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Plant NLRs get by with a little help from their friends
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Abstract

Many plant NLR (nucleotide binding, leucine-rich repeat) immune receptors require
other NLRs for their function. In pairs of chromosomally adjacent sensor/helper NLRs, the
sensor typically carries an integrated domain (ID) that mimics the authentic target of a
pathogen effector. The RPW8-NLR clade supports the function of many diverse plant NLRs,
particularly those with a TIR N-terminal domain, in concert with a family of EP-domain
containing signaling partners. The NRC clade of NLRs is required for the function of many
unlinked sensor NLRs in Solanaceous plants. We evaluate recent advances in paired NLR
biology in the context of the structure and possible mechanisms of the first defined plant
inflammasome containing ZAR1.

Introduction

Plants have evolved both cell surface and intracellular receptors that detect pathogen
molecules and activate defense mechanisms. Resistance (R) genes usually encode
intracellular "NLR" receptors that carry a nucleotide-binding (NB) domain and a leucine-rich
repeat (LRR) domain [1]. Cell surface receptor-like kinases (RLKs) such as Arabidopsis EFR
and FLS2 (which detect bacterial molecules) require the helper RLK BAK1 for function [2].
Likewise, many NLRs are now known to require other NLRs for function, and we review here
recent advances in the biology of plant NLR/NLR cooperation in immune signaling.

Plant NLR proteins are classified into three ancient and diverged classes based on
differences in their N-terminal domain architecture: Toll/Interleukin-1 receptor/Resistance
(TIR) NLRs (TNLs), non-TIR or coiled-coil (CC) NLRs (CNLs), and RPW8-like coiled-coil
domain NLRs (CCg-NLs or RNLSs) [3-5]. Upon effector recognition, NLRs activate a suite of
defense responses that include an influx of calcium ions, production of reactive oxygen
species (ROS), and transcriptional changes. An additional hallmark of effector-triggered
immunity (ETI) is a type of programmed cell death (PCD) known as the Hypersensitive
Response (HR) [6]. Although recent discoveries in R protein mechanisms for pathogen
recognition have advanced the field, a significant gap still exists in our knowledge of the
intervening steps between pathogen recognition and defense activation. A recent
comprehensive commentary in last year's issue of COPB should be read in parallel to our
review [7].

Three types of NLR/NLR cooperation can be distinguished (Fig 1A). The requirement of
one NLR for another was first defined when the Arabidopsis TNL RPP2 (conferring downy
mildew resistance) was cloned, revealing that two adjacent TNL genes, RPP2A and RPP2B,
are both required for resistance [8]. There are now many examples of NLR pairs, one
member of which carries an integrated domain ("integrated decoy") that mimics the authentic
target of a pathogen effector, while the other member of the pair acts as a helper NLR



required for conversion of effector detection into defense activation. The Arabidopsis
RPS4/RRS1 TNL/TNL-WRKY (and its paralogous pair RPS4B/RRS1B), and the rice
RGA4/RGA5 CNL/CNL-HMA, provide paradigmatic examples of this architecture [9].
Additional reviews and reports provide a rich analysis of the diversity of IDs found in NLR-
IDs, and their likely significance as revealing targets of pathogen effectors [10-12].

Another helper NLR was revealed during a search for genes that, when silenced,
compromise the function of the tobacco TNL-encoding virus resistance gene N. NRG1 (N-
requirement gene) encodes an RNL that is required for N function [13]. Subsequently, in
Arabidopsis the NRG1-related Activated disease resistance gene 1 (ADR1) gene family was
found to be required for full function of several TNLs and CNLs [14]. Both NRG1 and ADR1
carry at their N-termini a domain homologous to RPW8, originally defined as an Arabidopsis
powdery mildew resistance gene encoding a protein with an N-terminal signal anchor and
several coiled coil domains, but without NB or LRR domains [15]. Despite this unorthodox
structure, RPW8 requires lipase-like protein Enhanced Disease Susceptibility 1 (EDS1) for
function [15]. EDS1 was originally defined as essential for the function of all TNL proteins
and forms functional heterodimers with either of two related lipase-like proteins, SAG101
(senescence-associated gene 101) or PAD4 (phytoalexin deficient 4). EDS1, SAG101 and
PAD4 share EDS1/PAD4 (EP) domains [16,17]. NRG1 and ADR1 are encoded by
genetically redundant genes in Arabidopsis but not Nicotiana benthamiana [7]. An intriguing
homology was noted between the RPW8 domain, a domain in mixed-lineage kinases
(MLKLs) and the fungal HeLo/HeLo-Like (HELL) domain [18], reviewed in more detail in
Jubic et al. (2019) [7].

