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ZUSAMMENFASSUNG

. Zusammenfassung

Pflanzen nutzen ein komplexes, rezeptorbasiertes Immunsystem, um sich gegen
Angriffe von Krankheitserregern zu wehren. Intrazellulare NUCLEOTIDE-BINDING
LEUCINE-RICH REPEAT (NLR) Proteine erkennen vom Pathogen stammende
Effektormolekile und l6sen Abwehrreaktionen aus. Toll/Interleukin-1-Rezeptor-
Resistenz (TIR)-Domane-enthaltende NLRs (TNLs) und Coiled-Coil (CC)-Domane-
enthaltende NLRs (CNLs) stellen die beiden Haupttypen von NLRs dar, die an der
Erkennung von Effektoren beteiligt sind und daher als Sensor-NLRs bezeichnet
werden. Mehrere CNLs und alle getesteten TNLs benétigen die Anwesenheit einer
dritten, evolutiondr konservierten Familie von NLRs, der RNL-Klasse, die sich durch
eine N-terminale RESISTANCE TO POWDERY MILDEW 8 (RPW8)-éhnliche CC-
Doméane (CCr) auszeichnet. Die RNL-Familie besteht aus zwei Unterfamilien,
ACTIVATED DISEASE RESISTANCE 1 (ADR1) und N REQUIREMENT GENE 1
(NRG1). Es ist bekannt, dass Mitglieder beider RNL-Unterfamilien unterhalb von
mehreren Sensor-NLRs in Arabidopsis thaliana wirken, allerdings sind die spezifischen
und redundanten Funktionen von ADR1s und NRG1s weitgehend unbekannt. Wir
konnten zeigen, dass ADR1s und NRG1s hauptsachlich als ungleich-redundante
Knotenpunkte wahrend der basalen Resistenz und der Sensor-NLR-vermittelten
Immunitat fungieren, obwohl sie auch eine ausgepragte Spezifitit gegenuber
bestimmten Sensor-NLRs aufweisen. Dartiber hinaus konnten wir zeigen, dass RNLs
Transkriptionsveranderungen vermitteln, die durch TNLs ausgelost werden. Diese sind
den Transkriptionsveranderungen gleich, die durch CNLs induziert werden. Wir
schlagen daher vor, dass RNLs ahnlich wie CNLs funktionieren kénnten, um
Abwehrreaktionen unterhalb von allen TNLs und einigen CNLs zu vermitteln. Unsere
Untersuchungen ergaben, dass ADR1s homo- und heterodimerisieren kdénnen und
dass Mitglieder der ADR1- und NRG1-Unterfamilien fir ihre Funktion eine
Plasmamembran (PM)-Lokalisierung  bendtigen. Das entspricht anderen
Erkenntnissen, die darauf hinweisen, dass auch RNL-unabhangige CNLs ihre Funktion
an der PM ausuben. Bemerkenswerterweise konnten wir auch zeigen, dass RNLs und
das RNL-unabhangige CNL Resistance to Pseudomonas syringae pv. maculicola 1
(RPM1) einen potenziell konservierten Mechanismus fur die PM-Lokalisierung nutzen,

indem sie direkt an PM-lokalisierte, negativ geladene Phospholipide binden. Die PM-
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Lokalisierung von RNLs lasst vermuten, dass sie mit anderen PM-lokalisierten
Proteinen interagieren kdnnten, die fur die Pflanzenimmunitat wichtig sind. Wir konnten
tatsachlich zeigen, dass Mitglieder der ADR1-Unterfamilie mit Rezeptorkinasen
interagieren, die fur die durch PATTERN RECOGNITION RECEPTOR (PRR)
vermittelten Immunreaktionen wichtig sind. Diese Ergebnisse deuten darauf hin, dass
ADR1 Proteine an der PRR-vermittelten Immunitat beteiligt sein kénnten und/oder
dass Proteine, die mit der PRR-vermittelten Immunitat assoziiert sind, auch fur Helfer-
NLR-vermittelte Immunantworten erforderlich sein kdnnten. Wir konnten in der Tat
zeigen, dass Mitglieder der ADRI1-Familie eine entscheidende Rolle bei der
Immunantwort spielen, die durch den PRR RECEPTOR-LIKE PROTEIN 23 (RLP23)
vermittelt wird. Darlber hinaus haben wir festgestellt, dass der PRR-Ko-Rezeptor
BAK1-LIKE 1 (BKK1) fur den Autoimmunph&notyp erforderlich ist, der durch die
Expression des autoaktivierten ADR1-LIKE 2 (ADR1-L2P44V) ausgeltst wird. Aus
diesen Ergebnissen schlieRen wir, dass es eine wechselseitige Beziehung zwischen
PRR- und NLR-vermittelten Signalwegen gibt, die an dem ADR1-Knotenpunkt
zusammenlaufen.

Insgesamt bietet die in dieser Dissertation verfasste Arbeit neue Einblicke in die
Funktion und Regulierung von RNLs und eroffnet neue Wege zur Untersuchung der
Verbindung zwischen den beiden rezeptorbasierten pflanzlichen Immunitatszweigen -

PRR- und NLR-vermittelter Immunitat.



SUMMARY

.  Summary

Plants use a complex receptor-based immune system to resist pathogen attacks.
Intracellular NUCLEOTIDE-BINDING LEUCINE-RICH REPEAT (NLR) proteins
recognize pathogen-derived effector molecules to induce defense responses.
Toll/interleukin-1 receptor resistance (TIR) domain-containing NLRs (TNLs) and
coiled-coil (CC) domain-containing NLRs (CNLs) are the two major types of NLRs
involved in effector recognition, and are therefore classified as sensor NLRs. Several
CNLs and all tested TNLs require the presence of a third, evolutionary conserved
family of NLRs, the RNL class, that is characterized by a N-terminal RESISTANCE TO
POWDERY MILDEW 8 (RPW8)-like CC domain (CCr). The RNL family is formed by
two subfamilies, ACTIVATED DISEASE RESISTANCE 1 (ADR1) and N
REQUIREMENT GENE 1 (NRG1). While members of both RNL subfamilies are known
to act downstream of multiple sensor NLRs in Arabidopsis thaliana, the specific and
redundant functions of ADR1s and NRG1s are largely unknown. We demonstrated that
ADR1s and NRG1s act mainly as unequal redundant nodes during basal resistance
and sensor NLR-mediated immunity, albeit they also have distinct specificity towards
certain sensor NLRs. Additionally, we showed that RNLs mediate TNL-triggered
transcriptional changes that are similar to transcriptional changes induced by CNLs.
Therefore, we propose that RNLs function similarly to CNLs to mediate defense
responses downstream of all TNLs and some CNLs. Our analyses revealed that
ADR1s can homo- and heterodimerize and that members of the ADR1 and NRG1
subfamilies require plasma membrane (PM) localization to function. This is consistent
with other findings, indicating that RNL-independent CNLs also function at the PM.
Remarkably, we also demonstrated that RNLs and the RNL-independent CNL
Resistance to Pseudomonas syringae pv. maculicola 1 (RPM1) use a potentially
conserved mechanism to localize to the PM by directly binding to PM-localized,
negatively charged phospholipids. The PM localization of RNLs suggests that they
could interact with other PM-localized proteins, important for plant immunity. In fact,
we could show that members of the ADR1 subfamily interact with receptor kinases
essential for PATTERN RECOGNITION RECEPTOR (PRR)-mediated immune
responses. These results suggested that ADR1s might be involved in PRR-mediated

Vi
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immunity and/or that proteins associated with PRR-mediated immunity could also be
required for helper NLR-mediated immune responses. We could indeed demonstrate
that ADR1 family members play a critical role in PRR RECEPTOR-LIKE PROTEIN 23
(RLP23)-mediated immunity. Further, we have identified the PRR co-receptor protein
BAK1-LIKE 1 (BKK1) as an essential factor for the autoimmune phenotype induced by
the expression of the autoactivated ADR1-LIKE 2 (ADR1-L2P484V), Based on these
findings we conclude that there is a mutual relationship between PRR- and NLR-
mediated signaling that converges on the ADR1 node.

Overall, the work reported in this PhD thesis provides new insights into RNL function
and regulation and opens new avenues to study the interconnection of the two

receptor-based plant immune branches — PRR- and NLR-mediated immunity.

VI



LIST OF PUBLICATIONS

V. List of Publications

Accepted manuscripts

2019

Help wanted: helper NLRs and plant immune responses

Jubic, L. M.*, Saile, S. C.*, Furzer, O. J., El Kasmi, F., Dangl, J. L.

*These authors contributed equally to this work.

Current Opinion in Plant Biology. 2019 Aug;50:82-94. doi: 10.1016/.pbi.2019.03.013.
Review Article

2020

Two unequally redundant “helper” immune receptor families mediate
Arabidopsis thaliana “sensor” immune receptor functions

Saile, S. C.*, Jacob, P.*, Castel, B., Jubic, L. M., Salas-Gonzales, |., Backer, M., Jones,
J. D. G., Dangl, J. L., El Kasmi, F.

*These authors contributed equally to this work.

PLOS Biology. 2020 Sep:18(9): e3000783. doi: 10.1371/journal.pbio.3000783.

2021

The EDS1-PAD4-ADR1 node mediates Arabidopsis pattern-triggered immunity
Pruitt, R. N.*, Locci, F.*, Wanke, F., Zhang, L., Saile, S. C., Joe, A., Karelina, D., Hua,
C., Frohlich, K., Wan, W.-L., Hu, M., Rao, S., Stolze, S. C., Harzen, A., Gust, A. A,
Harter, K., Joosten, M. H. A. J., Thomma, B. P. H. J., Zhou, J.-M., Dangl, J. L., Weigel,
D., Nakagami, H., Oecking, C., El Kasmi, F., Parker, J. E., Nurnberger, T.

*These authors contributed equally to this work.
Nature. 2021.0ct;598:495-499. doi: 10.1038/s41586-021-03829-0

VIl



LIST OF PUBLICATIONS

Arabidopsis ADR1 helper NLR immune receptors localize and function at the
plasma membrane in a phospholipid dependent manner

Saile, S. C., Ackermann, F. M., Sunil, S., Keicher, J., Bayless, A., Bonardi, V., Wan,
L., Doumane, M., Stobbe, E., Jaillais, Y., Caillaud, M.-C., Dangl, J. L., Nishimura, M.
T., Oecking, C., El Kasmi, F.

