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Abstract 

 

To fight off diverse pathogens and pests, the plant system must recognize these invaders; 

however, as plant immune receptors evolve to recognize a pathogen, the pathogen often evolves 

to escape this recognition. Plant–pathogen co-evolution has led to the vast expansion of a family 

of intracellular immune receptors—nucleotide-binding domain and leucine-rich repeat proteins 

(NLRs). When an NLR receptor recognizes a pathogen ligand, it activates immune signaling and 

thus initiates defense responses. However, in contrast to the model of NLRs acting individually 

to activate resistance, an emerging paradigm holds that plants have complex receptor networks 

where the large repertoire of functionally specialized NLRs function together to act against the 

large repertoire of rapidly evolving pathogens. In this article, we highlight key aspects of 

immune receptor networks in plant NLR biology and discuss NLR network architecture, the 

advantages of this receptor network system, and the evolution of the NLR network in asterid 

plants. 

 

 

INTRODUCTION 

One dogma in plant pathology is that most plants are resistant to most plant pathogens. Disease is the 

exception, not the rule, and plants use their effective and complex immune system to fight off most 

pathogens. In the first layer of this immune system, immune receptors act as part of the surveillance 

system that detects pathogens [1]. One class of plant immune receptors is the intracellular nucleotide-

binding domain and leucine-rich repeat containing (NLR) family, which perceives molecules—known 

as effectors—derived from varied pathogenic fungi, oomycetes, bacteria, nematodes, and aphids [2, 

3]. When an NLR detects a pathogen effector, the receptor activates the immune system with a 

multitude of defense responses, often resulting in programmed cell death at the infection site [4]. This 

localized cell death reaction is known as the hypersensitive response and limits the spread of pathogens 
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by killing the infected cells before the pathogen reaches neighboring cells. 

 

NLRs are multi-domain proteins that generally harbor a central NB-ARC (nucleotide-binding domain 

shared with APAF-1, various R proteins, and CED-4) domain and a C-terminal LRR (leucine-rich 

repeat) domain [5]. The LRR domain recognizes the effector and the NB-ARC domain mediates 

conformational changes of the entire NLR protein by exchanging an ADP molecule to ATP at the 

nucleotide binding pocket [6, 7]. In addition to NB-ARC and LRR domains, most plant NLRs have a 

variable domain at their N termini that defines which sub-class they belong to. For example, CC-NLR 

proteins have an N-terminal coiled-coil (CC) domain and TIR-NLRs have a Toll/Interleukin-1 

Receptor homology (TIR) domain [8]. Although CC and TIR domains are structurally different, both 

domains are known to execute immune signaling.  

 

Since the cloning of the first NLR genes in the early 90s, over 400 experimentally validated NLR 

genes have been identified in 30 genera of flowering plants [5]. This collection of validated NLRs—

the RefPlantNLR dataset—illustrates the diversity of NLR genes across plant species. Indeed, NLRs 

are the most diverse gene family in flowering plants, as many plant species have large (>100 genes) 

and diverse repertoires of NLRs in their genomes [5, 9, 10]. NLRs typically exhibit hallmarks of rapid 

evolution even at the intraspecific level [11-13]. Although many immune receptor genes have been 

identified for over 20 years, the complete picture of how diverse plant NLRs are and how they activate 

immune responses remained in the dark for a long time. 

 

The advent of new technologies in biophysics and cryo-electron microscopy has revealed the 

structures of activated NLR oligomers, called ‘resistosomes’. The first example of a resistosome 

structure was revealed by characterization of HOPZ-ACTIVATED RESISTANCE 1 (ZAR1), a 

prototypical ancient CC-NLR emerged in the Jurassic period conserved across flowering plant 

species [6, 14, 15]. ZAR1 partners recognize pathogen effectors; these partner proteins are receptor-

like cytoplasmic kinases that trigger a conformational change in monomeric ZAR1 [6]. ZAR1 then 

assembles into a pentameric resistosome whose CC domains form a funnel-shaped structure due to 

rotation of its N-terminal α helices upon ATP hydrolysis [14]. The ZAR1 resistosome is thought to 

evoke local cell death by translocating to the plasma membrane where it inserts itself and functions as 

a calcium (Ca2+) channel [14, 16]. Other recent studies described two examples of tetrameric 

resistosomes formed by the TIR-NLRs RECOGNITION OF PERONOSPORA PARASITICA 1 

(RPP1) and RECOGNITION OF XOPQ 1 (ROQ1) [17, 18]. The N-terminal TIR domain is activated 

through oligomerization and acquires NAD+ cleaving activity [17, 18]. This enzymatic activity of TIR 

domains is required for executing hypersensitive cell death [19, 20]. Therefore, NLR resistosomes 

induce immune responses in different ways depending on their NLR class. 



