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Summary

The functional link between cell-surface receptors and intracellular NLR immune receptors is a

critical aspect of plant immunity. To establish disease, successful pathogens have evolved

mechanisms to suppress cell-surface immune signalling. In response, plants have adapted by

evolving NLRs that recognize pathogen effectors involved in this suppression, thereby

counteracting their immune-suppressing function. This ongoing co-evolutionary struggle has

seemingly resulted in intertwined signalling pathways in some plant species, where NLRs form a

separate signallingbranchdownstreamof activated cell-surface receptor complexes essential for

full immunity. Understanding these interconnected receptor networks could lead to novel

strategies for developing durable disease resistance.

I. Introduction

Plants have an effective innate immune system which relies on the
activation of cell-surface and intracellular immune receptors to
recognize pathogen molecules to defend against a wide range of
pathogens. Cell-surface immune receptors, including receptor-
like kinases (RKs or RLKs) and receptor-like proteins (RPs or
RLPs), detect conserved pathogen-derived or induced molecular
signatures, often referred to as either pathogen-, microbe-, or
damage-associated molecular patterns (PAMPs, MAMPs, or

DAMPs, respectively), as well as specialized pathogen-secreted
effectors (Albert et al., 2020). These effectors manipulate the host
environment to benefit the pathogen by suppressing immune
responses or promoting nutrient production. Recognition is
mediated by various extracellular ligand-binding domains, such as
lectin domains, LysM domains, malectin-like domains, and
leucine-rich repeat (LRR) domains (Dievart et al., 2020). RKs
and RPs contain a single helical transmembrane domain, with
RKs having an intracellular protein kinase domain for signalling,
while RPs have a small cytoplasmic tail (Dievart et al., 2020).
Both RKs and RPs play crucial roles in plant growth, develop-
ment, abiotic stress responses, and symbiotic interactions, in
addition to their role in biotic stress responses (Dievart et al.,
2020).
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Pathogen-secreted effectors can also act within the host nucle-
ocytoplasm. In response, plants have evolved a diverse repertoire of
intracellular immune receptors, predominantly belonging to the
nucleotide-binding domain and leucine-rich repeat-containing
protein (NLR) family. Flowering plant NLRs share a multidomain
architecture, characterized by a central NB-ARC (for nucleotide-
binding adaptor shared by APAF-1, certain R gene products, and
CED-4) domain, a C-terminal LRR domain, and an N-terminal
domain involved in initiating downstream signalling (Kourelis
et al., 2021). Upon activation, various types of NLRs oligomerize
into ‘resistosome’ structures, serving dual roles in pathogen
recognition and signal transduction (F€orderer et al., 2022). Some
NLRs have specialized functions in pathogen recognition or signal
transduction as either ‘sensor NLRs’ or ‘helper NLRs’, which can
operate inpairs orwithinmore complexnetworks (Wu et al., 2017).

Given the importance of cell-surface signalling for pathogen
recognition and immunity, pathogens developed strategies to
disrupt this signalling process at virtually all stages of the cascade. In
response, intracellular NLR immune receptors evolved to specif-
ically recognize this manipulation. A picture is now emerging of
how this continuous co-evolutionary battle gave rise to intertwined
cell-surface and NLR signalling pathways in plants (Table 1).

II. Convergence and diversification of intracellular
NLR immune receptors in ‘guarding’ cell-surface
receptor signalling in plants

Cell-surface receptors play a pivotal role in plant immunity against
pathogens and pests by initiating a conserved signalling cascade
upon ligand perception. Ligand recognition by receptor kinases
(RKs) and receptor proteins (RPs) results in hetero-oligomerization
with co-receptor RKs: LRR-containing RKs interact with
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE 3
(SERK3 or BAK1), while LRR-containing RPs constitutively
associate with SUPPRESSOR OF BAK1-INTERACTING
RECEPTOR-LIKE KINASE 1 (BIR1; SOBIR1) and engage
SERK3 upon activation. These receptor/co-receptor complexes
then activate a conserved phosphorylation cascade which includes
direct and indirect activation of PBS1-LIKE (PBL) receptor-like
cytoplasmic kinases (RLCKs), which lack extracellular ligand-
binding domains and are also known as RLCK subfamily VII,
mitogen-activated protein kinase (MAPK) phosphorylation cas-
cades, leading to a series of events including Ca2+ influx, activation
of Ca2+-dependent protein kinases, callose deposition, reactive
oxygen species formation, and transcriptional reprogramming
(DeFalco & Zipfel, 2021).