A third example is provided by the NRC (NLR Required for Cell death) class of helper
NLRs required for the function of many, but not all, Solanaceae CNLs [19]. NRCs are also
CNLs and are more related to NRC-requiring NLRs than non-NRC-requiring NLRs.
Intriguingly, NRCs were first reported as required for full function of the receptor-like
resistance protein Cf-4 [20], and for Rx, Pto and Mi NLR gene function. Wu et al. (2017)
discovered functionally redundant NRC paralogs can display distinct specificities toward
different sensor NLRs that confer immunity to oomycetes, bacteria, viruses, nematodes, and
insects [19]. The helper NLR NRC4 is required for the function of several sensor NLRs,
including Rpi-blb2, Mi-1.2, and R1, whereas NRC2 and NRC3 are required for the function
of the NLR Prf that with the protein kinase Pto detects and responds to bacterial AvrPto and
AvrPtoB. Interestingly, NRC2, NRC3, and NRC4 redundantly contribute to the immunity
mediated by other sensor NLRs, including Rx, Bs2, R8, and Swb. The NRC superclade
probably emerged over 100 Mya from an NLR pair that diversified to constitute up to one-
half of the NLRs of Asterids [19].

In an additional example, the Arabidopsis RPP4 TNL gene for downy mildew
resistance resides in a complex locus with multiple paralogs [21], one of which is
SUPPRESSOR OF NPR1, CONSTITUTIVE 1 (SNC1), originally defined by an SNC1 allele
that causes constitutive defense activation [22]. In a genetic screen to identify genes
required for SNC1, three other TNL in the RPP4 haplotype were found to be redundantly
required for SNC1-mediated defense, named SIDEKICK SNC1 1 (SIKIC1), SIKIC2 and
SIKIC3 [23]. SIKIC2 physically associates with SNC1. Most puzzling, RPP4 in the same
cluster does not require SIKICs for function. Conceivably, then, the SIKIs could evolve into
NRC-like helpers of SNC1-derived sensors. This may be the tip of the iceberg; many more
such examples may exist but are invisible without the appropriate genetic analysis.

NLR/ NLR-ID pairs

The Arabidopsis RRS1/RPS4 TNL pair recognizes the bacterial effectors AvrRps4
and PopP2 via an integrated WRKY transcription factor domain in RRS1-R that mimics the
effector's authentic targets. How the complex activates defense upon effector recognition is
unknown. Deletion of the WRKY domain results in an autoactive RRS1 allele, suggesting the
WRKY domain contributes to maintaining the complex in an inactive state [24]. The WRKY
domain interacts with the adjacent domain 4. The inactive state of RRS1 is maintained by



WRKY interactions with domain 4 prior to ligand detection. AvrRps4 disrupts WRKY-domain
4 association interactions, leading to derepression of the complex [24]. PopP2-triggered
activation is less easily explained by such disruption and involves the longer C-terminal
extension of RRS1-R. Following RRS1 depression, interactions between domain 4 and the
RPS4 C-terminal domain likely contribute to activation.

Recently, Guo et al. (in press) shed light on how the RRS1-R C-terminus contributes
to PopP2 but not AvrRps4 responsiveness [25]. The C-terminus of RRS1-R, but not RRS1-
S, is phosphorylated. Phosphorylation at Thr1214 in the WRKY domain maintains RRS1-R
in its inactive state, and also inhibits PopP2 acetylation of RRS1-R. PopP2 catalyses O-
acetylation of Thr1214, preventing its phosphorylation. Phosphorylation at the other sites is
required for PopP2, but not AvrRps4, responsiveness, and is required for PopP2-dependent
C-terminal interaction with TIRRRSL, Effector-triggered proximity between the N-terminal TIR
domain and the RRS1-S or RRS1-R C-termini promotes depression of the complex. This
effector-promoted interaction between TIRRRS! and the RRS1 C-terminus likely relieves
inhibition of TIRRPS* by TIRRRS!, Thus, effector-triggered and phosphorylation-regulated
conformational changes within RRS1 result in distinct modes of derepression of the complex
by PopP2 and AvrRps4.