 

Recent progress in defining NLR structures has dramatically advanced our understanding of how plant 

NLRs function at a molecular level. Notably, these structural insights support the extremely influential 

gene-for-gene model proposed by the plant pathologist Harold Flor [21]. In the gene-for-gene model, 

a resistance gene from the host plant forms a unique pair with an avirulence gene from the pathogen. 

To this day, the gene-for-gene model is often simplified to the biochemical equation that one plant 

NLR immune receptor (encoded by the resistance gene) recognizes one pathogen effector ligand. In 

agreement with the gene-for-gene model, ZAR1 functions as a single biochemical unit that reacts to 

the presence of its cognate effector and forms a homo-NLR oligomer complex to execute immune 

signaling. However, beyond this one-to-one relationship, an emerging paradigm is that plants have 

very complex receptor networks composed of multiple NLRs to confer some advantage in recognizing 

fast-evolving pathogen effectors to trigger immune signaling [22]. Here, we review some key aspects 

of NLR receptor networks that have emerged from plant NLR biology. 

 

[Main body of the article] 

 

Sensor NLRs and helper NLRs 

Researchers have now classified many plant NLRs as sensor NLRs or helper NLRs (also known as 

executor NLRs) based on their functional roles [22, 23]. Sensor NLRs recognize pathogen effectors 

directly or sense the modification of host target proteins by pathogens; helper NLRs induce the 

downstream immune responses. These two types of NLRs sometimes work in pairs. For instance, in 

Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa), NLRs encoded by genetically linked genes, 

RESISTANCE TO RALSTONIA SOLANACEARUM 1 (RRS1)/RESISTANCE TO 

PSEUDOMONAS SYRINGAE 4 (RPS4), RESISTANCE GENE ANALOG 5 (RGA5)/RGA4, and 

PYRICULARIA ORYZAE RESISTANCE K-1 (Pik-1)/Pik-2, function as dedicated pairs, whereby a 

sensor NLR requires a helper NLR partner to trigger immune responses [24-30]. Interestingly, the 

sensor NLRs have acquired new domains that act as baits or decoys for detecting effectors [31]. 

 

In other cases, individual sensor NLRs function together with multiple helper NLRs [32, 33]. In one 

example, a major clade of CC-NLRs in Solanaceous plants forms a complex network architecture, in 

which multiple helper CC-NLRs, known as the REQUIRED FOR CELL DEATH (NRC) subfamily 

of NLR proteins, are required to activate immune responses after pathogen perception by the upstream 

sensor CC-NLR(s) (Figure 1A) [34]. Another example are the NLRs NRG1 (N REQUIREMENT 

GENE 1) and ADR1 (ACTIVATED DISEASE RESISTANCE 1), which form helper subfamilies 

conserved in dicot plant species and belong to the CCR-NLR class [5]. Unlike NRCs, RPW8-like 

function downstream of TIR-NLRs and enable full activation of immunity via the EDS1 complex [35-



38]. 

 

The NRC network 

The NRC network provides a model for plant NLR networks. The cloning and initial characterization 

of NRC network components spanned many years of classical genetics work on disease resistance. In 

this network, sensor NLRs mediate resistance against diverse pathogens and pests. The sensors 

illustrated in Figure 1A are mostly encoded by Resistance (R) genes. For example, R gene Rpi-blb2 

from the wild potato species (Solanum bulbocastanum) confers specific resistance to the oomycete 

pathogen Phytophthora infestans carrying the effector (avirulence gene) AVRblb2 [39]. Other well-

characterized R genes include Prf from a wild relative of cultivated tomato (Solanum pimpinellifolium) 

against the bacterial pathogen Pseudomonas syringae and potato (S. tuberosum ssp. andigena) Rx 

against potato virus X [40-42]. 

 

To activate defense responses, individual R protein sensors within the NRC network require one or 

more NRC proteins, which are themselves also typical NLRs [34]. In the simplified model illustrated 

in Figure 1A, NRC2, NRC3 and NRC4 are helper NLRs for many sensor NLRs with different 

specificity and redundancy. For example, Rpi-blb2 specifically activates immunity through NRC4, but 

not NRC2 and NRC3, while all three helper NLRs redundantly contribute to Rx-mediated immunity. 

