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Arabidopsis CC-NLR HOPZ-ACTIVATED RESISTANCE 1 (ZAR1) reveals how indirect
recognition can function (Wang, Wangt al., 2019; Wang, Hugt al.,, 2019). ZAR1
indirectly recognizes multiple bacterial effectors through host receptor-like cytoplasmic
kinases (RLCKSs). One such partner RLCK is RESISTANCE-RELATED KINASE 1 (RKS1),
which interacts with the ZAR1 LRR domain and recruits RLCK PBS1-LIKE PROTEIN 2
(PBL2) upon its uridylylation by th&anthomonas campestris pv. campestris (Xcc) effector
AVrAC (Wanget al., 2015). Finally, as an additional mode of recognitibnet 6i n-t egr
decoyd model asedthos funrtiomapanatyses of $everal unusual NLRs that carry
noncanonical integrated domains (IDs) required for effector perception (Césari, Beatnoux,
al., 2014) These NLRs ar el Ddfieserracepbrs tse IDsaas a bBall to R
directly or indirectly recognize effectors. Given that these effectors appear to exert their
virulence activity by targeting host proteins containing the same domains E3sthiELR-

IDs may represent fusions of effector target genes with NLR genes (etRli, 20473 s

Upon effector recognition, activated NLRs form a hahn-d e r O6resi st osome
first example of a resistosome was revealed by elucidating the structure of the Arabidopsis
CC-NLR ZAR1 (Wang, Hu.et al., 2019). The ZARL RKS1 complex associates with
uridylylated PBL2 (PBLZ"P, a form of PBL2 modulated by th&cc effector AvrAC),
inducing a conformational change in monomeric ZAR1, leatbnipe replacement of ADP

by ATP or deoxyadenosine triphosphate (dATP) in the ZAR1 NB-ARC doimnauitro

(Wang, Wangegt al., 2019; Wang, Huet al., 2019). This ADP ATP switch is required for

the oligomerization of activated ZAR1 monomers into a pentameric resistosome structure. In
the activated ZARil RKSil PBL2"" resistosome structure, the firsttNe r mi nal U h
helix) of the CC domain of the ZAR1 monomers is exposed and form a funnel-shaped
structure (Wang, Hwet al., 2019). The exposed funnel on the ZAR1 resistosome is thought to
insert into the plasma membrane to form a pore (WangetHill, 2019). As such, the ZAR1
resistosome functions as a calcium i@@e() channel on the plasma membrane, Wwhic
induces C# influx and subsequent hypersensitive cell deatretBI., 2021). Supporting this
model , substitut i o,nimpairing C4t ihflex, Iéad R the [0ss of ihe | i x
hypersensitive cell-death response and immunitXdo although they do not affect the
formation of the ZAR1 resistosomevivo (Wang, Huet al., 2019; Huet al., 2020; Biet al.,

2021). Additionally, the CC-NLR Sr35 also forms a similar pentameric resistosome structure
which also acts as a €achannel (Forderer et al2022).

The cryo-EM structures of activated RPP1 and Rogl reveal two examples of tetrameric
resistosomes formed by TIR-NLRs (Ma al., 2020; Martinet al., 2020). The RPP1
resistosome is bourty ADP, although it might be that the switch of ADP for ATP is crucial

for oligomerization (Maet al., 2020). Activated RPP1 and Roql oligomerize and their N-
terminal TIR domains form two active centres for NABeaving activity (Maet al., 2020;

Martin et al., 2020). The enzymatic activity of these TIR domains results in the release of a
variant of cyclic-ADP-ribose (v-cADPR) and this enzymatic activity is required for the
induction of hypersensitive cell death (Horsefiei@l., 2019; Waret al., 2019). In addition,
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plant TIR proteins appear to form a distinct st-ructur

cAMP/cGMP synthetase activity via the hydrolysis of RNA/DNA, and this catalytic activity



is also required for the induction of hypersensitive cell death etyal., 2022). The N-
terminal domains on the NLR resistosomes therefore directly mediate immune responses in
distinct ways.