What is known about within-species diversity in NLR/NLR-ID architectures? An
important recent study used sequence capture to investigate the "panNLRome" of
Arabidopsis thaliana [26]. This revealed remarkable diversity in NLR/NLR-ID pair
architecture, both in ID repertoires imported into (presumed) sensor NLRs, and also in NLR
presence/absence variation.

A recent study has demonstrated the first successful engineering of an NLR-ID to
expand recognition to different effector alleles [27]. The NLRs Pik-1 and Pik-2 comprise a
CNL pair from rice that confers resistance to the rice blast fungus, Magnaporthe oryzae,
carrying the AVR-Pik effector. Pik-1 is the sensor NLR, containing a Heavy Metal Associated
(HMA) domain between the CC domain and the NB-ARC domain, and Pik-2 is the helper
NLR that is required for defense signalling upon effector recognition by Pik-1 [28]. There are
several alleles of the Pik resistance proteins encoded at the Pik locus (Pik*, Pikm, Pikp,
Piks, Pikh, Pil, and Pi7) as well as several alleles of the AVR-Pik effectors (AVR-PikA, C, D,
E, and F). Pik alleles have evolved to recognise different effector alleles [29]. A study
dissecting the effects of allelic diversity in Pik NLRs on AVR-Pik recognition demonstrated
the Pikp pair, Pikp-1 and Pikp-2, are able to recognise only one of the AVR-Pik effectors,
AVR-PikD, whereas a second pair of alleles at the Pik locus, Pikm-1 and Pikm-2, have a
broader AVR recognition spectrum, and is able to recognise AVR-PIkD, as well as AVR-PikA
and AVR-PIKE [30]. Guided by structures of the HMA domains of Pikp-1 and Pikm-1 in
complex with various alleles of AVR-Pik, the authors used prior knowledge of the Pikp and
Pikm alleles to engineer a mutant of the Pikp-1 HMA, designated PikpNK-E, that can bind to
the same alleles of AVR-Pik as the Pikm-1 HMA [27]. However, it is still unclear how the
binding of the effector to the HMA domain of Pik-1 sensor NLR is relayed to the Pik-2 helper
NLR; this remains one of the major questions in paired NLR function.

Non-NLR sensors and their singleton helpers

There are many examples of NLRs guarding pathogen effector targets or host
decoys [31,32], and it has been proposed that NLR-IDs evolved through the integration of
guardee proteins into the NLR [33]. NLRs that act as guards are usually singleton NLRs that
monitor either structural or biochemical changes in their guardee, such as detection by
Arabidopsis RPS2 of the action of the cysteine protease AvrRpt2 on RIN4 [34]. These
guardee or decoy proteins thus act as hon-NLR sensors to relay effector perception to the
NLR. The recent reports regarding ZAR1 and RPS5 demonstrate the important role that their
sensors, PBL2 and PBS1 respectively, have in effector detection [35-37]. In both cases,
these proteins facilitate the conformational change in the NLR that would be conferred by a
sensor NLR in a sensor/helper NLR pair. Engineering of non-NLR sensors could be a
promising avenue for expanding effector recognition, as a single NLR can have multiple



guardees [5]. Consistent with this, a recent BioRxiv submission by Pottinger et al. (2020)
shows that by manipulating the PBS1 cleavage site, normally acted upon by AvrPphB, to
respond to the Nla protease from Turnip Mosaic virus (TuMV) in Arabidopsis, enabled
RPS5-dependent responsiveness to Nla protease [38]. By engineering a PBS1 protein
capable of being targeted by SMV Nla protease, the authors then produced transgenic
Soybean with RPS5-mediated resistance to Soybean Mosaic Virus (SMV).