The complex redundancy between helper NLRs may help explain why their identification took much 

longer than that of the more specific sensor NLRs. Indeed, it would have been challenging to unravel 

the function of three redundant genes by classical genetics studies. Among the redundant NRCs, the 

exclusive association between NRC4 and Rpi-blb2 was instrumental in deciphering NLR networks. 

Wu et al. [34] identified the NRC network through genetic analyses of Rpi-blb2-mediated immunity 

that revealed NRC4 as a component downstream of Rpi-blb2 (Figure 1B). The overexpression of Rpi-

blb2 in Nicotiana benthamiana conferred resistance against P. infestans by inducing a hypersensitive 

response and silencing of the helper NRC4 abolished resistance.  

 

Identifying the connection between Rpi-blb2 and NRC4 enabled to use comparative genomics and 

evolutionary analyses to explore the NLR network. In a phylogenetic tree of all NLR proteins, the 

helper NRCs form a tight and well-supported sister clade next to an expanded clade that includes many 

sensor R proteins from different plant species (Figure 2). This network of related proteins is massively 

expanded in Solanaceae and several other asterids—in some species, as much as fifty percent of all 

NLRs belong to this superclade of NRCs and their R sensors [34]. The expansion of the NRC network 

occurred about 100 million years ago before most asterid species diverged. This NRC superclade likely 

evolved from an ancestral gene pair consisting of one sensor and one helper NLR gene before massive 

gene duplication and expansion. The sensor NLRs diversified to detect various types of pathogens 



such as bacteria, viruses, oomycetes, aphids, and nematodes, while helper NLRs underwent limited 

expansion and remained constrained by some redundant roles.  

 

Redundant receptor networks in plant immunity ensure robustness 

Signaling convergence in the NRC network makes helper NRCs obvious targets for pathogens, as the 

suppression of helper nodes will impair the immune responses initiated by many sensor NLRs. Indeed, 

a screen for effectors from various solanaceous pathogens identified five effectors that suppress the 

hypersensitive response induced by the NRC-dependent sensor NLRs, Prf and Rpi-blb2 in N. 

benthamiana. Two of these effectors, SPRYSEC15 from the potato cyst nematode Globodera 

rostochiensis, and AVRcap1b from the oomycete Phytophthora infestans, blocked the cell death 

response mediated by NRC2 and NRC3, but did not affect NRC4 activity (Figure 3) [43]. Therefore, 

pathogen effectors exhibit some specificity in suppressing helper NLR nodes in the NRC network and 

redundancy in these core immune elements may help plants evade the suppression of their immune 

systems by pathogen effectors. 

 

Pathogen effectors suppress the NRC-mediated immune response in different ways (Figure 3). For 

example, the cyst nematode effector SPRYSEC15 directly binds to NRC2 and NRC3 but does not 

show a strong affinity for NRC4 [43]. A set of protein-protein interaction analyses such as in planta 

co-immunoprecipitation, yeast two-hybrid assays, and in vitro gel filtration assays determined that the 

central NB-ARC domain of NRCs is a SPRYSEC15 target site. This direct association is thought to 

interfere with the function of the helper NLR. The P. infestans effector AVRcap1b indirectly 

suppresses the NRC response by binding to another host protein [43]. Indeed, AVRcap1b interacted 

with a single host target in yeast-two-hybrid and co-immunoprecipitation assays: Target of Myb 1-like 

protein 9a (TOL9a), which is generally involved in endosome or vesicle trafficking. In agreement with 

this result, the suppression of NRC2- and NRC3-mediated immunity by AVRcap1b was compromised 

when TOL9a was silenced by RNA interference [43]. Although role of the TOL9a in NRC-dependent 

immunity remains unknown, TOL9a may act downstream of activated helper NLRs. Taken together, 

these observations show that pathogens have evolved to target the NRC network at multiple levels to 

circumvent plant immunity and enable their infection of the host. 

 

The emerging model is that co-evolution between effectors and NRCs drove the emergence of multiple 

NRCs to evade suppression by pathogen effectors, while retaining helper function with different sensor 

NLRs. In such a model, the suppression of one helper node by a pathogen can be, at least partially, 

compensated for by another node in executing the immune responses. This model would offer one 

possible explanation for the observed network complexity of the plant NLR immune system. 