Thirty years of research on cloning plant disease resisteRicggnes has led to the
identification of hundreds oR genes, which generally encode plant immune receptors
(Kourelis and van der Hoorn, 2018; Ngou, Dirg,al., 2022). Furthermore, as discussed
above, the remarkable recent progress in plant NLR structural biology has dramatically
advanced our understanding of how plant NLRs function at the molecular lgvel. However,
beyond the function of individual NLRs, a picture is now emerging ingwhichyintricate
receptor network systems require multiple NLRs to function together t@yrecognize diverse
pathogen effectors and trigger immune signalling (Ngou, Jehak, 2022). la this review

we discuss our current understanding of how NLR immune receptor metworks form, become
activated, and are regulated in plant immunity.

NLR NETWORKS CONSIST OF SENSORS AND HELPERS
NLR networks comprise sensor and helper NLRs

The conceptual basis of plantmicrobe interagtionsywas initially defined by the influential
gene-for-gene model proposed by the plantypathologist Harold Flor (Flor, 1971). In this
model, anR gene from the host plant_evolvestalongside a specific aviruléwi®) (@ene

from the pathogen. On a biochemical lewelisthe gene-for-gene model dictates that plant NLR
immune receptors (encoded Rygenes) can recognize pathogen effector ligands, either
directly or indirectly, and trigger an immune responsa siagle NLR unit. This means that
plant NLRs are receptors that/ave both sensing and signalling functions, and are therefore
referred toas 0 s ifn g NEAtaohn Dekelnihaed al., 2019). The best described
singleton NLR is ZAR4, sihce its sensing and signalling functions are described at the
structurl level. ZAR%, b0th recognizes its cognate effectors and executes immune signalling
through homo-<@ligeamérization and complex formation without relying on other NLRs
(Wang, Wanpget aly, 2019; Wang, Hwet al., 2019).

In addition to the singleton NLRs, it is now clear that many plant NLRs have functionally
specializedsto either sense pathogen effectors (sensor NLRs) or execute immune signalling®
(helperNLRs, also known as executor NLRs). Sensor NLRs can recognize pathogen effectors
eithes directly or indirectly by recognizing the modification of host target proteins, but they
require helper NLRs to induce downstream immune signalling. Sensor and helper NLRs
often work in pairs; for instance, The ric®Orgza sativa) CCNL Rs 0Sasani
RESISTANCE GENE ANALOG 5 (SasRGA5) andPYRICULARIA ORYZAE RESISTANCE K-

1 (Pik-1) CC-NLRs are sensor NLRs that are genetically linked to the CC-NLR genes,
SasRGA4 andPik-2, respectively (Okuyamet al., 2011; Ashikawat al., 2008). RGA4 and

Pik-2 function as helper NLRs that form a heterocomplex with the corresponding sensor
NLRs to trigger immune signalling (Césari, Kanzakal., 2014 ; et 020)a g e k
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Arabidopsis possesses five full-lend@iCz-NLR helpers, two NRG1 paraloghlRG1.1 and
NRG1.2, also known a8lRG1A andNRG1B, respectively), and three ADR1 paralog®R1,
ADR1-L1, andADR1-L2). Saileet al. (2020) recently characterized the genetic requirement
for ADR1 andNRGL1 in immunity by comparing the phenotypesaofrl adrl-L1 adrl-L2
triple mutant,nrgl.1 nrgl.2 double mutant, and thergl.1 nrgl.2 adrl adrl-L1 adrl-L2
dhelperless6  p e nnmutamqt llaeking all full-length C&NLR helpers. This comparison
revealed that ArabidopsiBDR1 genes are required for full resistance mediated by the TIR-
NLRs RRS1/RPS4, RPP2, and RPP4 (Saild., 2020).NRG1 genes can partially substitute
for ADR1 function in resistance mediated by RRS1/RPS4 and RPP2; hendte|ptrdess
mutant has a more susceptible phenotype thaadtetriple mutant (Sailet al., 2020). In
addition, the RRS1/RPS4-triggered hypersensitive cell-death response requires only NRG1s
(Saile et al., 2020). This reveals an unequal genetic redundancy betweehDfE and
NRG1 genes for TIR-NLR-mediated resistance and hypersensitive cell deatCCFhNeRs

do not appear to requiDR1 or NRG1 for the activation of hypersensitive cell death and
immunity, as the singleton CC-NLRs ZAR1 and RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1 (RPM1) do not require ADRbr NRGL1 (Saile et al, 2020).