The MADA motif — a conserved motif in helper CNLs

How do paired NLRs activate signaling, and can this involve mechanisms that
resemble the effector-dependent membrane association of ZAR1 [35,36]? A Mu
transposition screen that created random truncations of the CC domain from the helper NLR,
NRC4, revealed 29 amino acids at the N-terminus which are sufficient to cause cell death
when transiently expressed in N. benthamiana. Computational analysis of this domain
revealed a motif, MADAXVSFXVXKLXXLLXXEX, designated the “MADA motif” that is found not
only in NRCs, but also in approximately 20% of all CNLs from monocot and dicot species,
ranging from CNL pairs to singletons [39]. Interestingly, the MADA motif is not usually found
in NRC-dependent sensor NLRs. The authors suggest the MADA motif may degenerate in
sensor NLRs over evolutionary time as these NLRs have further specialized to detect
effectors and signal via helper NLRs. Consistent with this, some of the Solanaceous sensor
CNLs that signal through the NRCs, such as Prf and Swbb, have acquired additional N-
terminal domains upstream of their CC domains that are involved in effector recognition
[40,41]. Furthermore, the ZAR1 resistosome structure highlighted the importance of the
conformational change in the CC domain during activation of the NLR (Wang 2019a. Wang
2019hb). The rearrangement of the four helices of the CC domain (denoted H1 — H4) from a
four-helix bundle to a funnel-like structure, likely important for membrane insertion, is
facilitated by the release of the H1 helix from the four-helix bundle to form homotypic
interactions with the H1 helix of several ZAR1 molecules. The N-terminal domains found in
NLRs like Prf and Sw5b would likely prevent the H1 helix release from the CC domain that
occurs upon activation of ZAR1 and would sterically hinder any association between the CC
domain and cell membranes. This strongly suggests the CC domains of these NLRs have
moved away from a signaling function to a purely sensor function. However, amino-acids 1-
17 of Rx can confer a similar HR phenotype, even though they lack the MADA motif, so
(perhaps unsurprisingly), multiple tribes of NLRs may carry N termini that when oligomerized
activate HR.

Puzzlingly, no interactions between NRC helpers and sensors have yet been
reported. Conceivably, interactions between sensor CNLs and NRCs in Solanaceae involve
yet-to-be-determined partner(s), which play a role similar to the role of the
EDS1/SAG101/PAD4 complex that bridges signaling between TNLs and RNLs.

Intriguingly, ZAR1 also has a MADA motif at the N-terminus. In a key experiment,
Adachi et al. (2019) swapped the MADA motifs between NRC4 and ZAR1 and showed
retention of cell death signaling for either NLR, demonstrating the functional conservation of
the MADA motif [39]. This observation implies the signaling mechanism of the MADA motif,
and CC domain as a whole, is conserved between ZAR1 and NRC4, even though ZAR1 is a
singleton NLR and the NRC is a specialized helper NLR. Interestingly, the MADA motif has
not been identified in RNLs, which begs the question whether the cell death triggered by
MADA-CNLs and RNLs is mediated in the same way, or whether these cell death
mechanisms are functionally distinct.

Whether the RNLs are required downstream of NRCs is still unclear. The potato virus
X (PVX) resistance protein, Rx, was reported to require NRC helpers to trigger cell death
upon detection of PVX coat protein (CP) [19]. Although dependence of Rx-mediated defense
responses on RNLs has not been tested, Collier et al. (2011) demonstrated that Rx2, a close
homolog of Rx, requires either NRG1 or ADR1 downstream to provide resistance to PVX.
Rx2 would be expected to also require the NRCs to signal. This would then place RNLs



downstream of NRCs, rather than in a parallel helper network, but this has yet to be fully
resolved (Fig 1B).