New Phytologist. 2021 Dec;232:2440-2456. doi: 10.1111/nph.17788

Non-submitted manuscripts

Autoimmunity induced by the Arabidopsis helper NLR ADR1-L2 requires the
receptor-like kinase BKK1

Saile, S. C., Bonardi, V., Keicher, J., Winsch, L. K., Jacob, P., Teixeira P. J. P. L.,
Dangl, J. L., El Kasmi, F.




PERSONAL CONTRIBUTIONS

V. Personal contributions

Two unequally redundant “helper” immune receptor families mediate
Arabidopsis thaliana “sensor” immune receptor functions
Saile and Jacob et al., 2020, PLOS Biology

In this accepted research article, | am listed as equally contributing first author. In
collaboration with Pierre Jacob (Dangl lab, UNC, Chapel Hill, USA), Lance Jubic (Dangl
lab, UNC, Chapel Hill, USA) and Baptiste Castel (Jones lab, TSL, Norwich, UK), we
have systematically compared the adrl triple mutant, the nrgl double mutant and a
helperless quintuple mutant to characterize RNL function and the genetic interactions
between the ADR1 and NRG1 subfamilies. Both, the adrl triple mutant (Bonardi et al.
2011) and the nrgl double mutant (Castel et al. 2019) were published before, whereas
the helperless quintuple mutant was generated by Baptiste Castel.

| performed bacterial growth curves shown in Figure 1A, 2A, 2C, 3A, S2A, S2B and
the conductivity measurements shown in Figure S2F and S2G, with the assistance of
Marcel Backer. Further, | conducted all cell death assays shown in Figure 2D, 2E, S2C,
S2D, S2E. The infection assays with Alternaria brassicicola shown in Figure 3D and
3E and the oxidative burst measurements shown in Figure S1 were performed by
myself. | carried out statistical analyses for the data presented in Figure 1A, 1B, 2A,
2B, 2C, 3A, 3B, 3C, 3D, S1, S2A, S2B, S2F and S2G. | designed, assembled and
edited Figure 1, 2, 3, S1 and S2 as well as Table S1 and Table S2 with contributions
from Farid ElI Kasmi. Moreover, | wrote the material and methods sections for the
assays mentioned above and contributed in writing the result sections for “Redundant
functions of ADR1 and NRG1 subfamilies in TNL-mediated disease resistance®,
~Specific functions of the RNL subfamilies in CNL- and TNL-triggered ETI*, ,Unequal
redundancy of the RNL families in basal resistance“ and ,RNL-independent functions

during CNL-triggered ETI“. Further, | was involved in the manuscripts’ revision process.

Saile, S. C., Jacob, P., Jones, J. D. G., Dangl, J. L. and El Kasmi, F. designed research.
Saile, S. C., Jacob, P. and El Kasmi, F. wrote the manuscript.

Saile, S. C., Jacob, P., Castel, B., Jubic, L. M., Salas-Gonzales, I., Jones, J. D. G,,
Dangl, J. L. and El Kasmi, F. revised the article.



PERSONAL CONTRIBUTIONS

The EDS1-PAD4-ADR1 node mediates Arabidopsis pattern-triggered
immunity
Pruitt and Locci et al, 2021, Nature

In this accepted research article, | am listed as co-author. | was involved in generating
DNA entry and destination vector constructs (Table 1) and performed co-
iImmunoprecipitation as well as bimolecular fluorescence complementation (BiFC)

experiments shown in Extended Data Figure 7B, 7C and 7D.

Pruitt, R. N., Joosten, M. H. A. J, Thomma, B. P. H. J., Dangl, J. L., El Kasmi, F.,
Parker, J. E. and Nurnberger, T. designed research.

Nurnberger, T. wrote the manuscript.

Pruitt, R. N., Locci, F., Gust, A. A., Joosten, M. H. A. J, Thomma, B. P. H. J., Dangl, J.
L., Weigel, D., Parker, J. E. and Nurnberger, T. revised the article.

Table 1: DNA vector constructs used in the manuscript “The EDS1-PAD4-ADR1 node mediates Arabidopsis
pattern-triggered immunity” (Pruitt and Locci et al., 2021).

Construct Name Cloning strategy
1 | AtADR1 Sonja Harter AtADR1_CDS was amplified with attB3
(pPDONR221_P3P2) (ElI Kasmi lab) | and attB2 sites from AtADR1 pENTR/D-

TOPO (Saile et al. 2021) and introduced
into pDONR221 P3P2 vector (Thermo
Fisher Scientific) via GATEWAY™

cloning.
2 | AtADR1-L1 Sonja Harter AtADR1-L1 CDS was amplified with
(PDONR221_P3P2) (El Kasmi lab) | attB3 and attB2 sites from AtADR1-L1

pDONR221 (Saile et al. 2021) and
introduced into pDONR221_P3P2 vector
(Thermo Fisher Scientific) via
GATEWAY™ cloning.

3 | AtADR1-L2 Svenja Saile AtADR1-L2_CDS was amplified with
(PDONR221_P3P2) (El Kasmi lab) | attB3 and attB2 sites from AtADR1-L2
pDONR221 (Saile et al. 2021) and
introduced into pPDONR221_P1P4 vector
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(Thermo Fisher

GATEWAY™ cloning.

Scientific) via

4 | AtSOBIR1 Weigo Zhang AtSOBIR1_CDS was amplified from Col-
(pCR8) 0 cDNA.

5 | AtSOBIR1 Students of the | AtSOBIR1_CDS was amplified with attB1
(P DONR221_P1P4) ~Gentechnik and attB4 sites from construct (4) and

Praktikum® introduced into pDONR221_P1P4 vector
2018, under (Thermo Fisher Scientific) via
supervision of | GATEWAY™ cloning.

Andrea Gust

(NUrnberger

lab)

6 | 35s::AtADR1-HA Vera Bonardi GATEWAY™ LR reaction using AtADR1
(pGWB614) (Dang lab) PENTR/D-TOPO (Saile et al. 2021) and

pGWB614 vector (Nakamura et al. 2010).

7 | 35s::AtADR1-L1-HA Vera Bonardi GATEWAY™ LR reaction using AtADR1-

(pGWB614) (Dangl lab) L1 pDONR221 (Saile et al. 2021) and
pGWB614 vector (Nakamura et al. 2010).

8 | 35s::AtADR1-L2-HA Svenja Saile GATEWAY™ LR reaction using AtADR1-

(pGWB614) (El Kasmilab) | L2 pDONR221 (Saile et al. 2021) and
pGWB614 vector (Nakamura et al. 2010).

9 | 35s:AtSOBIR1-myc- Svenja Saile GATEWAY™ LR reaction using
cYFP (ElI Kasmi lab) | constructs (5), (1) and 2inl1 BiFC CC
35s::AtADR1-HA-nYFP vector (Grefen & Blatt 2012; Mehlhorn et
(2in1 BiFC CC) al. 2018).

10 | 35s::AtSOBIR1-myc- Svenja Saile GATEWAY™ LR reaction using
cYFP (El Kasmi lab) | constructs (5), (2) and 2inl1 BiIFC CC
35s::AtADR1-L1-HA- vector (Grefen & Blatt 2012; Mehlhorn et
nYFP al. 2018).

(2in1 BiFC CC)

11 | 35s::AtSOBIR1-myc- Svenja Saile GATEWAY™ LR reaction using

cYFP (ElI Kasmi lab) | constructs (5), (3) and 2inl1 BIFC CC

35s::AtADR1-L2-HA-
nYFP
(2in1 BiFC CC)

vector (Grefen & Blatt 2012; Mehlhorn et
al. 2018).
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Arabidopsis ADR1 helper NLR immune receptors localize and function at

the plasma membrane in a phospholipid dependent manner
Saile et al., 2021, New Phytologist

In this manuscript | am listed as first author. | created RNL entry and destination vector
constructs (Table 2) and performed the confocal microscopy analyses shown in Figure
1, 2A, 2C, 2E, 3, S1, S2A, S2B, S2C, S7, S8A, S8C, S8E. Further, | carried out cell
death analysis and the corresponding western blots shown in Figure 2A, 4A, 4B, 4D,
4E, 4F, S3, S6A, S9A, S9B, S9C, S9D, S9E. | also performed the degradation
experiments and western blots shown in Figure 3B, 3D, 3F, S5, S8B, S8D and S8F.
Further, all in vitro transcription and translation reactions and PIP strip assays shown
in Figure 6 were conducted by myself. | performed subcellular fractionation
experiments shown in Figure S2D and S2E. With assistance of Jutta Keicher, |
performed co-immunoprecipitation experiments shown in Figure 2C and 2D. With
contributions from Farid ElI Kasmi, | designed, assembled and edited the following
Figures: 1, 2, 3, 4,5, 6, S1, S2, S3, S5, S6, S7, S8, S9 and drew the models shown in
Figure 7 and S11. Additionally, | wrote the materials and methods section and revised

the text. | was also involved in the manuscripts’ revision process.
Saile, S. C., Ackermann, F. M., Nishimura, M. T., El Kasmi F. designed research.

El Kasmi, F. wrote the manuscript with help of Saile, S. C. and Ackermann, F. M.

Saile, S. C., and El Kasmi, F. revised the article with help of Oecking, C.
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Table 2: DNA vector constructs used in the manuscript “Arabidopsis ADR1 helper NLR immune receptors localize
and function at the plasma membrane in a phospholipid dependent manner” (Saile et al. 2021).

Construct Name Cloning strategy

1 | AtADR1 Vera Bonardi AtADR1_CDS with a 5CACC extension

(PENTR/D-TOPOQ) (Dangl lab) was amplified from Col-0 cDNA and
introduced into pENTR/D-TOPO vector
(Invitrogen) via TOPO® cloning.

2 | AtADR1-L1 Vera Bonardi AtADR1-L1_CDS was amplified with

(PDONR221_P1P2) (Dangl lab) attB1 and attB2 sites from Col-O0 cDNA
and introduced into pDONR221 vector
(Invitrogen) via GATEWAY ™ cloning.

3 | AtADR1-L2 Vera Bonardi AtADR1-L2_CDS was amplified with

(PDONR221_P1P2) (Dangl lab) attB1 and attB2 sites from Col-O0 cDNA
and introduced into pDONR221 vector
(Invitrogen) via GATEWAY™ cloning.