Due to the importance of this immune signalling, pathogens
have evolved various mechanisms to disrupt this signalling, both
extracellularly (Buscaill & van der Hoorn, 2021), and at virtually
every intracellular signalling stage (Toru~no et al., 2016). In
response to the manipulation of intracellular targets by pathogen
effectors, plants have evolved intracellular NLR immune receptors
capable of both direct and indirect effector recognition. Indirect
recognition is described by the guard and decoy models, in which
an intracellular effector target is either ‘guarded’ by an NLR as a
‘guardee’, or acts as a ‘decoy’ with the sole purpose of indirect

effector recognition (van der Hoorn & Kamoun, 2008). There are
many known examples ofNLRs guarding signalling downstreamof
plant cell-surface receptor-mediated immunity (Table 1; Fig. 1).

NLRs, among the most rapidly diversifying genes in plant
genomes, exhibit low conservation even between closely related
species. However, some highly conserved NLRs are involved in
recognizing the manipulation of signalling downstream of cell-
surface receptors. For example, the Arabidopsis coiled-coil (CC)-
type NLR ZAR1 indirectly recognizes multiple bacterial effectors
through ZED1-related kinases (ZRKs, also known as RLCK
subfamily XII-2) and their effector-induced interactions with
various PBLs (Laflamme et al., 2020; Martel et al., 2020). ZAR1 is
one of themost conserved NLRs found in flowering plants, present
across eudicots, some lineages of basal flowering plants, and certain
monocot species (Adachi et al., 2022; Gong et al., 2022). The
requirement of ZRKs for ZAR1 function is also conserved across
these species (Schultink et al., 2019; Adachi et al., 2022; Gong
et al., 2022). The ancient origin of ZAR1 suggests early conver-
gence of intracellular NLRs on guarding components downstream
of cell-surface receptors in flowering plant evolution. ZRKs appear
to have originated from a wall-associated kinase (WAK)-RK,
through the loss of extracellular ligand-binding domains and
several key features required for kinase activity (Gong et al., 2022).
Effector-induced interaction of ZRKs with PBLs leads to the
oligomerization of ZAR1 into a pentameric resistosome structure
characteristic of activated plant CC-type NLRs, which acts as a
Ca2+-permeable pore on the plasmamembrane (Wang et al., 2019;
Hu et al., 2020; Bi et al., 2021).

Similarly, the tomato NLR Prf, which has an ancient origin and
is functionally conserved across the Solanaceae family, interacts
withRLCKs encoded by genes in genomically co-occurring clusters
(Salmeron et al., 1996). For instance, the RLCK Pto is required for
Prf-dependent recognition of Pseudomonas kinase-inhibiting effec-
tor AvrPto and E3 ubiquitin ligase effector AvrPtoB (Ntoukakis
et al., 2014). More recently evolved NLRs have also converged on
guarding similar targets downstream of activated cell-surface
receptors (Table 1). Both the unrelated Arabidopsis NLR RPS5
and the barley NLR Pbr1 interact with PBLs for the recognition of
the Pseudomonas protease effector AvrPphB (Carter et al., 2019).
Meanwhile, the Arabidopsis NLR SUMM2 can perceive the
perturbation of a MAPK signalling cascade (Zhang et al., 2012).

Although NLRs often guard evolutionarily conserved compo-
nents downstream of cell-surface receptors, it seems that in some
instances, these guarding NLRs have evolved into a secondary
signalling pathway and are now necessary for the full immune
function of cell-surface receptors.

III. The EDS1–PAD4–ADR1 module enhances
cell-surface immunity in Arabidopsis

In Arabidopsis, some NLRs have not only converged on guarding
the signalling downstream of activated cell-surface receptors, but
have also evolved to enhance the immunity mediated by these
receptors (Fig. 2).