 



Redundant receptor networks in plant immunity allow for evolvability 

A second potential benefit of the NLR network system is evolvability—the ability to generate 

phenotypic variation. We hypothesize that a complex immune system such as that of plants composed 

of functionally specialized receptors can acquire variation in the encoding receptor genes against fast-

evolving pathogen effectors. The function of a typical receptor has been uncoupled into two distinct 

NLR proteins in the NLR network: a sensor NLR for pathogen detection and a helper NLR to activate 

immune signaling. While helper NLRs must maintain their ability to mediate immune responses, 

sensor NLRs can be more flexible and prone to diversification such as accumulating new mutations 

or even gain an entirely new domain to detect effectors. 

 

Indeed, the sheer number of sensor NLRs in the solanaceous NRC network is much greater than the 

limited number of helper NLRs (Figure 2). Based on phylogenomics analyses, helper NRCs are more 

highly conserved than sensor NLRs across the Solanaceae [34, 44]. In addition, unlike helper NRCs, 

about half of all sensor NLRs carry additional N-terminal extension domains prior to their CC domains 

[45, 46]. Some of these N-terminal extension contribute to the direct detection of pathogen effectors 

as baits, but they are not directly involved in activating immune responses [47, 48]. This integration 

of novel domains in sensor NLRs may be a consequence of their relaxed selective pressure, as they 

rely on their helper NLR partners to execute the immune responses. Overall, the network organization 

of the immune system has allowed plants to keep up with diverse pathogens that are continuously 

changing to evade the plant immune system. 

 

Evolution of NLRs and their networks 

We have developed an evolutionary model of plant NLRs and their underlying networks. The sensor 

and helper NLRs presumably emerged through asymmetric evolution and subfunctionalization from a 

multifunctional ancestor receptor that possessed the ability to recognize effectors and the ability to 

trigger immune signaling. This sub-functionalization resulted in the current pairs of NLRs that 

participate in the immune system and have assembled into networks of specialized NLR proteins.  

 

There is a key molecular signature suggesting the transition from multifunctional singletons into paired 

and networked NLR receptors. Using helper NRC4 as a template, a transposon mutagenesis screen 

that introduced stop codons at random positions along NRC4 revealed that the first 29 amino acids of 

NRC4 are sufficient to trigger a hypersensitive response [45]. Notably, the N terminus of helper NRCs 

shows high sequence similarity to the N-terminal α helix of ZAR1, which comes together to form the 

funnel in the resistosome and creates a pore at the plasma membrane (Figure 4). This region codes for 

a consensus sequence motif, designated the ‘MADA motif’, with the sequence signature 

(MADAxVSFxVxKLxxLLxxEx). The MADA motif is present in about one-fifth of all CC-type NLRs 



across flowering plant species [45]. Mutations in the MADA motif impair the cell death activity of 

ZAR1 and helper NRCs [14, 16, 45, 49]. In addition, the MADA motif of NRC4 can be functionally 

replaced by the N-terminal sequence of multiple MADA-type CC-NLRs from both dicots and 

monocots [45]. These findings suggest that the MADA sequence signature may have emerged early in 

the evolution of CC-NLRs and has been functionally conserved in a substantial fraction of CC-NLRs 

across distantly related plant species. 

 

Notably, the MADA-type sequence is only detected in helper NLRs, but not in sensor NLRs among 

the NRC network [45]. As mentioned above, about half of all sensors have an N-terminal insertion 

prior to the CC domain. Given that many of these N-terminal insertions are quite large (spanning 

several hundred amino acids), the model offered by the ZAR1 resistosome cannot be applied for these 

sensor NLRs. Thus, we think that sensor NLRs have diversified by losing their MADA motifs, and 

often dedicating their N termini for effector recognition (Figure 5). This diversification of sensor NLRs 

occured because the sensors rely on the helpers for executing the immune response.  

 

We propose that the evolutionary model of the NLR network follows a “use it or lose it” principle 

(Figure 5). As sensor NLRs have relegated the signaling function to their helper NLRs, the MADA 

sequence in sensor NLRs has degenerated over time to become nonfunctional, reflecting their 

functional specialization toward pure sensors. However, the helpers retained the MADA sequence over 

long evolutionary times. In addition, the MADA sequence has retained its conserved position at the N 

terminus, which may be critical to function when using the resistosome as a model. This separation of 

labor between sensor and helper NLRs presumably allows sensors to diversify through co-evolution 

with pathogen effectors by acquiring new domains and mutations. The distinct evolutionary paths that 

have led to the functional specialization into either sensing or helper activity make this network a 

robust and evolvable immune system. 