4 | AtADR1_CC Vera Bonardi AtADR1_CC was amplified with attB1 and
(1-146 aa) (Dangl lab) attB2 sites from construct (1) and
(pPDONR207) introduced into pDONR207 vector

(Invitrogen) via GATEWAY ™ cloning.

5 | AtADR1-L1 CC Vera Bonardi AtADR1-L1 CC was amplified from
(1-155 aa) (Dangl lab) construct (2) with attB1 and attB2 sites
(PDONR207) and introduced into pDONR207 vector

(Invitrogen) via GATEWAY ™ cloning.

6 | AtADR1-L2_CC Vera Bonardi AtADR1-L2_CC was amplified from
(1-153 aa) (Dangl lab) construct (3) with attB1 and attB2 sites
(PDONR207) and introduced into pDONR207 vector

(Invitrogen) via GATEWAY ™ cloning.

7 | AtADR1P*YY Svenja Saile Site-directed mutagenesis on construct
(PENTR/D-TOPO) (El Kasmi lab) | (2).

8 | AtADR1-L1P* Svenja Saile Site-directed mutagenesis on construct
(PDONR221) (El Kasmi lab) | (2).

9 | AtADR1-L2P*8 Vera Bonardi | Site-directed mutagenesis on construct
(pPDONR221) (Dangl lab) 3).

10 | AtADR1212AAA214 Svenja Saile Site-directed mutagenesis on construct
(PENTR/D-TOPQ) (El Kasmi lab) | (2).
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11 | AtADR1-|1212AAM214 Svenja Saile Site-directed mutagenesis on construct
(pPDONR221) (El Kasmi lab) | (2).
12 | AtADR1-| 2212214 Vera Bonardi | Site-directed mutagenesis on construct
(pPDONR221) (El Kasmi lab) | (3).
13 | pADR1-L2::AtADR1-L2 Published in (Roberts et al. 2013).
(PDONR221)
14 | pADR1-L1::AtADR1-L1 | Svenja Saile A 2016 bp AtADR1-L1 promoter fragment
(PDONR207) (El Kasmi lab) | (Wu et al. 2020) was amplified from Col-0
genomic DNA with a 5’ attB1 site and the
AtADR1-L1 _CDS was amplified from
construct (2) with a 3’ attB2 site. AtADR1-
L1 promoter fragment was fused to
AtADR1-L1_CDS via overlap extension
PCR and further introduced into
pDONR207 vector (Invitrogen) via
GATEWAY™ cloning.
15 | LI_pADR1 (A-B) Jutta Keicher A 1822 bp AtADR1 promoter fragment
(PGEM-T) (El Kasmilab) | (Wu et al. 2020) was amplified with
Golden Gate-compatible Bsal overhangs
from Col-0 genomic DNA and introduced
into the pGEM®-T Easy Vector
(Promega).
16 | LI_AtADR1 (B-D) Jutta Keicher The AtADR1_CDS was amplified with
(PGEM-T) (ElI Kasmi lab) | Golden Gate-compatible Bsal overhangs
from construct (21) and introduced into
the pPGEM®-T Easy Vector (Promega).
17 | Est::AtADR1-Cit-HA Svenja Saile GATEWAY™ LR reaction using construct
(pPMDC7) (El Kasmi lab) | (1) and a modified pMDC7 vector (Curtis
& Grossniklaus 2003).
18 | Est::AtADR1-L1-Cit-HA | Svenja Saile GATEWAY™ LR reaction using construct
(pPMDC7) (El Kasmi lab) | (2) and a modified pMDC7 vector (Curtis
& Grossniklaus 2003).
19 | Est::AtADR1-L2-Cit-HA | Svenja Saile GATEWAY™ LR reaction using construct
(pPMDCT7) (ElI Kasmi lab) | (3) and a modified pMDC?7 vector (Curtis

& Grossniklaus 2003).
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20 | Est::AtADR1-mCherry Svenja Saile GATEWAY™ LR reaction using construct

(pPABindmCherry) (El Kasmilab) | (1) and the pABindmCherry vector
(Bleckmann et al. 2010).

21 | Est::AtADR1-L1- Svenja Saile GATEWAY™ LR reaction using construct
mCherry (El Kasmilab) | (2) and the pABindmCherry vector
(pPABindmCherry) (Bleckmann et al. 2010).

22 | Est::AtADR1-L2- Svenja Saile GATEWAY™ LR reaction using construct
mCherry (El Kasmilab) | (3) and the pABindmCherry vector
(pPABIindmCherry) (Bleckmann et al. 2010).

23 | 35s::AtADR1-L1-EYFP Svenja Saile GATEWAY™ LR reaction using construct
(pGWB641) (ElI Kasmi lab) | (2) and the pGWB641 vector (Nakamura

et al. 2010).

24 | 35s::AtADR1-L2-EYFP Svenja Saile GATEWAY™ LR reaction using construct

(pGWB641) (El Kasmi lab) | (3) and the pGWB641 vector (Nakamura
et al. 2010).

25 | Est:AtADR1P*'V_Cit-HA | Svenja Saile GATEWAY ™ LR reaction using construct

(pPMDCT7) (El Kasmi lab) | (7) and a modified pMDC?7 vector (Curtis
& Grossniklaus 2003).

26 | 35s::AtADR1P*-EYFP | Svenja Saile GATEWAY™ LR reaction using construct

(pGWB641) (ElI Kasmi lab) | (7) and the pGWB641 vector (Nakamura
et al. 2010).

27 | Est:AtADR1-L1P**%V-Cit- | Svenja Saile GATEWAY™ LR reaction using construct

HA (pMDC7) (El Kasmi lab) | (8) and a modified pMDC?7 vector (Curtis
& Grossniklaus 2003).

28 | Est::AtADR1-L2P**%V-Cit- | Svenja Saile GATEWAY™ LR reaction using construct

HA (pMDC7) (El Kasmi lab) | (9) and a modified pMDC7 vector (Curtis
& Grossniklaus 2003).

29 | Est::AtADR1%#12AA214. Svenja Saile GATEWAY™ LR reaction using construct
mCherry (El Kasmilab) | (10) and the pABindmCherry vector
(pPABIndmCherry) (Bleckmann et al. 2010).

30 | Est:AtADR1-L12*A4214. | Syenja Saile GATEWAY™ LR reaction using construct
mCherry (El Kasmilab) | (10) and the pABindmCherry vector
(pPABindmCherry) (Bleckmann et al. 2010).
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31 | 35s::AtADR1-L1%¥2A%214_ | Syenja Saile GATEWAY™ LR reaction using construct
EYFP (ElI Kasmi lab) | (11) and the pGWB641 vector (Nakamura
(pGWB641) et al. 2010).

32 | Est:AtADR1-L2212A214_ | Syenja Saile GATEWAY™ LR reaction using construct
mCherry (El Kasmilab) | (12) and the pABindmCherry vector
(pPABindmCherry) (Bleckmann et al. 2010).

33 | 35s::AtADR1-L2#1#44A214_ | Syenja Saile GATEWAY™ LR reaction using construct
EYFP (El Kasmi lab) | (12) and the pPGWB641 vector (Nakamura
(pGWB641) et al. 2010).

34 | Est::AtADR1_CC-Cit-HA | Svenja Saile GATEWAY™ LR reaction using construct
(1-146 aa) (El Kasmi lab) | (4) and a modified pMDC?7 vector (Curtis
(PMDC7) & Grossniklaus 2003).

35 | 35s::AtADR1_CC-EYFP | Svenja Saile GATEWAY™ LR reaction using construct
(1-146 aa) (ElI Kasmi lab) | (4) and the pGWB641 vector (Nakamura
(pGWB641) et al. 2010).

36 | Est::AtADR1-L1 CC-Cit- | Svenja Saile GATEWAY™ LR reaction using construct
HA (1-155 aa) (El Kasmi lab) | (5) and a modified pMDC?7 vector (Curtis
(pPMDCT7) & Grossniklaus 2003).

37 | 35s::AtADR1-L1_CC- Svenja Saile GATEWAY™ LR reaction using construct
EYFP (1-155 aa) (El Kasmi lab) | (5) and the pGWB641 vector (Nakamura
(pGWB641) et al. 2010).

38 | Est::AtADR1-L2_CC-Cit- | Svenja Saile GATEWAY™ LR reaction using construct
HA (1-153 aa) (El Kasmi lab) | (6) and a modified pMDC?7 vector (Curtis
(PMDC7) & Grossniklaus 2003).

39 | 35s::AtADR1-L2_CC- Svenja Saile GATEWAY™ LR reaction using construct
EYFP (1-153 aa) (El Kasmi lab) | (6) and the pGWB641 vector (Nakamura
(pGWB641) et al. 2010).

40 | pADR1::AtADR1-YFP- Jutta Keicher Golden Gate Bsal cut-ligation using
tNOS-FASTred (El Kasmi lab) | constructs (15), (16), LI D-E YFP (Binder
(LII_BB10) et al. 2014), LI E-F nos terminator (Binder

et al. 2014) and LI F-G pFASTred (Gust,
unpublished).

41 | pADR1-L1::AtADR1-L1- | Svenja Saile GATEWAY™ LR reaction using construct
EYFP (ElI Kasmi lab) | (14) and the pGWB640 vector (Nakamura

(PGWB640)

et al. 2010).
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42 | pADR1-L2::AtADR1-L2- | Svenja Saile GATEWAY™ LR reaction using construct
EYFP (ElI Kasmi lab) | (15) and the pGWB640 vector (Nakamura
(pGWB640) et al. 2010).

Autoimmunity induced by the Arabidopsis helper NLR ADR1-L2 requires
the receptor-like kinase BKK1

Saile et al., unpublished

In this manuscript, | am listed as first author. Vera Bonardi initiated and performed
together with Farid El Kasmi and Lisa Winsch the Suppressor of ADR1-L2Db484V
(SADR) screen in the Dangl lab (UNC, Capel Hill, USA). Pierre Jacob identified the
mutation in the sadr2 mutant. These results formed the basis of my work presented in
this manuscript. All crossed plant lines (F) generated for this study (Table 3) have been
created by myself with the technical assistance of Christel Kulibaba-Mattern, Sonja
Harter and Jutta Keicher. This includes mainly genetic crossings and technical support
with genotyping PCRs. All transgenic plant lines (T, Table 3) were generated by myself,
including construct design, cloning, plant transformation and selection. | characterized
the mutant phenotypes shown in Figure 1, S1, S2, S3, S4, S5 and S11. Further, |
generated most of the DNA constructs used for this study (Table 4) and performed all
described experiments: protein-protein-interaction assays shown in Figure 2 and S8,
the phosphatase treatment shown in Figure S6, confocal microscopy shown in Figure
S7, the subcellular fractionation experiment shown in Figure S9, western blots and RT-
PCRs shown in Figure S10. Jutta Keicher isolated RNA and performed cDNA synthesis
and RT-PCR of three additional replicates of Figure S10 d. Furthermore, | designed

and assembled all figures and wrote the whole manuscript.
Saile, S. C., Bonardi, V. and El Kasmi, F. designed research.