ADR1 and NRG1 type helper NLRs form networks that are
required for immunity upon activation of Toll/Interleukin-1
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Table 1 Summary of characterized NLRs guarding and/or enhancing immunity downstream of activated cell-surface receptors.

Type Species NLR
Receptor protein/
Guardee/Decoy

Guardee/Decoy
type

Recognition of (biochemical
function)

Guarding Arabidopsis thaliana CSA1 (CONSTITUTIVE
SHADE AVOIDANCE 1)
with CHS3 (CHILLING
SENSITIVE 3)

BAK1 (BRASSINOSTEROID
INSENSITIVE 1-
ASSOCIATED KINASE 1)

SERK3 HopB1 (Serine protease)1–3

BAK1 and BIR3 (BAK1-
INTERACTING
RECEPTOR-LIKEKINASE 3)

SERK3 and
LRR-X RK
subfamily

Loss-of-function autoimmunity3

RPS5 (RESISTANCE TO
PSEUDOMONAS

SYRINGAE 5)

PBS1 (AVRPPHB
SUSCEPTIBLE 1)

PBL AvrPphB (Cysteine protease)4

SUMM2 (SUPPRESSOR OF
MKK1MKK2 2)

MEKK1 (MAPK KINASE
KINASE 1)

MAPKKK Loss-of-function autoimmunity5

MKK1 and MKK2 (MAPK
KINASE 1 and 2)

MAPKK Loss-of-function autoimmunity5

MPK4 MAPK Loss-of-function autoimmunity5

HopAI1 (Phosphothreonine
lyase)5

MEKK2 (MAPK KINASE
KINASE 2)

MAPKKK Required formekk1,mkk1/2,
mpk4 autoimmunity6

LLG1 (LORELEI-LIKE 1) GPI-anchored
protein

Required formekk1,mkk1/2,
mpk4, autoimmunity7

LET1 and LET2 (LETHALITY
SUPPRESSOROFMEKK1 1
and 2)

CrRLK1L-RK Required formekk1,mkk1/2,
mpk4, autoimmunity7,8

CRCK3 (CALMODULIN-
BINDING RLCK 3)

RLCK Required formekk1,mkk1/2,
mpk4, andMEKK2
overexpression autoimmunity9

ZAR1 (HOPZ-ACTIVATED
RESISTANCE 1)

RKS1 (RESISTANCE
RELATED KINASE 1) and
PBL2

ZRK-type RLCK
and PBL

AvrAc (Uridine 50-
monophosphate transferase)10

ZED1 (HOPZ-ETI-
DEFICIENT 1) and SZE1
(SUPPRESSOR OF
ZED1-D1)

ZRK-type RLCK
and PBL

HopX1i and HopX1d
(Unknown)11,12

ZED1 and SZE1, SZE2, PBL4,
PBL5, PBL15, PBL17 or
PBL18

ZRK-type RLCK
and PBLs

HopZ1a (Acetyltransferase)13–15

Zed1-D and SZE1 or SZE2 ZRK-type RLCK
and PBLs

Temperature-sensitive
autoimmunity15,16

ZRK2 ZRK-type RLCK HopBA1a (Unknown)11,12

ZRK3 ZRK-type RLCK HopO1c (ADP-
ribosyltransferase)11,12

ZRK3 and PBL27 ZRK-type RLCK
and PBL

HopF1r (ADP-
ribosyltransferase)17,18

Zaractin (Small molecule)18

Hordeum vulgare

subsp. vulgare
Pbr1 (AvrPphB Response 1) HvPbs1-1 or HvPbs1-2 PBL AvrPphB (Cysteine protease)19

Nicotiana
benthamiana

NbZAR1 (Nicotiana
benthamiana ZAR1)

JIM2 (XOPJ4 IMMUNITY 2) ZRK-type RLCK XopJ4 (Acetyltransferase)20

HopZ5 (Acetyltransferase)21

AvrBsT (Acetyltransferase)21

Solanum
lycopersicum

Prf (Pseudomonas resistance
and fenthion sensitivity)