 

 

Summary Points 

⚫ Plants have complex immune receptor networks where functionally specialized sensor and helper 

NLRs function together against diverse plant pathogens. 

⚫ Redundancy in the NLR receptor network can allow the immune system to be more resilient in 

terms of dealing with perturbations from the environment. 

⚫ Asymmetric evolution from a multifunctional ancestor to functionally specialized NLRs enables 

rapid evolution and diversification of NLR immune system. 

 

 



Author contributions 

Conceptualization: H.A., S.K.; Figure preparation: H.A.; Writing initial draft: H.A., S.K.; Editing: 

H.A., S.K. 

 

Declaration of interests 

S.K. receive funding from industry and has filed patents on NLR biology. 

 

Acknowledgements 

We are thankful to Jessica Upson, Lida Derevnina, Chih-hang Wu, Abbas Maqbool and Aleksandra 

Białas for figure materials and ideas. 

 

  



References 

 

1. Lu Y, Tsuda K. (2021) Intimate association of PRR- and NLR-mediated signaling in plant 

immunity. Mol Plant Microbe Interact. 34: 3-14. doi: 10.1094/MPMI-08-20-0239-IA. 

2. Kourelis J, van der Hoorn RAL. (2018) Defended to the nines: 25 years of resistance gene cloning 

identifies nine mechanisms for R protein function. Plant Cell. 30 (2): 285-299. 

doi:10.1105/tpc.17.00579. 

3. Saur IML, Panstruga R, Schulze-Lefert P. (2021) NOD-like receptor-mediated plant immunity: 

from structure to cell death. Nat Rev Immunol. 21 (5): 305-318. doi:10.1038/s41577-020-00473-

z. 

4. Jones JD, Vance RE, Dangl JL. (2016) Intracellular innate immune surveillance devices in plants 

and animals. Science. 354 (6316): aaf6395. doi:10.1126/science.aaf6395. 

5. Kourelis J, Sakai T, Adachi H, Kamoun S. (2021) RefPlantNLR is a comprehensive collection of 

experimentally validated plant disease resistance proteins from the NLR family. PLoS Biol. 19 

(10): e3001124. doi:10.1371/journal.pbio.3001124. 

6. Wang J, Wang J, Hu M, Wu S, Qi J, Wang G, et al. (2019) Ligand-triggered allosteric ADP release 

primes a plant NLR complex. Science. 364 (6435): eaav5868. doi: 10.1126/science.aav5868. 

7. Bi G, Zhou JM. (2021) Regulation of cell death and signaling by pore-forming resistosomes. Annu 

Rev Phytopathol. 59: 239-263. doi:10.1146/annurev-phyto-020620-095952. 

8. Tamborski J, Krasileva KV. (2020) Evolution of plant NLRs: from natural history to precise 

modifications. Annu Rev Plant Biol. 71: 355-378. doi: 10.1146/annurev-arplant-081519-035901. 

9. Shao ZQ, Xue JY, Wu P, Zhang YM, Wu Y, Hang YY, et al. (2016) Large-scale analyses of 

angiosperm nucleotide-binding site-leucine-rich repeat genes reveal three anciently diverged 

classes with distinct evolutionary patterns. Plant Physiol. 170 (4): 2095-2109. doi: 

10.1104/pp.15.01487. 

10. Baggs E, Dagdas G, Krasileva KV. (2017) NLR diversity, helpers and integrated domains: making 

sense of the NLR IDentity. Curr Opin Plant Biol. 38: 59-67. doi:10.1016/j.pbi.2017.04.012. 

11. Van de Weyer AL, Monteiro F, Furzer OJ, Nishimura MT, Cevik V, Witek K, et al. (2019) A 

species-wide inventory of NLR genes and alleles in Arabidopsis thaliana. Cell. 178 (5): 1260-

1272.e14. doi: 10.1016/j.cell.2019.07.038. 

12. Lee RRQ, Chae E. (2020) Variation patterns of NLR clusters in Arabidopsis thaliana genomes. 

Plant Commun. 1 (4): 100089. doi: 10.1016/j.xplc.2020.100089. 

