., 2018). The related AtBSK5 was recently
shown to be involved in AtFLS2-, AtEFR-, andAtPEPR-
mediated responses (Majhi et al., 2019). In addition to
RLCK-VII and XII RLCKs, other important kinases in
early signaling include calcium-dependent kinases
(CPK) such as AtCPK5 (Yip Delormel and Boudsocq,
2019), the MAP4Ks AtSIK1 and AtMAP4K4 (Zhang
et al., 2018; Jiang et al., 2019), and Cys-rich receptor-
like kinases such as AtCRK2 (Kimura et al., 2019). All
of these kinases act cooperatively with AtBIK1 to trig-
ger ROS burst via AtRBOHD. Some kinases, such as
AtCPK28 and AtPBL13, negatively regulate immune
signaling (Monaghan et al., 2014; Lin et al., 2015).

The phosphorylation status of immune signaling
components must be tightly regulated. Arabidopsis
encodes more than 100 phosphatase catalytic subu-
nits (Wang et al., 2007). AtPP2A negatively regulates

immunity by modulating AtBAK1 phosphorylation
(Segonzac et al., 2014), while AtPP2C38 has a similar
function on AtBIK1 (Couto et al., 2016). In tomato, the
PP2C phosphatase SlPic1 was recently shown to
negatively regulate flg22- and csp22-induced immu-
nity through its action on the RLCK SlPti1b (Giska
and Martin, 2019). The small BSU1 family of phos-
phatases, on the other hand, positively regulates
immune and brassinolide signaling (Park et al., 2019).
AtBSU1 is phosphorylated by AtBIK1 on Ser-251 in a
flg22-dependent manner, an event that appears to be
necessary for AtMPK3/6 activation (Park et al., 2019).
Notably, Ser-251 phosphorylation is required for
immune signaling but not brassinolide signaling in-
dicating that, like AtBAK1, AtBSU1 activity is also
phosphocode-dependent. The target(s) of AtBSU1 are
not yet known.

The above examples highlight only a small number
of kinases and phosphatases that play roles in early
defense signaling. Given the number and diversity of
kinases and phosphatases involved, the partial re-
dundancies, and the unknown complexities of the
phosphocode for each kinase or phosphatase, eluci-
dation of the full role of phosphorylation in immune
signaling remains a formidable challenge.

In addition to phosphorylation, ubiquitination plays
an established role in plant immunity (Duplan and
Rivas, 2014; Zhou and Zeng, 2017; Mithoe and Menke,
2018). The ubiquitin E3 ligases PUB12/13, for example,
are important for attenuation of AtFLS2 signaling (Lu
et al., 2011). Upon AtFLS2 activation, AtBAK1 phos-
phorylates AtPUB12/13. The activated E3 ligases, in
turn, polyubiquitinate AtFLS2, targeting it for degrada-
tion (Lu et al., 2011). The ubiquitin E3 ligases AtPUB25/
26 work together with AtCPK28 and heterotrimeric
G-protein to tightly control AtBIK1 levels (Monaghan
et al., 2014; Liang et al., 2016; Wang et al., 2018a). Al-
though ubiquitination is mostly used as a means to
attenuate immune signaling, it can also play a positive
role. AtPUB4, for example, is a positive regulator of
chitin-induced immune responses, but the target(s) of
AtPUB4 is unknown (Desaki et al., 2019).

SUMOylation, or incorporation of a small ubiquitin-
like modifier (SUMO), is a reversible process that can
affect protein structure, localization, and interaction
with partners. A recent study showed that AtFLS2 is
SUMOylated on Lys-1120 rapidly upon flg22 treatment
(Orosa et al., 2018). Mutation of the SUMOylation site
alters its interaction with AtBIK1 and blocks downstream
signaling (Orosa et al., 2018). SUMOylation is regulated
by the deSUMOylating enzyme AtDesi3a, which is rap-
idly degraded upon flg22 perception (Orosa et al., 2018).