Pto RLCK AvrPto (Kinase inhibitor)22

AvrPtoB (E3 ubiquitin ligase/
kinase inhibitor)22

Fen RLCK Fenthion (Insecticide)23

LescPth5 RLCK AvrPto (Kinase inhibitor)24
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Receptor (TIR)-NLRs. This activation results in production of
TIR-catalysed nucleotides which induce heterodimerization of the
lipase-like proteins EDS1 with either PAD4 or SAG101 (Huang
et al., 2022; Jia et al., 2022). This, in turn, induces formation of
ADR1 and NRG1 oligomers which act as Ca2+ permeable pores at
the plasma membrane (Jacob et al., 2021). In Arabidopsis, the
EDS1–PAD4–ADR1 and, to a lesser degree, EDS1–SAG101–
NRG1modules are also genetically required for triggering a subset
of immune responses by LRR-RPs and, to a lesser extent, LRR-RKs
(Pruitt et al., 2021; Tian et al., 2021; Table 1). This might be
mediated through activation of the TIR-NLR CSA1, as this TIR-
NLR is required for cell-death induction upon ligand recognition
by the LRR-RP RLP42, and the loss ofCSA1 or the EDS1–PAD4–
ADR1 module results in enhanced susceptibility to virulent
Pseudomonas syringae (Pruitt et al., 2021; Tian et al., 2021; Schulze
et al., 2022).

Additionally, partial loss of BAK1 (SERK3) and BAK1-LIKE 1
(BKK1) results in autoimmunity which can be alleviated by
mutations in the EDS1–PAD4–ADR1 module or CSA1, but
complete loss of BAK1/BKK1 is not suppressed by loss of CSA1
(Wu et al., 2020; Schulze et al., 2022; Yang et al., 2022). Likewise,

autoimmunity as the result of a combined loss of BAK1 and the
interacting RK BIR3 leads to autoimmunity, which is alleviated in
CSA1 loss-of-function lines, and CSA1 directly interacts with
BIR3 (Schulze et al., 2022; Yang et al., 2022). This suggests that
cell-surface immunity might be enhanced by CSA1 through
EDS1–PAD4–ADR1 and a mechanism that involves loss of
BAK1. CSA1 and the genetically linked TIR–NLR CHS3 can
also detect the activity of the Pseudomonas effector HopB1, an
unconventional serine protease that cleaves BAK1 (Li et al., 2016;
Schulze et al., 2022; Yang et al., 2022). CSA1 might have evolved
to guard against BAK1 perturbation by HopB1 and later became
crucial for full immunity triggered by cell-surface receptors
(Fig. 2).

Finally, the partial suppression of theBAK1/BKK1phenotype by
CSA1 or EDS1–PAD4–ADR1 loss suggests additional NLRs may
have converged on this hub. Indeed, autoimmunity due to loss of
another RK,BIR1, is partly suppressed by loss of SOBIR1 orPAD4,
but fully suppressed when both are absent (Gao et al., 2009). This
indicates that multiple intracellular NLRs may converge on these
hubs in Arabidopsis, contributing to both effector recognition and
enhanced cell-surface receptor-mediated immunity.

Table 1 (Continued)

Type Species NLR
Receptor protein/
Guardee/Decoy

Guardee/Decoy
type

Recognition of (biochemical
function)

Immunity-
enhancing

Arabidopsis thaliana EDS1 (ENHANCED DISEASE
SUSCEPTIBILITY 1)–PAD4
(PHYTOALEXIN-
DEFICIENT 4)–ADR1
(ACTIVATED DISEASE
RESISTANCE 1) module
and to a lesser extent EDS1–
SAG101 (SENESCENCE-
ASSOCIATED GENE 101)–
NRG1 (N REQUIREMENT
GENE 1) module

RLP23 LRR-RP Microbial nlp2025,26

RLP32 LRR-RP Proteobacterial IF125

RLP1 LRR-RP Bacterial eMax25

FLS2 (FLAGELLIN-
SENSITIVE 2)