RNL proteins help reveal how helpers help

ADR1 and NRG1 are RNLs, and their RPW8-like N-terminal domains are sufficient to
trigger cell death [3]. They both carry a glycine zipper motif that is conserved in the fungal
HET-S/HELLP proteins and the mammalian necroptosis protein MLKL [18,42,43],
suggesting that they all belong to the same HeLo/HELL domain category (pfam PF14479).
HET-S/HELLP and MLKL proteins form amyloid aggregates and perforate the membrane to
cause cell death in fungi and humans, respectively [18]. The C-terminal region of RPW8
contains repeats that determine autoimmune incompatible interactions with alleles of the
NLR RPP7 [44]. This could define a novel type of prion-forming domain, with HeLo-like
domains of RPW8 and RNLSs initiating prisonization of RPW8. Structural information about
RPW8 and an RNL N-terminus, though not available to date, would shed light on this
guestion. The resemblance between RPW8 and the RPW8 domain of RNLs suggests that
RPW8 might be involved in RNL signaling, however, an Arabidopsis rpw8 mutant does not
phenocopy an nrgl mutant [45]. Furthermore, RNL-dependent NLRs such as RRS1/RPS4,
RPS2 and WRR4A do not require RPWS8 to signal [45]. Nevertheless, the rpw8 mutant is
slightly impaired in resistance to adapted and non-adapted strains of powdery mildew, and
to Pseudomonas syringae pv tomato strain DC3000 [45]. Thus, RPWS8 likely plays a role in
plant immunity distinct from RNL helpers.

A recent study submitted to BioRxiv functionally evaluated a family of MLKL proteins
in Arabidopsis. The N-terminal HeLo domains of these AtMLKLs have been suggested to
capable of inducing cell death, and also share homology with the N-terminal domains of
human MLKL and RPW8/RNL proteins [43]. Structure determination of AtMLKL1 shows an
auto-repressed tetrameric complex with the HeLo domains bound to the brace domains,
burying them in the structure and preventing activation. Further pursuits of the structure of
an active AtMLKL complex could significantly expand our understanding of role of HeLo
domains in signaling, and further inform signaling of RPW8 RNL proteins. The Arabidopsis
MLKL proteins contribute quantitatively to disease resistance.

RNLs usually display low copy number and high conservation in plant genomes [46]
and pan-genomes [26], consistent with a helper, rather than sensor, function [7,47]. RNLs
have expanded in some plant families, including strawberry, grapevine and lettuce [48].
Conceivably, each subclade may have specialized downstream of a specific set of sensors,
or alternatively, some strawberry, grapevine and/or lettuce RNLs have evolved a sensor
function. Conversely, RNLs are absent in several different aquatic plant families, which
correlates with absence of TNLs and the lipase-like EDS1, SAG101 and PAD4 proteins [49].
Furthermore, there is a strong indication of a co-evolved functional relationship specifically
between TNLs, NRG1, and SAG101, as all three are absent from monocotyledon, and
certain dicotyledon, genomes [3,17,49]. This supports the hypothesis that RNLs play a role
in EDS1/SAG101/PAD4 signaling downstream of TNL activation [50].

An Arabidopsis "helperless" mutant that lacks all NRG1 and ADR1 genes
phenocopies edsl and pad4/sag101 mutants [47,51]. These data are consistent with a
model in which RNLs and EP-domain containing proteins act in coevolved modules that
requires all components for functionality (Fig 1B). Furthermore, Qi et al (2018) showed that
while overexpression of NbNRG1 induces HR in an N. benthamiana eds1 mutant, native
expression and coexpression with XopQ did not induce HR in this background, indicating a
genetic dependence on EDS1 for NRG1 function [52]. Additionally, the autoactive ADR1-
L2P484 requires PAD4 for function, and can function independently of NRG1 [47]. However,
EDS1, SAG101, or PAD4 from Arabidopsis fail to complement corresponding Solanaceae
mutants, supporting the hypothesis these EP-domain containing proteins have co-evolved
with additional components in different plant families [53].

RNL and EP proteins likely form at least 2 distinct signaling modules that function
together in immune signaling pathways downstream of TNL activation. In Arabidopsis,



NRG1/EDS1/SAG101 is required for cell death, and ADR1/EDS1/PAD4 mediate bacterial
growth restriction (Fig 1B) [50]. Interestingly, Arabidopsis alleles of NRG1/EDS1/SAG101
were sufficient for both cell death and bacterial growth restriction when expressed in N.
benthamiana, while ADR1/EDS1/PAD4 were not required [50]. Future studies should
investigate why RNLs appear to have alternate functions in different contexts.