13. Prigozhin DM, Krasileva KV. (2021) Analysis of intraspecies diversity reveals a subset of highly 

variable plant immune receptors and predicts their binding sites. Plant Cell. 33(4) :998-1015. 

doi:10.1093/plcell/koab013. 

14. Wang J, Hu M, Wang J, Qi J, Han Z, Wang G, et al. (2019) Reconstitution and structure of a plant 



NLR resistosome conferring immunity. Science. 364: eaav5870. doi: 10.1126/science.aav5870. 

15. Adachi H, Sakai T, Kourelis J, Pai H, Gonzalez Hernandez JL, Maqbool A, et al. (2022) Jurassic 

NLR: conserved and dynamic evolutionary features of the atypically ancient immune receptor 

ZAR1. bioRxiv. doi: https://doi.org/10.1101/2020.10.12.333484. 

16. Bi G, Su M, Li N, Liang Y, Dang S, Xu J, et al. (2021) The ZAR1 resistosome is a calcium-

permeable channel triggering plant immune signaling. Cell. 184: 3528-3541.e12. doi: 

10.1016/j.cell.2021.05.003.  

17. Ma S, Lapin D, Liu L, Sun Y, Song W, Zhang X, et al. (2020) Direct pathogen-induced assembly 

of an NLR immune receptor complex to form a holoenzyme. Science. 370: eabe3069. doi: 

10.1126/science.abe3069.  

18. Martin R, Qi T, Zhang H, Liu F, King M, Toth C, et al. (2020) Structure of the activated ROQ1 

resistosome directly recognizing the pathogen effector XopQ. Science. 370: eabd9993. doi: 

10.1126/science.abd9993.  

19. Wan L, Essuman K, Anderson RG, Sasaki Y, Monteiro F, Chung EH, et al. (2019) TIR domains 

of plant immune receptors are NAD+-cleaving enzymes that promote cell death. Science. 365 

(6455): 799-803. doi: 10.1126/science.aax1771. 

20. Horsefield S, Burdett H, Zhang X, Manik MK, Shi Y, Chen J, et al. (2019) NAD+ cleavage activity 

by animal and plant TIR domains in cell death pathways. Science. 365 (6455): 793-799. doi: 

10.1126/science.aax1911.  

21. Flor HH. (1971) Current status of the gene-for-gene concept. Annu Rev Phytopathol. 9: 275-296. 

22. Adachi H, Derevnina L, Kamoun S. (2019) NLR singletons, pairs, and networks: evolution, 

assembly, and regulation of the intracellular immunoreceptor circuitry of plants. Curr Opin Plant 

Biol. 50: 121-131. doi: 10.1016/j.pbi.2019.04.007. 

23. Feehan JM, Castel B, Bentham AR, Jones JD. (2020) Plant NLRs get by with a little help from 

their friends. Curr Opin Plant Biol. 56: 99-108. doi: 10.1016/j.pbi.2020.04.006.  

24. Narusaka M, Shirasu K, Noutoshi Y, Kubo Y, Shiraishi T, Iwabuchi M, et al. (2009) RRS1 and 

RPS4 provide a dual Resistance-gene system against fungal and bacterial pathogens. Plant J. 60 

(2): 218-226. doi: 10.1111/j.1365-313X.2009.03949.x. 

25. Sarris PF, Duxbury Z, Huh SU, Ma Y, Segonzac C, Sklenar J, et al. (2015) A plant immune 

receptor detects pathogen effectors that target WRKY transcription factors. Cell. 161 (5): 1089-

1100. doi: 10.1016/j.cell.2015.04.024. 

26. Le Roux C, Huet G, Jauneau A, Camborde L, Trémousaygue D, Kraut A, et al. (2015) A receptor 

pair with an integrated decoy converts pathogen disabling of transcription factors to immunity. 

Cell. 161 (5): 1074-1088. doi: 10.1016/j.cell.2015.04.025. 

27. Cesari S, Thilliez G, Ribot C, Chalvon V, Michel C, Jauneau A, et al. (2013) The rice resistance 

protein pair RGA4/RGA5 recognizes the Magnaporthe oryzae effectors AVR-Pia and AVR1-



CO39 by direct binding. Plant Cell. 25 (4): 1463-1481. doi: 10.1105/tpc.112.107201. 