Saile, S.C. wrote the manuscript.

El Kasmi F. revised the article.
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Table 3: Plant lines generated for the non-submitted manuscript “Autoimmunity induced by the Arabidopsis helper
NLR ADR1-L2 requires the receptor-like kinase BKK1” (Saile et al., unpublished). Note: Not all generated plant

lines are present in the current version of the manuscript, but will be the basis of future experiments.

Plant line Generation strategy

1 | Fs | pADR1-L2:ADR1-L2P**-HA | Generated by genetic crossing of ADRI-
(+/+) L2P484V_HA adrl-L2-4 (Roberts et al. 2013) with
adrl-L2-4 (-/-) bkk1-1 (-/-) bkk1-1 (He et al. 2007).

2 | Fs | pADR1-L2::ADR1-L2°*#*-HA | Generated by genetic crossing of ADRI1-
(+/+) L2P84V.HA adr1-L2-4 (Roberts et al. 2013) with
adrl-L2-4 (-/-) sobirl-12 (-/-) sobirl-12 (Gao et al. 2009).

3 | Fs | bkkl1-1 (-/-) sncl (-/-) Generated by genetic crossing of bkk1-1 (He et

al. 2007) with sncl (Li et al. 2001).

4 | F4 | adrl-1(-/-) adrl-L1-1 (-/-) adrl- | Generated by genetic crossing of adrl triple

L2-4 (-/-) bkk1-1 (-/-) (Bonardi et al. 2011) with bkkl-1 (He et al.
2007).

5 | Fz | pADR1-L2::ADR1-L2°**V_HA | Generated by genetic crossing of ADR1-
(+/-) L2P484V_HA adrl-L2-4 (Roberts et al. 2013) with
adrl-L2-4 (-/-) bak1-4 (+/-) bakl-4 (Peng et al. 2016).

6 | F. | pADR1-L2::ADR1-L2-HA (+/-) | Generated by genetic crossing of ADR1-L2-HA
adrl-L2-4 (+/-) bkk1-1 (+/-) adrl-L2-4 (Roberts et al. 2013) with bkk1-1 (He

et al. 2007).

7 | F2 | pADR1-L2::ADR1-L2°*%-HA | Generated by genetic crossing of ADRI1-
(+/-) adr1-L2-4 (+/-) fls2c (+/-) | L2P*8*V-HA adr1-L2-4 (Roberts et al. 2013) with
efr-1 (+/-) fls2c efr-1 (Nekrasov et al. 2009).

8 | Ts | pADR1-L2::ADR1-L2°*®*".HA | Generated by transforming pBKK1::BKK1-Myc
(+/+) pBKK1::BKK1-Myc (pGWBL16) into plant line (1).

(segregating)
adrl-L2-4 (-/-) bkk1-1 (-/-)

9 | Ts | pADR1-L2::ADR1-L2°®*".HA | Generated by transforming pBKK1::BKK1*3%%.
(+/+) pBKK1::BKK1*¥??E-Myc Myc (pGWB16) into plant line (1).
(segregating)
adrl-L2-4 (-/-) bkk1-1 (-/-)

10 | T2 | pBKK1::BKK1-Myc Generated by transforming pBKK1::BKK1-Myc
(segregating) (pGWBL16) into bkk1-1 (He et al. 2007).
bkk1-1 (-/-)
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11 | T2 | pBKK1::BKK1K*#E-Myc Generated by transforming
(segregating) pBKK1::BKK1¥*??€_Myc (pGWB16) into bkk1-1
bkk1-1 (-/-) (He et al. 2007).

12 | T> | pADR1-L2::ADR1-L2P*®*-HA | Generated by transforming pBKK1:BKK1
(+/+) pBKK1::BKK1 (pGWB1) into plant line (1).

(segregating)
adr1-L2-4 (-/-) bkk1-1 (-/-)

13 | T, | pADR1-L2::ADR1-L2°®*"-HA | Generated by transforming pBKK1::BKK113%%&
(+/+) pBKK1::BKK1K32% (pGWB1) into plant line (1).

(segregating)
adr1-L2-4 (-/-) bkk1-1 (-/-)

14 | T: | pADR1-L2::ADR1-L2°®*"-HA | Generated by transforming BKK1-KO
(+1+) (PDGE347) into ADR1-L2°8%V_HA adrl-L2-4
adrl-L2-4 (-/-) bkkl (Roberts et al. 2013).

15 | T1 | pADR1-L2::ADR1-L2P**-HA | Generated by transforming BAK1-KO
(+/+) (pDGE347) into ADR1-L2P%84V-HA adr1-L2-4
adrl-L2-4 (-/-) bakl (Roberts et al. 2013).

16 | T: | pADR1-L2::ADR1-L2°®*.HA | Generated by transforming  BAK1-KO
(+/+) (pDGE347) into plant line (1).
adr1-L2-4 (-/-) bkk1-1 (+-) bakl

17 | T: | pADR1-L2::ADR1-L2-EYFP Generated by transforming pADR1-L2::ADR1-
adrl-L2-4 L2-EYFP (pGWB640) (Saile et al. 2021) in

adrl-L2-4 (Bonardi et al. 2011).

18 | T: | pADR1-L2::ADR1-L2P%84V. Generated by transforming pADR1-L2::ADR1-
EYFP L2P*¥V.EYFP  (pGWB640) in adrl-L2-4
adrl-L2-4 (Bonardi et al. 2011).

19 | T. | pADR1-L2::ADR1-L2-EYFP Generated by transforming pADR1-L2::ADR1-
bkk1-1 L2-EYFP (pGWB640) (Saile et al. 2021) in

bkk1-1 (He et al. 2007).
20 | T: | pADR1-L2::ADR1-L2P%84V. Generated by transforming pADR1-L2::ADR1-

EYFP bkk1-1

L2P**V_EYFP (pGWB640) in bkk1-1 (He et al.
2007).
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Table 4: DNA vector constructs generated for the non-submitted manuscript “Autoimmunity induced by the
Arabidopsis helper NLR ADR1-L2 requires the receptor-like kinase BKK1” (Saile et al., unpublished). Note: Not all
generated constructs are present in the current version of the manuscript, but will be the basis of future experiments.

Construct Name Cloning strategy
pBKK1::BKK1 Baseclear The CDS of BKK1 (without stop codon)
(pUC57) (Netherlands) including its native promoter (2065 bp)
was synthesized with 5’ attL1 and 3’ attL2
sites into the standard vector pUC57.
PBKK1::BKK1K3%#%E Baseclear The CDS of BKK1"*??€ (without stop
(pUC57) (Netherlands) | codon) including its native promoter
(2065 bp) was synthesized with 5’ attL1
and 3’ attL2 sites into the standard vector
pUC57.
BKK1K322E Svenja Saile Site-directed mutagenesis on BKK1
(PENTR/D-TOPO) (El Kasmi lab) | pPENTR/D-TOPO (Gou et al. 2010).
BKK1R Svenja Saile Site-directed mutagenesis on BKK1
(PENTR/D-TOPO) (El Kasmi lab) | pPENTR/D-TOPO (Gou et al. 2010).
AtADR1-L2 Svenja Saile AtADR1-L2 CDS was amplified with
(P DONR221_P1P4) (El Kasmi lab) | attB1 and attB4 sites from AtADR1-L2

pDONR221 (Saile et al. 2021) and
introduced into pDONR221_P1P4 vector
Scientific) via

(Thermo Fisher

GATEWAY™ cloning.

AtADR1-L2P484V

Sonja Harter

Site-directed mutagenesis on construct

(PDONR221_P1P4) (El Kasmi lab) | (5).

BKK1 Svenja Saile BKK1_CDS was amplified with attB3 and

(pDONR221_P3P2) (El Kasmi lab) | attB2 sites from BKK1 pENTR/D-TOPO
(Gou et al. 2010) and introduced into
pDONR221_P3P2 vector (Thermo Fisher
Scientific) via GATEWAY™ cloning.

35s::AtADR1-L2-HA Published in (Pruitt et al. 2021).

(pGWB614)

35s::AtADR1-L2P*®4*V-HA | Svenja Saile GATEWAY™ LR reaction using AtADR1-

(PGWB614) (El Kasmi lab) | L2 (pDONR221) (Saile et al. 2021)
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and the pGWB614 vector (Nakamura et
al. 2010).

10 | 35s::SERK1-Myc Published in (Albert et al. 2015)
(pGWBL17)

11 | 35s::SERK2-Myc Published in (Albert et al. 2015)
(pGWBL17)

12 | 35s::SERK3-Myc Published in (Albert et al. 2015)
(pGWB17)

13 | 35s::SERK4-Myc Published in (Albert et al. 2015)
(pGWB17)

14 | 35s::SERK5-Myc Published in (Albert et al. 2015)
(pGWBL17)

15 | 35s::BKK1%*?%E_Myc Svenja Saile GATEWAY ™ LR reaction using construct
(PGWBL17) (El Kasmi lab) | (3) and the pGWB17 vector (Nakamura et

al. 2010).

16 | 35s::BKK1R*-Myc Svenja Saile GATEWAY™ LR reaction using construct

(PGWB17) (El Kasmi lab) | (4) and the pGWB17 vector (Nakamura et
al. 2010).

17 | 35s::BKK1%?%6.EYFP Svenja Saile GATEWAY™ LR reaction using construct

(pGWB641) (ElI Kasmi lab) | (3) and the pGWB641 vector (Nakamura
et al. 2010).

18 | 35s::BKK1RK-EYFP Svenja Saile GATEWAY™ LR reaction using construct

(pGWB641) (El Kasmi lab) | (4) and the pGWB641 vector (Nakamura
et al. 2010).