Proteolytic processing also plays important roles
in immune modulation, notably in the production of
phytocytokines such as Peps, PIPs, and RALFs. Several
studies show that proteolytic processing of RKs may
also play a role in early signaling events. Zhou et al.
(2019) found that AtBAK1 is processed by a conserved
protease and that its cleavage is PAMP-induced. Mu-
tation of Asp-287 prevents AtBAK1 processing, and
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impairs flg22-induced responses, but this may be in
part due to mislocalization of the receptor. Proteolytic
processing has also been reported for two different
PRRs (Park and Ronald, 2012; Petutschnig et al., 2014),
but the role of RK processing in immune signaling
remains unknown.
A number of posttranslational modifications are im-

portant for the appropriate folding or localization of
RKs, RPs, and RLCKs. These include glycosylation,
myristoylation, and S-acylation (Saijo, 2010; Boyle and
Martin, 2015; Withers and Dong, 2017; Majeran et al.,
2018). S-acylation is notable among these because it is a
reversible modification, and a recent study reports that
PAMP-induced de-acylation regulates the activity of
AtFLS2, AtDORN1, and AtCERK1 (Chen et al., 2019).
The study suggests that acylation regulates the activity
of the receptors by controlling their nanodomain locali-
zation (Chen et al., 2019). However, these results conflict
with another recent study that shows that S-acylation is
not required for AtFLS2 signaling (Hurst et al., 2019). It
will be interesting to learn to what extent SUMOylation,
proteolytic processing of RKs, and S-acylation play roles
in various immune signaling pathways.

PATHOGEN EFFECTORS TARGETING
PRR COMPLEXES

Plant-adapted pathogens suppress or evade plant
immunity through the use of secreted protein effectors,
many of which directly target the plant surface receptor
complex. Bacterial pathogens utilize a type-III secretion
system to transport effectors that suppress the catalytic
activity of RKs (Göhre et al., 2008; Shan et al., 2008;
Macho et al., 2014), degrade PRRs (Göhre et al., 2008;
Gimenez-Ibanez et al., 2009; Li et al., 2016), or inhibit
phosphorylation of RLCKs (Zhang et al., 2010; Feng
et al., 2012; Yamaguchi et al., 2013). Prototypical ex-
amples include Pseudomonas syringaeAvrPto,which can
target multiple LRR-RKs (e.g. AtFLS2, AtEFR, and
AtBAK1; Shan et al., 2008; Xiang et al., 2008); AvrPtoB,
which can target both LRR-RKs (e.g. AtFLS2 and
AtBAK1) and LysM-RK CERK1 (Göhre et al., 2008;
Gimenez-Ibanez et al., 2009); the tyrosine phosphatase
HopAO1, which can target AtFLS2 and AtEFR (Macho
et al., 2014); and the cysteine protease AvrPphB, which
degrades RLCKs, and the 59-monophosphate transfer-
ase AvrAC that uridylates RLCKs (Zhang et al., 2010;
Feng et al., 2012). More detailed information and ad-
ditional examples have been well-reviewed (Macho
and Zipfel, 2015; Melotto et al., 2017). No bacterial ef-
fectors have been found to target the extracellular do-
main of PRRs.
Two important functions were found recently for the

P. syringae effectors AvrPto and HopB1 (Li et al., 2016;
Wu et al., 2018). For over 10 years, AvrPto has been
known to act on multiple LRR-RKs such as AtFLS2 and
AtEFR, as well as the coreceptor AtBAK1 (Shan et al.,
2008; Xiang et al., 2008). Recently, the coreceptor SOBIR1
was identified as an additional target of AvrPto. AvrPto