LRR-RK Bacterial flg2226

CSA1 with CHS3. EDS1–
PAD4–ADR1 module and
to a lesser extent EDS1–
SAG101–NRG1 module

RLP42 LRR-RP Fungal pg13 and pg2325,27

Solanaceae NRC (NLR-REQUIRED FOR
CELL DEATH)–dependent

REL (RESPONSIVE TO
ELICITINS)

LRR-RP Oomycete elicitins28,29

Cf-2 LRR-RP Cladosporium fulvum AVR230

Cf-5 LRR-RP Cladosporium fulvum AVR530

Cf-9 LRR-RP Cladosporium fulvum AVR930

LeEIX2 LRR-RP Fungal ethylene-inducing
xylanase (EIX)31

NRC-dependent and EDS1-
dependent*

Cf-4 LRR-RP Cladosporium fulvum AVR430,32

Ve1 LRR-RP Fungal Ave1 homologues32,33

EDS1-dependent* I LRR-RP Fusarium oxysporum AVR133,34

I-7 LRR-RP Unknown Fusarium oxysporum
effector35

1Li et al. (2016), 2Wu et al. (2020), 3Schulze et al. (2022), 4Shao et al. (2003), 5Zhang et al. (2012), 6Kong et al. (2012), 7Huang et al. (2020), 8Liu et al. (2020),
9Zhang et al. (2017), 10Wang et al. (2015), 11Laflamme et al. (2020), 12Martel et al. (2020), 13Lewis et al. (2013), 14Bastedo et al. (2019), 15Liu et al. (2019),
16Wang et al. (2017), 17Seto et al. (2017), 18Seto et al. (2021), 19Carter et al. (2019), 20Schultink et al. (2019), 21Ahn et al. (2022), 22Kim et al. (2002),
23Salmeron et al. (1996), 24Chang et al. (2002), 25Pruitt et al. (2021), 26Tian et al. (2021), 27Schulze et al. (2022), 28Gabri€els et al. (2006), 29Chen et al. (2023),
30Kourelis et al. (2022), 31Gabri€els et al. (2007), 32Fradin et al. (2009), 33Hu et al. (2005), 34Catanzariti et al. (2017), 35Gonzalez-Cendales et al. (2016).
*Not shown to require ADR1 or NRG1.
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IV. Multiple NLR networks connect to cell-surface
receptors to mediate immune signalling in
Solanaceous plants

Finally, in Solanaceous plants, a network ofCC-typeNLRs, known
as the NRC network, is essential for the hypersensitive cell-death
response triggered by numerous LRR-RPs (Table 1).

Within this network, NRCs function as helper NLRs for
multiple sensor NLRs to mediate immune responses (Wu
et al., 2017). NRCs are also required for the hypersensitive cell-
death response triggered by LRR-RP-encoding resistance genes
recognizing fungal and oomycete pathogen effectors. This includes
Cf-2, Cf-4, Cf-5, and Cf-9 (Gabri€els et al., 2006, 2007; Kourelis

et al., 2022), which confer immunity to specific Cladosporium
fulvum (syn. Passalora fulva) isolates, as well as the Verticillium
resistance gene Ve1 (Fradin et al., 2009), the fungal xylanase EIX
responsive receptor LeEIX2 (Gabri€els et al., 2007), and the
oomycete elicitin-recognizing REL receptor (Gabri€els et al., 2006;
Chen et al., 2023). While this NRC-dependency was initially
identified through a virus-induced gene silencing strategy targeting
NRC1, subsequent research has revealed that NRC3 is actually
responsible for Cf-2, Cf-4, Cf-5, and Cf-9 mediated signalling
(Kourelis et al., 2022). It is likely that additional NRC-dependent
LRR-RPs also use NRC3 for cell-death signalling. This NRC-
dependent cell-death response likely requires NRC resistosome
signalling and is required for full immunity by at least Cf-4 andVe1

Extracellular

Immunity

PM

Cell-surface
immunity

Effector
perturbation

Guarding

Immunity

NLR
(resistosome)

NLR
(inactive)

NLR
(intermediate)