19 | 35s::BKK1-HA-nYFP Svenja Saile GATEWAY™ LR reaction  using
35s::ADR1-L2-Myc- (El Kasmi lab) | constructs (7), (5) and 2inl1 BIFC CC
cYFP vector (Grefen & Blatt 2012; Mehlhorn et
(BiFC 2in1 CC) al. 2018).

20 | 35s::BKK1-HA-nYFP Svenja Saile GATEWAY™ LR  reaction using
35s::ADR1-L2°**-Myc- | (El Kasmilab) | constructs (7), (6) and 2inl BiFC CC
cYFP vector (Grefen & Blatt 2012; Mehlhorn et
(BiIFC 2in1 CC) al. 2018).

21 | 35s::ADR1-L2P*®*V_tRFP | Svenja Saile GATEWAY™ LR reaction using ADR1-
(PGWB660) (El Kasmi lab) | L2P*¥*V pDONR221 (Saile et al. 2021) and
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the pGWB660 vector (Nakamura et al.
2010).

22 | pBKK1::BKK1-Myc Svenja Saile GATEWAY™ LR reaction using construct

(pGWBL16) (ElI Kasmi lab) | (1) and the pGWB16 vector (Nakamura et
al. 2010).

23 | pBKK1::BKK1*¥%%E.Myc | Svenja Saile GATEWAY ™ LR reaction using construct

(PGWB16) (El Kasmi lab) | (2) and the pGWB16 vector (Nakamura et
al. 2010).

24 | pPBKK1::BKK1 Svenja Saile GATEWAY ™ LR reaction using construct

(PGWB1) (El Kasmi lab) | (1) and the pGWB1 vector (Nakamura et
al. 2010).

25 | pBKK1::BKK1K3%%E Svenja Saile GATEWAY™ LR reaction using construct

(pGWB1) (ElI Kasmi lab) | (2) and the pGWBL1 vector (Nakamura et
al. 2010).

26 | pBKK1::BKK1-EYFP Svenja Saile GATEWAY™ LR reaction using construct

(pGWB640) (El Kasmi lab) | (1) and the pGWBG640 vector (Nakamura
et al. 2010).

27 | pBKK1::BKK1K32%E. Svenja Saile GATEWAY™ LR reaction using construct
EYFP (ElI Kasmi lab) | (2) and the pGWBG640 vector (Nakamura
(pGWB640) et al. 2010).

28 | BAK1-KO (gRNA1+2) Simon Beeh Bsal cut-ligation using BAK1 sgRNA1l
(PDGE347) (El Kasmilab) | (M1), BAK1_sgRNA2 (M2E) and

pDGE347 (Ordon et al. 2017).

29 | BKK1-KO (gRNA1+2) Svenja Saile Bsal cut-ligation using BKK1_sgRNAl

(pDGE347) (El Kasmi lab) | (M1), BKK1_sgRNA2 (M2E) and

pDGE347 (Ordon et al. 2017).
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INTRODUCTION

1. Introduction

1.1. Plant defense responses

To defend themselves against a wide variety of pathogens, plants have evolved a
sophisticated immune system, consisting of both passive and active defense
mechanisms. Passive plant defense mechanisms include (i) physical barriers, like the
plant cell wall or a waxy cuticle and (ii) chemical barriers, such as secreted enzymatic
or toxic components (Osbourn 1996; Isaacson et al. 2009; Ramirez et al. 2013;
Malinovsky et al. 2014; Wang et al. 2019d). Pathogens that successfully overcome
these barriers encounter a complex, receptor-based innate immune system (Figure 1).
Activation of this receptor-based immune system initiates a variety of responses that
actively combat the invading pathogen, including, amongst others, calcium influxes,
the production of reactive oxygen species (ROS) and global transcriptional
reprogramming events (Doke 1983; Blume et al. 2000; Tao et al. 2003; Zipfel et al.
2004; Boudsocq et al. 2010; Jeworutzki et al. 2010; Ranf et al. 2011; Nomura et al.
2012).

The first layer of the receptor-based immune system is formed by plasma membrane
(PM) localized pattern-recognition receptors (PRRs) that perceive highly conserved
microbial structures, known as pathogen-associated molecular patterns (PAMPS) or
endogenous signals that are released from damaged cells, termed damage-associated
molecular patterns (DAMPSs) (Gomez-Gomez & Boller 2000; Huffaker et al. 2006; Zipfel
et al. 2006; Miya et al. 2007; Galletti et al. 2011; Albert et al. 2015; Saijo et al. 2018).
Immune signaling initiated by PAMP or DAMP recognition leads to PAMP-triggered
immunity (PTI). Adapted pathogens, however, have evolved effector molecules that
are secreted into the apoplast or translocated into plant cells to counteract the induction
of PTI and promote virulence (He et al. 1993; Gopalan et al. 1996; Van den Ackerveken
et al. 1996; Whisson et al. 2007; Gohre et al. 2008; Gimenez-Ibanez et al. 2009; Macho
et al. 2014).

To recognize effector molecules, plants have evolved intracellular immune receptors,
so called nucleotide-binding leucine-rich repeat (NLR) proteins (EI Kasmi 2021).
Effector-triggered activation of NLRs results in effector-triggered immunity (ETI) (Jones

& Dangl 2006), a robust immune response often associated with a localized cell death
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at the infection site, termed hypersensitive response (HR) (Balint-Kurti 2019).
Increasing evidence suggests, that several effector-perceiving NLRs (“sensor” NLRS)
depend on the presence of members of a certain NLR subfamily, termed “helper”
NLRs, to induce (auto-) immunity (Bonardi et al. 2011; Dong et al. 2016; Wu et al.
2017; Castel et al. 2018; Wu et al. 2019). In solanaceous plant species, members of
the helper NLR family NLR REQUIRED FOR CELL DEATH (NRC), were found to form
redundant key nodes downstream of multiple, phylogenetically-related sensor NLRs
that also exhibit some specificity towards their sensor NLR partners (Wu et al. 2017;
Wu et al. 2018). This suggests that helper NLRs and their corresponding sensor NLRs
form a complex and robust genetic network in Solanaceae that may help the plant to
circumvent suppression by pathogen effectors. Likewise, the Arabidopsis thaliana
(hereafter Arabidopsis) ACTIVATED DISEASE RESISTANCE 1 (ADR1) and N
REQUIREMENT GENE 1 (NRG1) helper NLR families are required for several,
genetically-unliked sensor NLRs (Bonardi et al. 2011; Dong et al. 2016; Castel et al.
2019; Wu et al. 2019). Whether ADR1s and NRG1s form similar networks with their
sensor NLR partners in Arabidopsis, as described for the Solanaceae-specific NRC
helper NLR family, remains to be determined.

Although the plant receptor-based immune system was historically separated into PTI
and ETI, there is increasing evidence suggesting a crosstalk and cooperation between
both, extracellular and intracellular, immune receptor systems, since many
downstream responses are activated by both PRR- and NLR-mediated signaling
(Tsuda & Katagiri 2010; Lu & Tsuda 2021). However, if and how exactly PRR- and
NLR-mediated signaling pathways are mechanistically linked is still unclear and under

heavy investigation.
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Figure 1: Core principles of plant receptor-based immunity. Plants detect pathogens by recognizing conserved
pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPSs) that are
released from damaged host cells via plasma-membrane localized receptor-like kinases (RLKs) or receptor-like
proteins (RLPs). As RLPs lack an intracellular kinase domain, they constitutively associate with an adaptor kinase.
Following ligand binding, both RLPs and RLKs interact with a co-receptor, e.g., a RLK of the SOMATIC
EMBRYOGENESIS RECEPTOR KINASE (SERK) family, to trigger PAMP-triggered immunity (PTI). Adapted
pathogens deliver effector molecules into the plant to suppress PTI. Resistant plants evolved intracellular nucleotide
binding leucine-rich repeat (NLR) receptors (sensor NLRs) that perceive effector presence or function and either
initiate effector-triggered immunity (ETI) on their own or in cooperation with a certain NLR subfamily, termed helper
NLRs. Note: Proteins and molecules are not drawn to scale.

1.2. PRR-mediated immune signaling

1.2.1. Diversity of PRR structural domains

All PRRs described in plants to date are either receptor-like kinases (RLKs) or
receptor-like proteins (RLPs) (Couto & Zipfel 2016). RLKs are multi-domain proteins
that carry a signal peptide for PM localization at their N-terminus, followed by an
extracellular ligand-binding domain, a transmembrane domain and a cytoplasmic
kinase domain that controls downstream signaling. RLPs share a similar modular
architecture but, on the contrary, lack an intracellular kinase domain (Albert et al. 2020;
Wang & Chai 2020). PRRs possess a variety of extracellular domains including
leucine-rich repeat (LRR) domains, lysin motifs (LysMs) or lectin-like motifs that
determine ligand-binding specificity (Albert et al. 2020). LRR-containing PRRs typically
bind peptides or proteins. Some of the best studied plant LRR-RLKSs include
Arabidopsis FLAGELLIN SENSITIVE 2 (FLS2) and EF-TU RECEPTOR (EFR) that
perceive conserved domains of bacterial flagellin or of the bacterial elongation factor
EF-Tu, respectively (Gomez-Gomez & Boller 2000; Kunze et al. 2004; Zipfel et al.
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2006). In contrast, LysM-type RLKs, like the co-receptor CHITIN ELICITOR
RECEPTOR KINASE 1 (CERK1), interact with carbohydrate-based ligands, such as
fungal chitin or bacterial peptidoglycan and trigger immunity against both fungal and
bacterial pathogens (Miya et al. 2007; Willmann et al. 2011). The lectin-receptor like
PRR LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED ELICITATION (LORE), on the
other hand, perceives bacterial 3-hydroxy fatty acids (Kutschera et al. 2019). Given the
various ligand-binding domains, PRRs can recognize diverse PAMPs and DAMPs and
initiate PTI to effectively combat most non-adapted pathogens (Jones & Dangl 2006;
Albert et al. 2020).