An elicitor-independent autoactive mutant of NRG1.1, NR&$Y, forms higter-order
complexes and associates with the plasma membraneitvb@xpressed iiN. benthamiana,

while wild-type NRG1.1 does not (Jacebal., 2021). Furthermore, ADRI1sanform self-
associated complexes and localize to the plasma membrane through the interactioiNef the
terminal CG domain and the anionic lipid phosphatidylinositol-4-phosphate of the plant
plasma membrane (Saieal., 2021). Interestingly, the N-terminal @ domain of NRG1.1

is composed oé four-helical bundle structure like the ZAR1 CC domain (Jatah., 2021),

which implies that helper NRG1 and ADR1 formmZAR1-type resistosome to execute
immune signalling. Although the N-terminus of NRG1 and ADR1 do not shaimilar
sequence pattern to t he -teAfmnRcarry Mey@ively Oarged e | i
residues similar to ZAR1, which are required fofGaflux and the initiation of cell death
(Jacobet al., 2021; Suret al., 2021). The activated helper NRG1 and ADR1 may therefore
function like the ZAR1 resistosome on the plasma membrane, mediating the hypersensitive
cell-death response by €anflux (Figure 1).

ACTIVATION OF NLR IMMUNE RECEPTOR NETWORKS
Sensor NLRs activate helper NLRs

In the ADR1/NRG1 network, sensor TIR-NLRs form an enzymatically active resistosome
upon effector recognition, and this enzymatic activity is required to induce the hypersensitive
cell-death response and immunitlfigure 1). In addition to this catalytic activity, the
hypersensitive cell-death response triggered by TIR-NLRs depends on lipase-like proteins
belonging to the ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) family (Lagtiral.,

2019; Gantneret al., 2019). This family contains homologs of EDS1, SENESCENCE-
ASSOCIATED GENE 101 (SAG101), and PHYTOALEXIN-DEFICIENT 4 (PAD4) (Lapin

X
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et al., 2020). EDS1 forms mutually exclusive dimers with either SAG101 or PAD4 (Wagner
et al., 2013), which are required for NRG1- or ADR1-mediated immunity, respectively (Sun
et al.,, 2021) Figure 1). EDSI SAG101 NRG1l and EDBIPAD# ADR1 physically
associate during some stages of the immune signal transduction, but the hypersensitive cell
death mediated by autoactive mutants of NRG1 does not regDB& (Sunet al., 2021;
Jacolet al., 2021).

BecauseEDS1 is not required for the production of v-cADPR mediated by TIR prof@ins
planta (Wanet al., 2019), it was proposed that v-cCADPR may activate the ECSAG101

NRG1 and/or EDS1 PAD# ADR1 modules, in turn inducing the formation ofsthe NRG1 and
ADR1 resistosomes, which function @s*-permeable nonselective cation €hannElgire

1) (Sauret al., 2021). TIR-NLRs thus indirectly induce a similar immune,response ©Ghe
NLRs. The likely structure of plant TIR-domain produced v-cADPR was,tecently identified
as 20 c(hdepemdently identified and namddNR Nj gg'y cho ¢ aADRRY) AD
(Manik et al., 2022; Leavittet al.,, 2022).2 6 c ADPR may /serve as an
synthesis of novel nucleosides associated with plant immunityy(Maiilk, 2022). Indeed
Huanget al., (2022) show that TIR-NLRs catalyse the produetion of 2'-(5"-phosphoribosyl)-
5'-adenosine mono-/di-phosphate (pRib-AMP/ADP), and that EDS1-PAD4 act as a receptor
complex for pRib-AMP/ADP. Binding of pRib:ADP to EDS1-PAD4 results in a
conformational change in the PAD4 C-termipal domain, thereby promoting interaction with
ADRI1s (Huanget al., 2022). pRib-AMP can,béirectly derived fror2 6 c ADPR by cl
of its pyrophosphate bond (Mangk al., 2022N\EDS1-SAG101, insteadics as a receptor
complex for other TIR-catalysed secondwnessengd&®-mbosylated ATP (ADPr-ATP) and
ADPr-ADPR (di-ADPR), that indu€e"eDS1-SAG101 association with NRG1.1 but not with
ADRI1-L1 (Jiaet al., 2022).These second messenger interactions with the EDS1-PAD4 and
EDS1-SAG101 complexes then'likely promote ADR1 and NRG1 resistosome formation and
C&”* channel activity. Firally, asile from thedtAD* cleaving activity the TIR domain of

some TIR-NLRs display? WicAMRIcGMP synthetase activity via the hydrolysis of
RNA/DNA (Yu et, ak,#2022). While this activity is also required for the induction of
hypersensitive gell-death, it is unclear which pathways these signalling molecules activate.