Pore formation

Intracellular

1 2 3

Fig. 1 Intracellular NLR immune receptors have converged on ‘guarding’ conserved components of the signalling cascade downstream of cell-surface
receptors. (1) Ligand recognition by cell-surface receptors initiates a signalling cascade which ultimately results in immunity. (2) In response, pathogens have
evolved effectors that act intracellularly and which interfere with the signalling downstream of these activated cell-surface receptors, aiming to suppress the
immune response. (3) Countering this, plants have evolved intracellular NLR immune receptors capable of recognizing and responding to these pathogenic
perturbations. Once activated, these NLRs directly or indirectly result in the formation of NLR resistosomes at the plasma membrane, a key step in triggering
subsequent immune responses.

Extracellular

Immunity

PM

CSA1

ADR1

EDS1
PAD4Immunity

Intracellular

BAK1 BAK1 BAK1

Cell-surface
immunity

Effector
perturbation

Guarding + enhanced
cell-surface immunity

1 2 3

Immunity

Fig. 2 BAK1 integrity is monitored through an EDS1–PAD4–ADR1 module to enhance cell-surface immunity and recognize pathogen effectors. (1) Ligand
recognition by cell-surface receptors initiates a signalling cascade dependent on the co-receptor BAK1 (also known as SERK3) which ultimately results in
immunity. (2) In response, pathogens have evolved intracellular effectors, such as the Pseudomonas effector HopB1. These effectors interfere with BAK1,
aiming to suppress the immune response. (3) The TIR-NLRCSA1maymonitor the integrity of BAK1 through a ternary complex, involving BAK1 and other co-
receptors. The loss of BAK1– either due to cleavagebyHopB1,or uponcell-surface receptor activation– likely results inCSA1activation. TheactivationofCSA1
leads to the production of TIR-derived nucleotides. These induce dimerization of EDS1with PAD4 and this heterocomplex in turn activates ADR1, resulting in
the formation of ADR1 oligomers which act as Ca2+-permeable pores at the plasma membrane.
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(Gabri€els et al., 2007; Fradin et al., 2009; Kourelis et al., 2022).
Moreover, cell death triggered by these NRC-dependent LRR-RPs
requires the LRR-RK co-receptors SOBIR1 and SERK3 (Fradin
et al., 2009; Liebrand et al., 2013; Yin et al., 2021). This suggests
that in Solanaceae, an NRC-dependent sensor may be guarding a
common component downstream of LRR-RP–SOBIR1–SERK3
complexes, resulting in NRC3 activation (Fig. 3). Other kinases,
such as PBLs and MAPKs, have been identified as components in
Cf and/or Ve1-mediated signalling and immunity (Gabri€els
et al., 2007; Fradin et al., 2009). However, it is not known whether
these kinases are necessary for NRC-dependent recognition, or
downstream signalling following recognition.

Although EDS1 is not required for cell-death signalling
downstream of Cf-4 (Kourelis et al., 2022; Z€onnchen
et al., 2022), it is necessary for full immunity provided by Ve1
and Cf-4, as well as the LRR-RP encoding resistance genes I and
I-7, which confer immunity towards specific Fusarium oxysporum
isolates (Hu et al., 2005; Fradin et al., 2009; Gonzalez-Cendales
et al., 2016; Catanzariti et al., 2017).Whether this process requires
TIR-mediated signalling and the EDS1–PAD4–ADR1 module,
like in Arabidopsis, remains unknown. The lack of conservation of
TIR-NLRs between Arabidopsis and Solanaceous plants suggests
that this signalling may have evolved independently in these
species. Although Cf-gene orthologs appear to be exclusive to
Solanaceae, the recognition of Ave1 by Ve1 homologues is
conserved beyond this family (Song et al., 2017; Kourelis
et al., 2020). This suggests that the NRC network may have
evolved to enhance Ve1-mediated immunity in Solanaceae.
In Arabidopsis, which lacks NRCs, transferring Ve1 results in
EDS1-dependent immunitywithout cell death (Fradin et al., 2011;
Zhang et al., 2013). This shows that in Solanaceous plants, at least
two NLR networks contribute to enhancing immune signalling by
cell-surface receptors, alongside NLR-independent signalling
pathways (Fig. 3). Finally, the cell-death response induced by the
recognition ofVerticillium effectorVdEIX3 by theN. benthamiana

receptor NbEIX2 is SOBIR1- and SERK3-independent, although
cell-death independent responses may still require these co-receptors
(Yin et al., 2021). This suggests that the pathway responsible for
cell-death signalling downstream of this receptor differs from that
employed by the Cf, Ve1, and REL receptors.