1.2.2. Activation and signaling mechanisms of PRRs

Although PRRs differ in their extracellular domains as well as in the presence of a
kinase domain, their activation and signaling mechanisms follow similar processes
(Figure 2). PRRs recognize and bind their corresponding ligands through their
extracellular domains (Albert et al. 2010; Sun et al. 2013). Upon ligand binding, PRRs
rely on the association with a co-receptor to initiate downstream signaling. LRR-RLKs
that belong to the SOMATIC-EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK)
family are common co-receptors shared by many LRR-type PRRs (Ma et al. 2016).
Formation of the PRR/co-receptor core complex leads to a series of auto- and/or trans-
phosphorylation events that are required to trigger PTI (Schulze et al. 2010; Yan et al.
2012; Cao et al. 2013; Sun et al. 2013). In the case of RLPs, which lack a kinase
domain, a constitutively associated adaptor kinase mediates these phosphorylation
events (van der Burgh et al. 2019). Hence, RLP/adaptor kinase complexes are
considered to act equivalently to RLKs (Gust & Felix 2014), albeit they have been found
to induce both overlapping and distinct immune outputs (Wan et al. 2019b). These
findings suggest that RLK- and RLP-mediated signaling likely rely on different
downstream components.

To translate ligand binding into downstream responses, PRR/co-receptor complexes
phosphorylate other intracellular proteins, such as receptor-like cytoplasmic kinases
(RLCKS) (Lu et al. 2010a; Lu et al. 2010b; Zhang et al. 2010). The RLCK BOTRYTIS-
INDUCED KINASE 1 (BIK1) interacts with FLS2 and EFR and promotes LRR-RLK-
induced PTI (Zhang et al. 2010). Interestingly, BIK1 inhibits RLP-dependent PTI
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responses (Wan et al. 2019b). To date, RLCKs that have a positive role in RLP-
mediated PTI are not described.

In terms of LRR-RLK-mediated PTI, it was shown that following ligand binding, the co-
receptor SERK3, also known as BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1),
directly phosphorylates BIK1 and thereby causes the dissociation of BIK1 from FLS2
to activate downstream signaling pathways (Lu et al. 2010b; Zhang et al. 2010; Lin et
al. 2014). Upon activation, BIK1 directly phosphorylates the NADPH oxidase
Respiratory burst oxidase homolog protein D (RbohD) and thereby promotes ROS
production (Li et al. 2014), which not only is important for local programmed cell death,
but also function as a second messenger inducing the expression of defense genes
and stomatal closure, both aiming at restricting pathogen entry and growth (Levine et
al. 1994; Orozco-Cardenas et al. 2001; Mersmann et al. 2010). In addition, BIK1
phosphorylates and activates calcium-permeable cyclic nucleotide-gated channels
(CNGCs) to trigger calcium (or ion) influx into the cytosol (Tian et al. 2019; Wang et al.
2019b). Like ROS, calcium functions as a second messenger that stimulates
downstream processes, such as defense gene expression (Levy et al. 2005; Wang et
al. 2019b). Furthermore, RLCKs are linked to the activation of mitogen-activated
protein kinases (MAPKs) (Feng et al. 2012). MAPKs transmit PRR/ligand binding
signals via phosphorylation cascades onto downstream targets, such as transcription
factors, that induce transcriptional reprogramming events (Djamei et al. 2007; Bethke
et al. 2009; Mao et al. 2011; Kang et al. 2015). Although, many immune responses
induced by RLPs are similar to the ones induced by LRR-RLKSs, they can differ in timing
and amplitude (Wan et al. 2019b). In addition, activation of RLP23 results in the
production of the phytoalexin camalexin, which is not observed upon activation of LRR-
RLKs (Wan et al. 2019b).

Together, ligand binding to a cognate PRR results in a dynamic
association/disassociation of PRRs with co-receptors and RLCKSs, involving a series of
phosphorylation events and thereby inducing downstream immune signaling that
triggers multiple defense responses. Although RLK and RLP receptor complexes share
a similar architecture, they mediate similar, but also distinct immune outputs. These
findings suggest that RLKs and RLPs rely — at least partially - on different downstream

signaling components.
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Figure 2: Core principles of PRR-mediated immune signaling. Plasma-membrane localized pattern recognition
receptors (PRRs), including receptor-like kinases (RLKs) and receptor-like proteins (RLPs), detect conserved
pathogen-associated molecular patterns (PAMPSs) or damage-associated molecular patterns (DAMPs). The latter
are produced and released by the plant in response to cellular damage during a pathogen attack. Since RLPs lack
an intracellular kinase domain, they require a constitutive interaction with an adaptor kinase for the induction of
downstream immune signaling. Upon ligand binding, both RLPs and RLKSs recruit and interact with a co-receptor,
such as a RLK of the SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK) family and activate immune
signaling by auto- and transphosphorylation (red dots) of their kinase domains. The activated co-receptor
phosphorylates and releases downstream receptor-like cytoplasmic kinases (RLCKs). RLCKs phosphorylate and
activate (i) the NADPH oxidase RBOHD that is involved in reactive oxygen species (ROS) production, (ii) CYCLIC
NUCLEOTIDE GATED CHANNEL (CNGC) proteins that allow calcium (Ca?*) influx, and (i) MITOGEN
ACTIVATED PROTEIN KINASE (MAPK) cascades. Once activated, MAPKs directly phosphorylate and activate
transcription factors (TFs) that induce the expression of defense genes. ROS and Ca?* act as second messengers
that also contribute to defense gene expression. Note: Proteins and molecules are not drawn to scale.

1.2.3. PRR co-receptors BAK1 and BKK1

BAK1 and BAK1-LIKE 1 (BKK1) belong to the small SERK family that comprises five
members in Arabidopsis (Hecht et al. 2001). By interacting with various LRR-type RLKs
and RLPs (Chinchilla et al. 2007; Roux et al. 2011; Albert et al. 2015; Du et al. 2015;
Postma et al. 2016; Saur et al. 2016), SERK proteins are considered to act as shared
convergence points connecting multiple RLK-signaling networks involved in plant
immunity, growth and development (Li 2010). BKK1 is the closest paralog of BAK1 (He

et al. 2007), and accordingly, both proteins share common functions in (i)
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brassinosteroid (BR) signaling (Li et al. 2002; He et al. 2007; Gou et al. 2012), (ii)
FLS2-, EFR- and Perception of the Arabidopsis Danger Signal Peptide 1 or 2
(PEPR1/2)-mediated immune signaling (Roux et al. 2011), (iii) HAESA- and HAESE-
LIKE 2-mediated floral organ abscission (Meng et al. 2016) and (iv) immunity-
associated cell death control (He et al. 2007). Remarkably, genetic data demonstrated
that BAK1 is the most important SERK in BR- and PTI-signaling, since bakl single
mutants displayed impaired BR and immune phenotypes that were not observed in a
bkk1 single mutant (He et al. 2007; Roux et al. 2011; Zhang et al. 2013). BKK1 function
was only observed in the absence of BAK1, since bakl bkkl double mutants showed
an enhanced phenotype compared to each single mutant (He et al. 2007; Roux et al.
2011). This suggests that most of the interacting LRR-RLKs might favour the co-
receptor BAK1 over BKK1.

Given their important function as key regulators in PTI, it is not surprising that BAK1
and BKK1 are targeted by multiple pathogen-derived effectors, including AvrPto,
AvrPtoB, HopF2 and HopB1 (Shan et al. 2008; Cheng et al. 2011; Zhou et al. 2014; Li
et al. 2016). By interfering with SERK/PRR interactions or by causing SERK
degradation, these effectors successfully dampen PTI signaling (He et al. 2006; Shan
et al. 2008; Li et al. 2016).

BAK1 and BKK1 have been described as redundant negative regulators of cell death,
because the simultaneous loss-of-function of both BAK1 and BKK1 results in a cell
death phenotype reminiscent of NLR-mediated autoimmune phenotypes (He et al.
2007; Wu et al. 2020). Interestingly, bakl bkk1-induced cell death was recently indeed
linked to NLR-mediated signaling, as the genetic loss of the ADR1 helper NLR
subfamily significantly suppressed the bakl bkkl cell death phenotype (Wu et al.
2020). These findings highlight the interconnection of PRR- and NLR-mediated

signaling pathways.
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1.3. NLR-mediated immune signaling

1.3.1. NLR domains

NLRs are modular proteins that are usually composed of a variable N-terminal domain,
followed by a central nucleotide-binding (NB) domain and a C-terminal LRR domain
(Figure 3) (ElI Kasmi & Nishimura 2016; El Kasmi 2021). NLRs can be grouped into
three classes depending on their N-terminal domains: (i) Toll-like/Interleukin 1 receptor
(TIR)-type NLRs (TNLSs), (ii) coiled-coil (CC)-type NLRs (CNLs) and (iii) RESISTANCE
TO POWDERY MILDEW 8 (RPW8)-like coiled-coil (CCr)-type NLRs (RNLS) (Shao et
al. 2016). While most TNLs and CNLs act as effector-specific sensors, RNLs function
downstream of many sensor NLRs and help translating effector recognition into
immune responses (Peart et al. 2005; Bonardi et al. 2011; Qi et al. 2018; Castel et al.
2019; Wu et al. 2019). Thus, RNLs are also referred to as helper NLRs (Bonardi et al.
2011).

Figure 3: Domain structure of plant NLRs.
| RS (MED NLRs display a conserved modular architecture

I ; and consist of a variable N-terminal domain, a
TNL [ TIR NB central nucleotide-binding (NB) domain and a C-
i | sensor terminal leucine-rich repeat (LRR) domain. The

: Phosphate-binding loop (P-loop) and the
CNL @m methionine-histidine-aspartate (MHD) motif are

highly conserved regions that are required for

nucleotide binding. NLRs are grouped into three
RNL @“ L helper classes depending on their N-terminal domains:
! \ Toll-like/Interleukinl receptor (TIR) NLRs (TNLs),
coiled-coil (CC) NLRs (CNLs) and RESISTANCE
oligomerization; ATP/ADP binding  autoinhibition TQ POWDEREY MILDEW 8 (RPWB8)-like coiled-
signaling | oligomerization | effector recognition (TNL/CNL) coil NLRs (RNLs). Most TNLs and CNLs are
j : involved in effector recognition (sensor NLRs),
whereas RNLs act as helpers downstream of
sensor NLRs. Note: Domains are not drawn to
scale.