28. Césari S, Kanzaki H, Fujiwara T, Bernoux M, Chalvon V, Kawano Y, et al. (2014) The NB-LRR 

proteins RGA4 and RGA5 interact functionally and physically to confer disease resistance. EMBO 

J. 33 (17): 1941-1959. doi: 10.15252/embj.201487923. 

29. Maqbool A, Saitoh H, Franceschetti M, Stevenson CE, Uemura A, Kanzaki H, et al. (2015) 

Structural basis of pathogen recognition by an integrated HMA domain in a plant NLR immune 

receptor. Elife. 4: e08709. doi: 10.7554/eLife.08709. 

30. Białas A, Langner T, Harant A, Contreras MP, Stevenson CE, Lawson DM, et al. (2021) Two NLR 

immune receptors acquired high-affinity binding to a fungal effector through convergent evolution 

of their integrated domain. Elife. 10: e66961. doi: 10.7554/eLife.66961. 

31. Cesari S. (2018) Multiple strategies for pathogen perception by plant immune receptors. New 

Phytol. 219 (1): 17-24. doi: 10.1111/nph.14877. 

32. Wu CH, Derevnina L, Kamoun S. (2018) Receptor networks underpin plant immunity. Science. 

360: 1300-1301. doi: 10.1126/science.aat2623. 

33. Ngou BPM, Jones JDG, Ding P. (2021) Plant immune networks. Trends Plant Sci. 18: S1360-

1385(21)00243-0. doi: 10.1016/j.tplants.2021.08.012. 

34. Wu CH, Abd-El-Haliem A, Bozkurt TO, Belhaj K, Terauchi R, Vossen JH, et al. (2017) NLR 

network mediates immunity to diverse plant pathogens. Proc Natl Acad Sci U S A. 114: 8113-8118. 

doi: 10.1073/pnas.1702041114. 

35. Bonardi V, Tang S, Stallmann A, Roberts M, Cherkis K, Dangl JL. (2011) Expanded functions for 

a family of plant intracellular immune receptors beyond specific recognition of pathogen effectors. 

Proc Natl Acad Sci U S A. 108: 16463-16468. doi: 10.1073/pnas.1113726108. 

36. Castel B, Ngou PM, Cevik V, Redkar A, Kim DS, Yang Y, et al. (2019) Diverse NLR immune 

receptors activate defence via the RPW8-NLR NRG1. New Phytol. 222 (2): 966-980. doi: 

10.1111/nph.15659. 

37. Wu Z, Li M, Dong OX, Xia S, Liang W, Bao Y, et al. Differential regulation of TNL-mediated 

immune signaling by redundant helper CNLs. New Phytol. 222 (2): 938-953. doi: 

10.1111/nph.15665. 

38. Saile SC, Jacob P, Castel B, Jubic LM, Salas-Gonzáles I, Bäcker M, et al. (2020) Two unequally 

redundant "helper" immune receptor families mediate Arabidopsis thaliana intracellular "sensor" 

immune receptor functions. PLoS Biol. 18 (9): e3000783. doi: 10.1371/journal.pbio.3000783. 

39. Oh SK, Young C, Lee M, Oliva R, Bozkurt TO, Cano LM, et al. (2009) In planta expression 

screens of Phytophthora infestans RXLR effectors reveal diverse phenotypes, including activation 

of the Solanum bulbocastanum disease resistance protein Rpi-blb2. Plant Cell. 21 (9): 2928-2947. 

doi: 10.1105/tpc.109.068247. 

40. Salmeron JM, Barker SJ, Carland FM, Mehta AY, Staskawicz BJ. (1994) Tomato mutants altered 



in bacterial disease resistance provide evidence for a new locus controlling pathogen recognition. 

Plant Cell. 6 (4): 511-520. doi: 10.1105/tpc.6.4.511. 

41. Kim YJ, Lin NC, Martin GB. (2002) Two distinct Pseudomonas effector proteins interact with the 

Pto kinase and activate plant immunity. Cell. 109 (5): 589-598. doi: 10.1016/s0092-

8674(02)00743-2. 

42. Bendahmane A, Kanyuka K, Baulcombe DC. (1999) The Rx gene from potato controls separate 

virus resistance and cell death responses. Plant Cell. 11 (5): 781-792. doi: 10.1105/tpc.11.5.781. 

43. Derevnina L, Contreras MP, Adachi H, Upson J, Vergara Cruces A, Xie R, et al. (2021) Plant 

pathogens convergently evolved to counteract redundant nodes of an NLR immune receptor 

network. PLoS Biol. 19: e3001136. doi: 10.1371/journal.pbio.3001136. 