The mechanismg by which sensor NLRs activate helper NLRs in the NRC networks are the
subject of opgoing investigation. A primary technical barrierifioplanta biochemical and

cell, biolegical analyses of activated NRC network componentbe cell death response
elicited™apon their activation. Contrereisal., (2022) and Ahret al., (2022) took advantage

of an NRC2 MADA motif mutant (NRC¥"*F"175 o abolish the cell death response
without affecting resistosome assembly and plasma membrane localization, similar to what
was previously shown for the MADA-type CC-NLRs ZAR1, NRC4 and Sr35 diHai.,

2020; Duggaret al., 2021; Fordereet al.,, 2022). NRC2 oligomerization is induced upon
effector-recognition by sensor NLRs Rx, Bs2, Rpi-amrl or Rpi-amr3, resulting in molecular
complexes in the ~720 to 1048 kDa range (Contretasl., 2022; Ahnet al., 2022).
Interestingly, the activated sensor NLRs do not appear to be incorporated in the NRC2
higherorder complex (Contreras al., 2022; Ahnet al., 2022). Instead, the activated sensor
NLRs are proposed to trigger homo-oligomerization of helper NRCs by an activation-and-
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Cell-surface receptors can signal through NLR networks

Finally, it is becoming increasingly clear that helper NLRs are also required for signalling
mediated by cell-surface receptors. Cell-surface receptors are typically dividetvon
categories: the receptor-like kinases (RKs, also known as RLKs) and the receptor-like
proteins (RPs, also known as RLPs) (Safal., 2018). Upon ligand recognition, many
leucine-rich repeat (LRRRKs involved in immunity hetero-oligomerize with the LRR-RK
coreceptor SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE 3 (SERKS, also
known as BRIl-associated kinase 1 [BAK1]). Similarly, most LRR-RPs constitutively
interact with the LRR-RK SUPPRESSOR OF BAK1-INTERACTING RECEPTIORE
KINASE 1 (BIR1) 1 (SOBIR1), and hetero-oligomerize with SERK3 upon ligand binding
This in turn activates downstream RLCKSs, which together relay the immune response.

In Arabidopsis, the EDS1PAD# ADR1 and, to a lesser extent, EO&4G101 NRG1
modules are genetically required for a subset of the immune responses triggered by LRR-RP
and LRR-RKs (Pruitet al., 2021; Tianet al., 2021) Figure 1). For example, the LRIRP
RECEPTOR LIKE PROTEIN 23 (RLP23)-mediated immunity is dependent on SOBIR1, the
RLCK-VII subfamily protein AVRPPHB SUSCEPTIBLE 1 (PBS)-LIKE 31 (PBL31), and
the EDS1I PAD# ADR1 module (Pruitt al., 2021). Protein protein interaction analyses
suggest thaa cell-surface receptor complex including SOBIR1 and PBL31 associates with
the EDS1I PAD# ADR1 module in a ligand-independent manner (Peuitl., 2021);
therefore, upon ligand perception, LRR-RPs and LRR-RKs convergactivate NLR
networks for a subset of their immune functions, possibly by protein kinaseliated
phosphorylation.