1.3.2. Activation mechanisms of NLRs

As NLRs are multi-domain proteins, each domain fulfils specific functions. The central
NB domain serves as a molecular switch that is considered to turn full-length NLRs on
or off by regulating adenosine triphosphate (ATP) and adenosine diphosphate (ADP)
binding, respectively (Tameling et al. 2002; Tameling et al. 2006; Maekawa et al. 2011,
Williams et al. 2011). There are two highly conserved regions within the NB domain

that regulate nucleotide binding. The Phosphate-binding loop (P-loop) is a glycine-rich
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loop that contains a highly conserved lysine residue required for binding the 3- and y-
phosphates of nucleotides (Tameling et al. 2002). Mutations in the P-loop result in
reduced nucleotide binding (Tameling et al. 2002) and consequently, cause loss-of-
function of several NLRs (Peart et al. 2005; Mestre & Baulcombe 2006; Roberts et al.
2013; Lolle et al. 2017). On the contrary, a highly conserved methionine-histidine-
aspartate (MHD) motif is coupled with gain-of-function phenotypes. In particular, the
exchange of D to valine (V) disrupts ADP binding and thereby renders NLRs
constitutively active (Tameling et al. 2006; van Ooijen et al. 2008; Gao et al. 2011,
Williams et al. 2011; Roberts et al. 2013; Wang et al. 2019c; Wu et al. 2019). To avoid
ectopic activation, the NB domain is sterically occluded by the C-terminal LRR domain,
promoting a “closed” confirmation and thereby, inhibiting ADP/ATP exchange (Bonardi
et al. 2012; Hu et al. 2013; Bernoux et al. 2016; Wang et al. 2019c). Deletion of the
LRR domain has been shown to render several NLRs autoactive, highlighting its
important role as an autoinhibitory domain (Ade et al. 2007; Qi et al. 2018). Besides its
regulatory function, the LRR domain is attributed to effector recognition, which in some,
but not all, cases happens through direct binding (Jia et al. 2000; Shen et al. 2003;
Krasileva et al. 2010; Ravensdale et al. 2012; Ma et al. 2020; Martin et al. 2020). A
direct interaction between a LRR domain and an effector has been demonstrated for
example for the rice NLR Pi-Ta and the Arabidopsis NLR Recognition of Peronospora
parasitica 1 (RPP1) with their corresponding effectors AvrPi-Ta from Magnaporthe
oryzae and Arabidopsis thaliana Recognized 1 (ATR1) from Hyaloperonospora
arabidopsidis, respectively (Jia et al. 2000; Krasileva et al. 2010; Ma et al. 2020).
Interestingly, ATR1 does not only bind to the RPP1 LRR domain but additionally to a
C-terminal jelly roll/lg-like domain that is found in many other TNLs (Ma et al. 2020).
Remarkably, a number of sensor NLR proteins have genetically incorporated additional
domains into their structure to allow direct effector recognition (Deslandes et al. 2002;
Ortiz et al. 2017). These domains normally mimic true effector targets and hence, are
termed integrated decoys (Cesari et al. 2014a). In most cases, however, NLRs
indirectly recognize their cognate effectors by (i) either sensing the action of their
corresponding effectors via monitoring the integrity of the effector's host target
(guardee) (Dangl & Jones 2001) or by (ii) guarding decoys that mimic effector host
targets (Zipfel & Rathjen 2008). It is proposed that indirect effector recognition
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mechanisms have evolved to enable a broad pathogen-recognition spectrum with a
limited repertoire of NLRs (Cesari 2018).

Pathogen recognition results in intramolecular conformational changes that cause the
activation of the NLR (Wang et al. 2019c; Martin et al. 2020) and consequently, initiates
immune signaling. Interestingly, not all activated NLRs may require ATP binding for
their signaling function, as effector-activated RPP1 was found to be bound to ADP (Ma
et al. 2020).

1.3.3. Oligomerization in NLR signaling

The N-terminal domains of NLRs are considered to be the “signaling domains”, as
over-expression of several TIR, CC and CCr domains is sufficient to trigger cell death
(Swiderski et al. 2009; Bernoux et al. 2011; Collier et al. 2011; Maekawa et al. 2011,
Williams et al. 2011; Baudin et al. 2017). Self-association or oligomerization of the N-
terminal domains is proposed to be required for immune signaling, as mutants that lose
their capability to self-associate display an impaired cell death and resistance function
(Krasileva et al. 2010; Bernoux et al. 2016; Casey et al. 2016; Cesari et al. 2016; El
Kasmi et al. 2017; Zhang et al. 2017; Wang et al. 2019a). This is further supported by
findings showing that fusion of green fluorescent protein (GFP; or GFP derivatives),
which can form weak dimers, to the C-terminal end of N-terminal NLR domains can act
to support or stabilize their self-association (Krasileva et al. 2010). These data suggest
that oligomerization is a central mechanism of NLR signaling.

The long-proposed role of oligomerization in plant NLR signaling was recently
confirmed by the structures of three full-length plant NLRs in their activated states
(Wang et al. 2019a; Wang et al. 2019c; Ma et al. 2020; Martin et al. 2020). In the
presence of ATP/deoxyadenosine triphosphate (dATP), the Arabidopsis CNL HOPZ-
ACTIVATED RESISTANCE 1 (ZAR1) was shown to form a pentameric complex
composed of five protomers, each consisting of ZAR1 and its partner proteins, the
pseudokinase RESISTANCE-RELATED KINASE 1 (RSK1) and the uridylated decoy
protein PBS1-LIKE 2 (PBL2YMP) (Wang et al. 2019a). The pentameric complex adapted
a wheel-like structure and was termed ZAR1 resistosome (Wang et al. 2019a).
Interestingly, the very N-terminal a-helix of the ZAR1 CC domain was found to be

exposed in the resistosome and all five exposed a1-helices folded into a funnel-shaped

10
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structure that was required for membrane association, cell death and resistance
against Xanthomonas campestris pv. campestris (Wang et al. 2019a). Just recently, it
was shown that the ZAR1 resistosome forms a cation-selective channel at the PM that
is permeable to calcium (Bi et al. 2021). Calcium influx into the cytosol is essential for
the activation of plant immune responses, not only by NLRs (Steinhorst & Kudla 2013)
and thus, regulating ion homeostasis could be a conserved mechanism among NLRs
(CNLs) to induce defense responses.

In contrast to the CNL ZAR1, the Nicotiana benthamiana (hereafter N. benthamiana)
TNL RECOGNITION OF XopQ 1 (ROQL1) as well as the Arabidopsis TNL RPP1 were
found to form a tetrameric resistosome when bound to their cognate effectors
Xanthomonas outer protein Q (XopQ) and ATR1, respectively (Ma et al. 2020; Martin
et al. 2020). Complex assembly brought the TIR domains into close proximity and
resulted in either the opening or creation of a nicotinamide adenine dinucleotide (NAD)
hydrolase (NADase) active site (Ma et al. 2020; Martin et al. 2020). TIR domains were
demonstrated to have oligomerization-dependent NADase activity that is required for
cell death induction (Horsefield et al. 2019; Wan et al. 2019a). NAD" cleavage by plant
TIR domains resulted in the generation of nicotinamide (NAM), adenosine diphosphate
ribose (ADPR) and a variant of cyclic ADPR (v-cADPR) (Wan et al. 2019a). Thus, TNL
resistosomes have been proposed to act as effector-inducible holoenzymes for NAD*
hydrolysis. ADPR and cADPR are known to act as second messengers that activate
calcium-permeable channels and promote intracellular calcium fluxes (Wu et al. 1997;
Fliegert et al. 2007; Fliegert et al. 2017). Whether and how the generated cleavage
products activate (downstream) immune signaling components in plants is, however,

still under investigation.

1.3.4. Downstream signaling components of NLR-triggered immunity

Together with biochemical data, the recent release of the first full-length plant NLR
structures confirmed that some NLRs, and most likely all, signal via oligomerization.
The N-terminal domain seems to determine the mechanism by which immune signaling
is further activated. There is another striking difference in how the two types of sensor
NLRs, CNLs and TNLs, activate immunity. TNL-mediated ETI requires lipase-like
proteins of the ENHANCED DISEASE SUSCETIBILITY 1 (EDS1) family and RNL
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helper NLRs (Aarts et al. 1998; Bonardi et al. 2011; Wagner et al. 2013; Qi et al. 2018;
Castel et al. 2019; Wan et al. 2019a). In contrast, only some CNLs also require RNLs
and many rely on the integrin-like protein NON-RACE DISEASE RESISTANCE 1
(NDR1) for the proper induction of immune responses (Century et al. 1995; Century et
al. 1997; Bonardi et al. 2011; Castel et al. 2019). Thus, many sensor NLRs cooperate

with various key immune regulators to mediate full ETI (Figure 4).
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Figure 4: Core principles of NLR-mediated immune signaling. (a) TNL-mediated immune signaling. Pathogen
effector recognition by TNLSs triggers their self-association and the formation of a tetrameric complex (holoenzyme).
This results in the generation or opening of a NADase active site within the TIR domains. NAD* hydrolysis leads to
the accumulation of the signaling molecules nicotinamide (NAM), adenosine diphosphate ribose (ADPR) and a
variant of cyclic ADPR (v-cADPR). The generated cleavage products might activate EDS1-PAD4 or EDS1-SAG101
that signal together with the ADR1 or NRG1 helper NLR subfamily, respectively, to induce ETI. (b) CNL-mediated
immune signaling. Pathogen effector recognition by CNLs triggers their self-association and — in the case of the
Arabidopsis CNL ZAR1 - the formation of a pentameric complex (resistosome). Little is known about the pathways
or signaling components downstream of CNLs. ZAR1 (and maybe other CNLs as well) form calcium-permeable
channels at the plasma-membrane. Others require NDR1 and/or ADR1s to induce ETI. How exactly NDR1 and
ADR1s function downstream of CNLs is, however, still unclear. Note: Domains and proteins are not drawn to scale.
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1.3.4.1. Helper NLRs

In order to adapt to evolving pathogens, plants have evolved a complex immune
signalling network that contributes to the fine-tuning of defense responses
(Smakowska-Luzan et al. 2018; Wu et al. 2018; Adachi et al. 2019b). How this
molecular network is constructed in detail is far from being understood. Helper NLRs,
however, seem to play a central role as they assist multiple sensor NLRs to translate
pathogen recognition into immune responses (Peart et al. 2005; Gabriels et al. 2007;
Bonardi et al. 2012; Castel et al. 2019; Wu et al. 2019). Unlike genetically linked NLR
pairs, such as the Arabidopsis RESISTANCE TO PSEUDOMONAS SYRINGAE 4
(RPS4) - RESISTANCE TO RALSTONIA SOLANACEARUM 1 (RRS1) pair or the rice
RGA4-RGAS pair, where one NLR senses the effector and the other executes the
defense signaling via physically interacting with each other (Cesari et al. 2014b; Huh
et al. 2017), helper NLRs of the RNL family are capable of transducing signals from
multiple, genetically unlinked sensor NLRs (Bonardi et al. 2011, Castel et al. 2019; Wu
et al. 2019). Since RNLs have thus far not been shown to physically interact with
sensor NLRs, it remains an open question how exactly sensor NLRs transduce effector
recognition to helper NLRs.