Although there is a functional connection between NRG1 and SAG101, in
Arabidopsis, NRGL1 is localized to the endomembrane network [47,50] and SAG101 is
primarily nuclear-localized as a dimer with EDS1 [16,17]. In N. benthamiana, however, the
functional SAG101b allele is more evenly distributed between nucleus and cytoplasm [53].
Along with these differences in protein distribution, the data are ambiguous on whether
direct protein interactions occur; NbEDS1 constitutively associates with NbNRGL1 in transient
assays in N. benthamiana [52], while the association between AtEDS1 and AtNRG1 alleles
has not been conclusively shown [47,50]. There are no reports on the subcellular localization
of ADRL1, nor potential protein-protein associations with EDS1 or PAD4, each of which can
localize in both the nuclear and cytoplasmic spaces [16]. This area of investigation is of high
interest for follow-up work.

Interestingly, Lapin et al (2019) observed that if one RNL/EP module is disabled, the
other likely compensates in TNL resistance, as sag101 and nrgl mutants still show a “small
but measurable portion of RRS1/RPS4/EDS1-dependent cell death” and pad4 and adrl
mutants show some resistance to bacteria carrying AvrRps4 [50]. Indeed, Saile et al. (2020)
also reported the ability of NRG1 to “partially substitute for the loss of ADR1”, as well as full
complementation by ADR1 for NRGL1 in resistances mediated by several sensor TNLs [51].
Furthermore, although isochorismate synthase (ICS1) was fully induced in an nrgl mutant
[54], NRG1s and ADR1s may still both contribute to transcriptional regulation of some
genes, including SA, pipecolic acid, ROS- and HR- related genes. Whichever sensor
accomplishes recognition, RNLs always regulate transcription of the same set of genes.
Also, this set of RNL-regulated genes mostly overlaps with the CNL-regulated genes (with
guantitative differences) [51].

However, there are discrepancies that need to be resolved; NRG1 is not required for
TNL-dependent restriction of bacterial growth in Arabidopsis [47,50,54], while it is required in
N. benthamiana [50,52]. However, overexpression of NoNRG1 in Arabidopsis does restrict
bacterial growth [55]. This is paradoxical given the requirement for genetically compatible
alleles of NRG1/SAG101/EDSL1 for cell death [50]. Furthermore, RNLs are mainly required
for TNLs, but the CNL response can also be delayed or slightly reduced in a helperless
mutant [51]. In addition, Schultink et al. (2017) showed TNL-mediated recognition of XopQ in
Beta vulgaris [56], which does not seem to encode SAG101 or NRG1 orthologs [50]. Since
most CNLs can signal independently of EP proteins, there might be also a function of RNLs
independent of EP proteins.

The TIR-domains of TNLs have been shown to have NADase activity [57,58] leading
to production of a variant-cyclic-ADP-ribose (vcADPR) that is required for immune response.
TNL proteins with mutations in the TIR domain NADase active site lose function. However,
an indistinguishable compound is made by bacterial TIR proteins, but its production in plants
is insufficient for immune activation [59]. This would indicate that some additional component
specific to plant TIRs and EDSL1 is required for immune activation. Conceivably, this involves
association between the activated TNL and the RNL/EP protein module.

Open Questions

Plant NLR biology continues to perplex and fascinate. The most spectacular advance
this year [35,36] addresses a slightly orthogonal question to that posed in this review; why
do some NLRs not appear to require helper NLRs? The structural definition of the ZAR1
resistosome may be sufficient to explain defense activation by the NLR, if membrane
association and consequent ion leakage is sufficient to activate defense. The definition of
the shared "MADA" motif in many NLRs, and its correlation with lack of or reduced
requirement for helper NLRs, is consistent with this interpretation. As Jubic et al (2019)



speculate, the RNL N terminus and MLKL family proteins may assume a similar activated
structure to ZAR1, and also activate defense by modulating membrane permeability [7].