In addition to CG-type helper NLRsa helper NLR in the NRC network is also involved in
cell-surface receptor mediated immune respongegure 1). In virus-induced gene silencing
experiments, the helper NRC1 was previously implicated as a key component in the cell
death mediated by the LRR-RPs Cf-4 (Gabriglsl., 2006), LeEIX2 (Gabriélst al., 2007)

and Vel (Fradiret al., 2009). Recently, the precise contribution of helper NRCs to the
hypersensitive response mediateddiy4 has been validated usihg benthamiana CRISPR
mutants of various NRCs (Kourelis, Contrerasal., 2021). This showed that thef-4-
mediated hypersensitive cell death in response to the recognition@fatiusporium fulvum
(syn.Passalora fulva) effector Avr4 is lost in arc2/3 CRISPR line, which could be restored

by expressingNRC3 (Kourelis, Contreraset al., 2021). Furthermore, a functional MADA
motif in NRC3 is required for the hypersensitive cell-death response (Kourelis, Cordteras,
al., 2021). This implies the function afsignalling pathway downstream of the cell-surface
receptor Cf-4, which activates NR@3trigger hypersensitive cell death, presumably through

a ZARL1 resistosorrie type mechanism. The RLCK-VII member Avr9/Cf-9 induced kinase 1
(ACIK1) was identified as a downstream component Gfi-4- and Cf-9-mediated
hypersensitive cell death (Rowlartal., 2005). Although the exact signalling components
and the molecular mechanism by which the LRR-RP signals are transdteéde NRC
network are currently unknown, the phosphorylation of helper NLRs by cell-surface receptor
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complexes such as RLCKs might be a key of helper activation. Indeed, the function of the
TIR-NLR RRSL1 is regulated by the phosphorylationtefC terminusby unknown protein
kinase(s) (Guet al., 2020).

NLR NETWORKS ARE REGULATED AT MULTIPLE LEVELS

Transcriptional and posttranscriptional regulation of NLR networks

0.} papeojumo(

Plant NLRs are regulated at the transcriptional, posttranscriptional, and p@sttranslational §
levels to prevent the autoimmune fitness costs associated with the inappropgiatetactivation of =
immune signalling. Our current understanding is that many NLR genes are expressed at a lows
basal level but are amplified upon the activation of immunity. Jf0f example, at the
transcriptional level, many plant NLRs are subject to the ptemature termination of
transcriptionmediated by the RNA-binding protein FPA, therepy regulating NLR protein
levels (Parkeet al., 2021) Figure 2).

The activation of cell-surface receptors leads to transeriptienal upregulation of immune-
related genes, including the NLRs, which is required, for the induction of NLR-mediated
hypersensitive cell death and immunity (Ngawal202%; Yuaret al., 2021). Notably, the
activation of the TIR-NLR pair RRS1/RPS4 hy, AvrRps4 (Ngbal., 2021), and the C&o

NLRs RPS2 and RPS5 by AvrRpt2 (Yuahal$,2021; Ngouet al., 2021) and AvrPphB
(Ngouet al., 2021), requires the cell-surfaceweceptanediated potentiation of signalling to
trigger hypersensitive cell death.

At the posttranscriptional level, “mictoRNA-mediated gene silencing has sfesn to
regulate NLR genes in NLRimmune receptor netwokgure 2); for example, miR-n033
regulates a large numbgfiof CE€sNLR genes in Solanaceae species §5e2018). Most of

the miR-n033 targetsselongito the NRC sensor superfamily, including geneRpi-blb2,
Mi-1.2, andHero. Additionally, homologs of the Solanaceous NRC-seRsgeneskx1, R2,

and R1 are targeted by the microRNAs stu-miR6024, stu-miR482d, and nta-miR6025a,
respectivelyg(Liet'al.#2012). In addition to the NRC network, the ADR1/NRG1 network is
also regulated by microRNAs; for example, fh benthamiana, nta-miR6019 and nta-
miR6020 lead 1o the cleavage of transcripts from the TIR-RLgeneN, which encodea
sepsor NLR'in the ADR1/NRG1 network (ki al., 2012). In addition to the sensor NLRs,
transeripts of the LRR-RP genes are also regulated by microRNAs. In toBoddau(n
lycopersicum) and pepperGapsicum annuum), sly-miR6022, sly-miR6023, and miR-n026
target LRR-RPs belonging to thdomologs of Cladosporium fulvum resistance 9 (Hcr9)

clade, which are homologs of tlki#-9 R gene (Liet al., 2012; Seet al., 2018). MicroRNAs
presumably regulate the transcript levels of diverse sensor NLRs and RPs in NLR networks,
thereby preventing autoimmunity.
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of the primary phylogroup. syringae strains have at least one NADase effector (Hulin and
Ma, 2022). Taken together, these findings indicate that plant pathogens have evolved
effectors targeting NLR networks at multiple levels, thereby enabling them to establish
infection and cause disease in the host.