V. Conclusion

In summary, pathogens have converged on targeting intracellular
components downstream of activated cell-surface receptors to
establish infection. As a countermeasure, plants have evolved
mechanisms to detect such perturbations using intracellular NLR
immune receptors. In some instances, NLR-mediated signalling
has become an integral part of the cell-surface-mediated immune
response, contributing to overall immunity. Two potential evolu-
tionary scenarios could explain this: either the integration evolved
directly to enhance cell-surface-mediated immunity, or NLRs
initially guarded common components downstream of these
receptors and consequently enhanced immune signalling. In
Arabidopsis, disruption of signalling components downstream of
cell-surface receptor activation can trigger both effector recognition
and an enhancement of surface immunity. In Solanaceous plants,
however, cell-surface receptor-induced NRC-dependent cell death
seems to solely augment cell-surface immunity. Towhat extent and
to which pathogens these pathways contribute to disease resistance
remains to be determined.

Because both the intracellular NLR immune repertoires and the
cell-surface immune repertoires of plants exhibit considerable
variability between species (Kourelis et al., 2021; Ngou et al.,
2022), the interactions between cell-surface receptors and intra-
cellular NLR immune receptors likely continuously arise (Ngou
et al., 2022). The distinct molecular mechanisms underpinning
immune responses triggered by either cell-surface receptors or
intracellular NLRs appear to be highly conserved among land
plants (Chia et al., 2022; Chu et al., 2023). Meanwhile, the

EDS1

NRG1
/ADR1NRC3

NRC3

Immunity Immunity

SOBIR1SERK3 SOBIR1SERK3

Cell-surface
immunity

Enhanced cell-surface immunity1 2

ImmunityImmunity

Extracellular

PM

Intracellular

Fig. 3 Diverse NLR networks interact with cell-surface receptors to enhance immune signalling in Solanaceous plants. (1) Ligand recognition by cell-surface
receptors triggers a signalling cascade, dependent on SOBIR1 and SERK3 co-receptors, leading to immunity. (2) Intracellular NLR immune receptors, such as
CC-NLR NRC3, enhance this immunity. Upon activation by cell-surface receptors, NRC3 likely forms a resistosome at the plasma membrane, boosting
immunity. EDS1 likely perceives TIR-derived nucleotides upon activation of cell-surface receptors, presumably activating NRG1 and/or ADR1 helper NLRs.
Once activated, these NLRs function as Ca2+-permeable resistosome pores at the plasma membrane, thereby enhancing cell-surface immunity.
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re-emerging interactions between NLRs and various stages of the
signalling cascade downstream of activated cell-surface receptors
may offer a flexible enhancement to plant immunity. Although the
molecular identities of the involved receptors may differ between
species, the concept of leveraging NLR-mediated signalling to
enhance cell-surface immunity remains constant. Several patho-
gens have evolved strategies to suppress components of NLR-
mediated immunity that are utilized by cell-surface receptors (Wu
&Derevnina, 2023), raising the possibility that this suppression is,
at least partially, also necessary for inhibiting cell-surface-mediated
immune responses.

Finally, in Arabidopsis, cell-surface immunity results in tran-
scriptional regulation of components that are critical for the
activation of some intracellular NLR immune responses, and
vice-versa (Ngou et al., 2021; Yuan et al., 2021). This suggests a
sophisticated level of interplay between these two mechanisms,
adding an extra dimension to the intricacy of these interconnected
immune systems. Uncovering the mechanisms by which intracel-
lular NLR immune receptors reinforce signalling downstream of
cell-surface receptors could pave the way for developing innovative
strategies to enhance disease resistance.
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