However, the mechanism(s) which helper NLRs promote responsiveness upon
recognition by sensor NLRs remains enigmatic. For RPS4 and RRS1, or Pik-1/Pik-2 and
RGAA4/5, the sensor associates with the helper. There are few indications of the RNL
associating with corresponding sensors in an effector-dependent manner. Similarly, there
are not clear data on whether the NRC-dependent sensors are provoked by effectors to
interact with their NRC helpers.

As these different modes of helper-dependent sensor activation become better
defined, there is still scope for more systematic cross-referencing of their function. For
example, the RGA4/5 pair responds to recognized effectors with an HR after transient
assays in N. benthamiana. Is this phenotype retained in an ADR1, NRG1 mutant or an
NRC2, 3, 4 triple mutant in N. benthamiana? Do NRC-dependent sensor NLRs require
ADR1 and NRG1, or does the NRC pathway not require RNLs? And what contribution do
ADR1 helpers make to immunity in monocots?

The cell biology of RNLs and their respective EP proteins requires further definition;
there is a strong genetic link between ADR1/EDS1/PAD4 and NRG1/EDS1/SAG101, but it is
not entirely clear if they physically interact to mediate function. Furthermore, it will be
interesting to investigate further whether NRG1 and ADR1 interactions are involved in
immune function, or whether the NRG1/EP protein signaling module is independent of the
ADRI1/EP protein signaling module. NRG1 appears to associate with the endomembrane
system but no such information is available for ADR1. EDS1/SAG101 heterodimers are
primarily localized to the nucleus while the EDS1/PAD4 heterodimers are nucleo-cytosolic.
Conceivably, either NRG1 or the EDS1/SAG101 heterodimer re-localizes to mediate
immune function. However, Wu et al. (2019) investigated NRG1 localization in Arabidopsis
pre- and post-immune activation and found no changes [47]. Further investigation into
localizations and associations of RNLs and EP proteins pre- and post-immune activation
could provide insights into the mechanisms by which these modules carry out their immune
functions. However, as RNL/EP modules can compensate one another (Fig 1B) and function
differently given the genetic background, potentially the differences we see in Arabidopsis
and N. benthamiana reflect different snapshots in the evolution and subfunctionalization of
these modules. Comparisons between different systems may shed further light on core
mechanisms of these proteins. Additionally, data from Saile et al (2020) suggests that the
ADR1 part of the RNL signaling mechanisms plays a particular role in transcriptional
induction, and it will be interesting understand this mechanism better.

In summary, the discovery of various kinds of helper NLR roles has greatly enriched
our understanding of NLR mechanisms, but many important questions remain that are of
crucial interest to all who care about eukaryotic innate immunity.
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Figure 1: NLR signaling pathways. (A) Three categories of helper/sensor combination.
Left; classic NLR/NLR-ID (integrated domain) pairs. Effectors interact with the ID, imposing
changes that result in a conformational change within the NLR-ID that activates the helper
NLR. The helper NLR may or may not need an additional helper NLR protein to signal. Centre;
signaling via the RNL class of helper NLRs (NRG1 or ADR1). CNL or TNL singletons or pairs
can activate RNL-dependent signaling. Right; NRC helper signaling. Particularly in
Solanaceae, but also in other taxa, many (but not all) CNL sensor NLRs require NRC helper
NLRs to activate defense. NRC functionality likely requires a conserved MADA domain at the
N-terminus. (B) TNL and CNL signaling pathways. Singleton or paired TNLs produce variant
cyclic-ADP-Ribose (vcADPR) through NADase activity of the N-terminal TIR domains.
VCADPR, in addition to unknown components, signals to RNL/EP modules of either
NRG1/EDS1/SAG101 to trigger cell death, or ADR1/EDS1/PAD4 for bacterial growth
restriction. Grey dotted arrows indicate the ability of these modules to mediate other defense
responses either by compensation or species-specific specializations. CNLs signal either
independently of helper NLRs (e.g., ZAR1), through RNLs (e.g., RPS2), or through the



Solanaceous NRCs (e.g., Rx). It is not known how paired the CNLs RGA4/RGAS5 signal
downstream in defense. It is not known whether NRCs signal through RNLs to mediate
defense.
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