44. Stam R, Silva-Arias GA, Tellier A. (2019) Subsets of NLR genes show differential signatures of 

adaptation during colonization of new habitats. New Phytol. 224 (1): 367-379. doi: 

10.1111/nph.16017. 

45. Adachi H, Contreras MP, Harant A, Wu CH, Derevnina L, Sakai T, et al. (2019) An N-terminal 

motif in NLR immune receptors is functionally conserved across distantly related plant species. 

Elife. 8: e49956. doi: 10.7554/eLife.49956. 

46. Seong K, Seo E, Witek K, Li M, Staskawicz B. (2020) Evolution of NLR resistance genes with 

noncanonical N-terminal domains in wild tomato species. New Phytol. 227 (5): 1530-1543. doi: 

10.1111/nph.16628. 

47. Saur IM, Conlan BF, Rathjen JP. (2015) The N-terminal domain of the tomato immune protein Prf 

contains multiple homotypic and Pto kinase interaction sites. J Biol Chem. 290 (18): 11258-11267. 

doi: 10.1074/jbc.M114.616532. 

48. Li J, Huang H, Zhu M, Huang S, Zhang W, Dinesh-Kumar SP, et al. (2019) A plant immune 

receptor adopts a two-step recognition mechanism to enhance viral effector perception. Mol Plant. 

12 (2): 248-262. doi: 10.1016/j.molp.2019.01.005. 

49. Kourelis J, Contreras MP, Harant A, Adachi H, Derevnina L, Wu CH, et al. (2021) The helper 

NLR immune protein NRC3 mediates the hypersensitive cell death caused by the cell-surface 

receptor Cf-4. bioRxiv. doi: https://doi.org/10.1101/2021.09.28.461843. 

 

  

https://doi.org/10.1101/2021.09.28.461843


 

 

 

Figure 1. The NRC network mediates immunity to diverse plant pathogens.  

(A) Sensor NLRs confer disease resistance to diverse pathogens including bacteria, oomycetes, virus, 

nematodes and aphids through helper NLRs. Helper NLRs specifically or redundantly function with 

multiple sensor NLRs. (B) The combination of the sensor Rpi-blb2 and the helper NRC4 induces a 

hypersensitive response upon infection with Phytophthora infestans carrying the effector AVRblb2. 

Arrowheads indicate the hypersensitive response in a Nicotiana benthamiana leaf, which suppresses 

the spread of the P. infestans infection. Right panel: NRC4 is essential for Rpi-blb2-mediated 

mitigation of pathogen infection. 

  



 

 

Figure 2. The NRC network in asterid plant species.  

Phylogenetic tree showing the relationship between NLR proteins identified from tomato, sweet potato, 

olive tree, coffee and kiwifruit. The sensor and helper clades within the NRC superclade are 

highlighted in blue and red, respectively. The color codes in the outer circle denote the plant species. 

  



 

 

 

Figure 3. Redundancy in the Solanaceae NLR network enables evasion of immune suppression 

by diverse pathogens.  

The Phytophthora infestans and Globodera rostochiensis effectors AVRcap1b and SPRYSEC15 target 

distinct signaling components of the NRC network. SPRYSEC15 directly binds NRC2 and NRC3 to 

suppress their function. AVRcap1b suppresses NRC2- and NRC3-mediated immune responses by 

associating with other host proteins. When the NRC2 and NRC3 pathways are suppressed by effectors, 

the helper NLR NRC4 can substitute as a redundant node for several sensor NLRs. 

 

  



 

 

Figure 4. ZAR1 and NRC4 share the N-terminal MADA motif/α helix on the resistosome.  

(A) Schematic diagram of a prototypical CC-NLR with the conserved MADA motif (shown above as 

a protein logo and alignment). The MADA motif is located in the N terminus of about 20% of CC-

NLRs, including NRC4 and ZAR1, across flowering plant species. (B) A structure model of the 

resistosome highlighting the position of the MADA motif in orange. The MADA motif forms the 

funnel-like structure of the resistosome. 

  



 

 

Figure 5. Evolution of CC-NLRs from a multifunctional receptor to networks.  

The N-terminal MADA motif emerged early during CC-NLR evolution and remained constrained over 

time from the multifunctional ancestor into specialized helper NLRs in pairs and networks. By contrast, 

the MADA motif likely degenerated in sensor NLRs that rely on helper NLRs to execute the immune 

responses. Several sensor NLRs have acquired an additional N-terminal extension domain for effector 

recognition. 