suppresses Avr4/SlCf4-triggered cell death in N. ben-
thamiana and forms a complex with SlSOBIR1 in planta.
AvrPto binding does not require SOBIR1 kinase activity
and does not affect SlCf-4/SlSOBIR1/SlSERK3a com-
plex formation (Wuet al., 2018). The detailedmechanism
of cell death suppression by AvrPto remains unclear.
The previously uncharacterized HopB1 was recently
identified as a Ser protease that cleavesAtBAK1 (Li et al.,
2016). HopB1 constitutively associates with the AtFLS2
kinase domain but does not bind AtBAK1 or AtBIK1.
Upon flg22 treatment, HopB1 cleaves the kinase-
activated form of AtBAK1. With this novel strategy
to cleave only activated AtBAK1, HopB1 can suppress
immunitywhile causingminimal cellular disturbances
that might be perceived by host surveillance systems
(Li et al., 2016).
The vascular fungal pathogen Fusarium oxysporum

produces small secreted peptides homologous to plant
RALFs (F-RALFs). F-RALFs induce host alkalinization,
which is required for the infection of some hemi-
biotrophic fungi (Masachis et al., 2016). Loss of F-RALF
in F. oxysporum results in increased ROS accumulation,
callose deposition, and PR gene expression during
fungal infection. F-RALF-mediated immune suppres-
sion is not observed in fer mutant plants, suggesting
that F-RALFs mimic endogenous FER-targeting RALF
peptides (Masachis et al., 2016). Many other phyto-
pathogenic fungi produce RALF-like peptides with
functions that remain to be elucidated (Thynne et al.,
2017). Thus, RALF mimicry could represent a common
mode of action for fungal apoplastic effectors. Recently,
another conserved fungal effector named necrosis-
inducing secreted protein1 (NIS1) from Colletotrichum
spp. and Magnaporthe oryzae was found to inhibit
autophosphorylation of AtBAK1 and AtBIK1. NIS1 also
disrupts AtBIK1 associationwithAtRBOHDupon flg22-
treatment. Interestingly, NIS1 not only suppresses im-
mune responses triggered by the extracellular patterns
flg22, INF1, and chitin, but also responses triggered
upon recognition of the Phytophthora infestans effector
Avr3a (Irieda et al., 2019).
Thus far, no oomycete effectors have been defini-

tively shown to target PRRs. However, some P. infestans
RxLR effectors suppressing plant early immune re-
sponses are worth noting (Zheng et al., 2014). The RxLR
effector SFI5 suppresses ROS accumulation and MAPK
activation triggered by flg22 in a calcium/calmodulin-
dependent manner in both Arabidopsis and tomato.
Although the host targets of SFI5 have not been found,
its subcellular localization highly resembles that of
AvrPto (Zheng et al., 2018). The eATP receptor AtLecRK-
I.9/AtDORN1 is implicated as a possible target of the
P. infestansRxLR effector IPI-O (Bouwmeester et al., 2011).
There are no reports of insect or nematode effectors that
directly target PRRs. However, these pests produce nu-
merous effectors that suppress immunity through as-yet
unknownmechanisms (Hogenhout and Bos, 2011;Mejias
et al., 2019), and nematodes are known tomanipulate RKs
in other signaling pathways through ligand mimicry
(Hu and Hewezi, 2018). The identification of additional

Plant Physiol. Vol. 182, 2020 1589

Receptor Complexes Involved in Plant Defense



effectors and their activities is important both to better
understand pathogen strategies and to further elucidate
the proteins involved in immune signaling and their
functions.

CONCLUSION

Tremendous efforts from laboratories all over the
world have led to the discovery of dozens of plant PRRs
in numerous plant species. Comparative analyses of
PRR structures, ligand specificity, and genetic dis-
tribution have led to unexpected insights. For exam-
ple, only aminor fraction of microbe-derived patterns
(bacterial flagellin-derived flg22, bacteria-derived
PGN, fungus-derived chitin) are recognized by PRRs

that are widespread among plants and can be found in
both monocot and eudicot plant species. Sensor systems
for such patterns should thus be considered an ancient set
of PRRs. In contrast, the majority of PRRs known to date
exhibit genus-specific distribution patterns, a feature that
is particularly inherent to LRR-RP-type PRRs. Lack (or
loss) of PRR activities in closely related plant species or
among accessions of the same species must further be
interpreted as evidence for substantial evolutionary
dynamics within PRR protein families. Likewise, the
discovery of nonhomologous PRRs recognizing different
structural epitopes within one and the same microbial
molecule (e.g. SlFLS2 and SlFLS3 recognition of flg22
and flgII-28, respectively) is an important finding.