FUTURE PERSPECTIVES

In this review, we highlight major advances in our understanding of NLR biology and NLR
immune receptor networks in plants. Recent discoveries of NLR protein structures have
provided mechanistic insights into how plant NLRs are activated and initiate downstream
signalling; however, there are many unanswered questions about NLR function in NLR
networks. Two main types of NLR networks have been described thus f@CRINLRS

acting as helper NLRs downstream of TIR-NLRs, and 2) the NRC network of
phylogenetically relate@€C-NLRs, which diversified into helper and sensor NLRs in Asterid
species. In addition, it is now evident that both types of networks are also activated during the
activation of some cell-surface receptors. How are helper NLRs activated by sensor NLRs
and cell-surface receptors? What is the determinant of the sensor NLR/helper NLR or cell-
surface receptor/helper NLR connections?

In addition to the activation of helper NLRs, how are genetically scattered NLR components
co-ordinately regulated at the transcriptional level? How do host modulators appropriately
regulate massively expanded NLR components to maintain homeostasis in NLR receptor
networks? How are NLR networks activated and regulated at the single-cell level during
pathogen infection? Further studies combining molecular evolution, biochemistry,
biophysics, and cell biology approaches are required to fully understand the activation and
regulation of network-forming NLRs.

Most molecular breeding programs incorporBtgené encoded sensor NLRs to generate
disease resistance crops. Given that a large number of sensor NLRs can function togethe
with one or more helper NLRs, incorporating knowledge of NLR networks in future breeding
programs could ensure that proper combinations of sensor/helper and cell-surface
receptor/helper NLRs are achieved further understanding of how NLR network
homeostasis is maintained will provide new insights into breeding disease-resistant crops
without the potential fithess costs and yield loss. Furthermore, given that plant pathogens
have evolved effectors to target NLR netwoaks overcome host immunity, the molecular
engineering of NLRs and cell-surface receptors would make the NLR receptor network
system more resilient by avoiding suppression by effectors. In conclusion, understanding
NLR networks at multiple levels is required to inform future plant breeding programs.
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Figure legends

Figure 1. Activation of NLR immune receptor networks.

Pathogen ligand perception by cell-surfage receptors and sensor NLRs leads to the activation of signalling
pathways through helper NLRs. In the ADRTINRGH network (left), the EDS1-PAD4-ADR1 and EDS1-SAG101—
NRG1 modules function downstream{of th€ TIR*NLRs and some cell-surface RLP/RLKs. The activated TIR-NLR
resistosome has enzymatic activity to produée v-cADPR and 2',3'-cAMP/cGMP, which likely activate the helper
CCgr-NLRs through EDS1-PAD4 “and EDS1-SAG101. Upon activation, ADR1 and NRG1 form a high-order
complex (CCr-NLR resistogome), actihg as a Ca®" channel to induce immunity and hypersensitive cell death. In
the NRC network (right), NRCghelper subfamily members function downstream of phylogenetically linked sensor
CC-NLRs and the cellfsurface,RLP(s). NRC2, NRC3, and NRC4 are functionally validated helpers for resistance
gene—encoded sensorsf Effector recognition by sensor NLRs results in NRC homo-oligomerization by an
activation-and-rélease meehanism. The resulting homo-oligomerized NRC complex may function as a CC-NLR
resistosome, inducing|la Ca®" influx resulting in immunity and hypersensitive cell death. Solid lines indicate
validated gnoleculagamiechanisms, while dashed lines indicate hypothetical models requiring further mechanistic
elucidation.

Figure 2."Negative regulation of NLR immune receptor networks.

NLR ‘network components are tightly regulated at multiple levels. NLR transcripts are regulated by host
premature transcription termination and microRNA-mediated silencing machineries. NLR networks are modulated
by other host proteins, such as E3 ligases and NPR1, and by NLRs such as RRS1, NRG1C, and NRCX, which
likely suppress the inappropriate activation of the networks. Plant pathogens have evolved effectors to target
NLR networks or other key host proteins. Host regulators and pathogen effectors are shown in blue and red
characters, respectively.
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