In our view, one of the most astonishing lessons
learned fromplant PRR research is the sheer complexity

Figure 2. Interactions between the bacterial pathogen P. syringae and Arabidopsis surface sensor systems. Arabidopsis employs
several plasma membrane immune receptors that detect multiple patterns derived from P. syringae. These include LORE, which
perceives mc-3-OH-FA; the CERK1–LYM1–LYM3 complex, which perceives PGN fragments released by LYS1; XPS1, which
perceives xanthine/uracil permease (xup25); EFR, which perceives EF-Tu (elf18); and FLS2, which perceives flagellin (flg22) and is
deglycosylated by BGAL1. FER and LLG1 associate with FLS2/EFR and regulate immune complexes, whichmay reside in specific
plasma membrane nanodomains (rust-colored). BIK1 plays a central role in early responses after PAMP recognition. Upon flg22
perception, BAK1 associates with and transphosphorylates FLS2, leading to BIK1 activation and disassociation from FLS2–BAK1
complex. Activated BIK1 phosphorylates CNGC2/4 and RBOHD to regulate Ca21 influx and ROS production, respectively. CPK5
and SIK1 also phosphorylate RBOHD, and SIK1 andMAP4K4 phosphorylate and stabilize BIK1 to ensure robust ROS production.
BIK1 function is negatively regulated by PP2C38 in the resting state, whereas PP2C38 is phosphorylated by BIK1 and MAP4K4
and is released from BIK1 upon flg22 perception. To tightly control the immune responses, BAK1 is negatively regulated by PP2A.
FLS2 and nonphosphorylated BIK1 are polyubiquitinated by E3 ligases PUB12/13 and PUB25/26, respectively, targeting them for
degradation. Furthermore, heterotrimeric G-protein (XLG2/Gb/Gg) stabilizes BIK1 by inhibiting PUB25/26 activity in the resting
state. Upon flg22 perception, the heterotrimeric G-protein disassociates from FLS2–BIK1 complex. CPK28 is further activated to
phosphorylate PUB25/26 to accelerate nonphosphorylated BIK1 degradation, which in turn allows the phosphorylated BIK1 to
activate downstream signaling. To suppress plant immune responses, P. syringae transports effectors (eg. AvrPto, AvrPtoB,
HopB1, HopAO1, HopF2) through a type-III secretion system (T3SS) to inhibit the functions of receptor complex (e.g. FLS2, EFR,
BAK1, and CERK1) and other key signaling components (e.g. BIK1).
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of patterns and PRRs that underlie PTI activation
within a given plant-microbe interaction. Figure 2 ex-
emplifies this complexity for the interaction of the
bacterial pathogen P. syringae with its host, Arabi-
dopsis. P. syringae can be detected by at least five dif-
ferent PRRs, which recognize three proteinaceous
bacterial patterns, one lipophilic compound, and PGN.
This list is expected to increase, and it is reasonable to
assume that similarly complex scenarios may also be
found for less-studied plant–microbe interactions (see
Outstanding Questions). Past and current research into
PRR identification and characterization also hold im-
plications for biotechnological applications. For exam-
ple, single plant-genus–specific PRRs have been used
successfully to engineer crop plants with enhanced
immunity to microbial infection (Lacombe et al., 2010;
Albert et al., 2015; Boutrot and Zipfel, 2017). Broad
spectrum disease resistance in crops may further be
boosted by the use of combinations of PRR stacking
(PRRs; Wan et al., 2019a).

Received October 22, 2019; accepted November 21, 2019; published December
10, 2019.
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