To date, three small and evolutionary conserved helper NLR groups have been
described in plants, all being CC-type NLRs: ADR1, NRG1 and NRC (Peart et al. 2005;
Gabriels et al. 2007; Bonardi et al. 2011; Collier et al. 2011; Wu et al. 2017). Members
of the ADR1 and NRG1 gene families can be found in most angiosperms, whereas the
NRC family is limited to solanaceous plant species (Collier et al. 2011; Wu et al. 2017).
Based on their N-terminal CCr domains, the ADR1 and NRG1 proteins form an
evolutionary distinct subclade, the RNLs (Collier et al. 2011). Since the work reported
in this thesis is focused on the ADR1 and NRG1 helper NLRs, the following parts of
the introduction are centred exclusively on the ADR1 and NRG1 gene families, and not
on the NRC helper NLRs.
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1.34.1.1. ADR1s

ADR1 was originally identified in Arabidopsis in an activation-tagging screen for
dominant mutants exhibiting an enhanced expression of the defense marker gene
PATHOGENESIS-RELATED 1 (PR1) (Grant et al. 2003). Overexpression of ADR1
resulted in severe dwarfism, leaf curling, salicylic acid (SA) accumulation and
enhanced resistance against biotrophic pathogens (Grant et al. 2003) as well as in
enhanced drought tolerance (Chini et al. 2004).

In Arabidopsis, the ADR1 family is comprised of four members, namely ADR1, ADR1-
LIKE 1 (ADR1-L1), ADR1-LIKE 2 (ADR1-L2) and ADR1-LIKE 3 (ADR1-L3) (Grant et
al. 2003). While ADR1-L3 encodes for a N-terminally truncated protein, which thus far
has no reported function in immunity (Wu et al. 2021a), ADR1, ADR1-L1 and ADR1-
L2 act redundantly as helper NLRs (Bonardi et al. 2011). Accordingly, they support
several CNLs and TNLs during ETI, but are also required for autoimmunity induced by
autoactivating mutations of several NLRs (Bonardi et al. 2011; Dong et al. 2016).
Additionally, ADR1s are involved in the accumulation of the defense hormone SA
during basal resistance (Bonardi et al. 2011). As basal resistance is defined as the
combination of residual PTI (following effector-induced suppression) and weak ETI
(Laflamme et al. 2020), it could be possible that ADR1s might also be involved in PRR-
induced immune responses, besides their function in NLR-mediated immunity.
Interestingly, members of the NRC family, the solanaceous-specific helper NLRs, have
been reported to function additionally downstream of several PRRs (Gabriels et al.
2007; Wu et al. 2016; Leibman-Markus et al. 2018; Kourelis et al. 2021). Therefore, it
appears to be likely that ADR1s might also be involved in PRR-mediated immunity and
thus, could form a key signaling node connecting PRR- and NLR-induced signaling
cascades.

Although the exchange of ADP for ATP is thought to represent the most likely mode of
NLR activation, “helper functions” during ETIl were reported to be P-loop independent
(at least shown for ADR1-L2) and hence, did not rely on nucleotide binding (Bonardi
et al. 2011). In contrast, a functional P-loop was required for ADR1-L2’s function in
promoting the SA-induced propagation of the unregulated runaway cell death in a
mutant defective in LESION SIMULATING DISEASE 1 (LSD1) (Roberts et al. 2013).
How ADRI1s regulate the Isdl-induced runaway cell death and how exactly they
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function downstream of several sensor NLRs is largely unknown and thus, awaits
further investigation.

The overexpression of ADRI1s results in the constitutive activation of immune
responses (Grant et al. 2003; Nasim et al. 2020; Wu et al. 2020), similar to the
phenotype observed for transgenic plants expressing the autoactivated MHD mutant
of ADR1-L2 (ADR1-L2P44V) under the control of its native promoter (Roberts et al.
2013). This indicates, that the expression and activity of ADR1s are tightly controlled.
Indeed, a tight regulation has been reported for ADR1-L2 on the transcriptional level.
The ADR1-L2 transcript level was found to be directly regulated by nonsense-mediated
MRNA decay in a temperature-dependent manner to avoid the inappropriate induction
of immune signaling in the absence of pathogens (Nasim et al. 2020). Additionally,
transcriptional regulation of the autoactivated ADR1-L2P484V and ADR1 was found to
be partially SA-dependent, with SA inducing the expression of ADR1-L2P484V and
ADR1 (Grant et al. 2003; Roberts et al. 2013). Unfortunately, there is no information
on how ADR1s are regulated on the protein level, as the chaperone proteins
SUPPRESSOR OF G2 ALLELE OF SKP1 (SGT1) and REQUIRED FOR MLA12
RESISTANCE 1 (RAR1) were found to be dispensable for the autoactivity of ADR1
CCr or ADR1-L2P%4V  respectively (Collier et al. 2011; Roberts et al. 2013). In
summary, although ADR1s constitute important players in plant innate immunity, the
molecular mechanisms underlying their activity and signaling function remain largely

unknown.

1.3.4.1.2. NRG1s

NRG1 was initially identified in N. benthamiana in a virus-induced gene silencing
screen for mutants that were compromised in TNL N-mediated resistance against the
tobacco mosaic virus (Peart et al. 2005). While the N. benthamiana genome encodes
two copies of NRG (NbNRG1 and NbNRGZ2), of which NoNRG2 is considered to be a
pseudogene (Peart et al. 2005), the Arabidopsis NRG1 family is comprised of three
paralogs: AtNRG1.1, AtNRG1.2 and the 3’- truncated gene AtNRG1.3 (Collier et al.
2011). Although NbNRGL1 is known to function downstream of TNLs for more than a
decade (Peart et al. 2005; Qi et al. 2018), just recently, with the introduction of the
CRISPR/Cas9 technology, AtINRG1 proteins have been assigned a clear helper
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function in Arabidopsis (auto-) immunity (Castel et al. 2019; Lapin et al. 2019; Wu et
al. 2019). AtNRG1.1 and AtNRG1.2 were found to act redundantly downstream of
many TNLs (Castel et al. 2019; Wu et al. 2019). It is worth noting that NRG1 family
members are absent in plant lineages lacking TNLs, confirming an important and
evolutionary conserved role of NRG1s in TNL-mediated signaling pathways (Meyers
et al. 1999; Collier et al. 2011). This also applies to the lipase-like protein
SENESCENCE-ASSOCIATED GENE 101 (SAG101) (Wagner et al. 2013; Gantner et
al. 2019), which together with EDS1 and NRG1, contributes to TNL-mediated immunity
(Gantner et al. 2019; Lapin et al. 2019; Sun et al. 2021). Remarkably, neither
AtNRGL1.1 nor AtNRG1.2 require a functional P-loop for their helper function in chilling
sensitive 3-2D-mediated autoimmunity (Wu et al. 2019). In contrast, NoNRG1 was
shown to depend on a functional P-loop for its function in ROQ1-mediated cell death
(Qi et al. 2018). The differential requirement of nucleotide binding might be based on
differences in TNL-mediated autoimmunity versus pathogen effector recognition
induced TNL-mediated cell death. This hypothesis is supported by the observation that
AtNRG1.1 requires a functional P-loop for interacting with EDS1-SAG101 in TNL-
mediated immunity induced by effector recognition (Sun et al. 2021). Despite their
important function in TNL-mediated immunity, it is, however, still largely unclear how
exactly NRG1.1 and NRG1.2 transduce sensor NLR-mediated effector recognition into
downstream immune responses and whether they share their functions equally with
their counterpart, the ADR1 subfamily.

Interestingly, the truncated paralog AtNRG1.3 was shown to negatively regulate the
function of AtNRG1.1 and AtNRG1.2 in TNL-mediated (auto-)immune signaling when
overexpressed, likely by interfering with EDS1-SAG101-NRG1.1/.2 complex formation
(Wu et al. 2021a). These results suggest that AINRG1.3 might have an opposite role
compared to its full-length paralogs. Likewise, overexpression of NbNRG2
antagonized the function of NoNRG1 in TNL ROQ1-mediated cell death (Wu et al.
2021a). However, it is questionable if these results are of biological relevance, as the
antagonistic function of both AtINRG1.3 and NbNRG2 was only apparent when the

genes were ove rexpressed .
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1.3.4.2. EDS1, PAD4 and SAG101

EDS1, PHYTOALEXIN DEFICIENT 4 (PAD4) and SAG101 constitute a small family of
genes encoding lipase-like proteins that have co-evolved with NLRs, in particular TNLs
and RNLs (Gantner et al. 2019; Baggs et al. 2020). EDS1 family members are
characterized by a N-terminal lipase-like domain and a unique C-terminal EDS1-PAD4
(EP) domain (Wagner et al. 2013). EDS1 forms exclusive heterodimers with either
PAD4 or SAG101 to mediate different immune outputs (Wagner et al. 2013). Upon
dimerization of EDS1 with PAD4 or EDS1 with SAG101, the interface between the EP
domains forms a cavity that is required for TNL-mediated signaling and hence,
proposed to be a signaling surface (Bhandari et al. 2019). Given their co-occurrence
with TNLs, it is not surprising that all tested TNLs were found to signal through EDS1-
PAD4 and/or EDS1-SAG101 to trigger (auto-) immunity (Aarts et al. 1998; Xu et al.
2015; Qi et al. 2018; Gantner et al. 2019; Lapin et al. 2019). Apart from their role in
TNL-mediated immunity, the EDS1-PAD4 complex functions additionally in basal
immunity (Venugopal et al. 2009; Cui et al. 2017).

Genetic data demonstrated that EDS1-PAD4 act in concert with the ADR1 helper NLR
family, whereas EDS1-SAG101 function together with the NRG1s (Lapin et al. 2019;
Sun et al. 2021). This genetic interaction was recently corroborated by a strict physical
interaction of EDS1-PAD4 with ADR1s and EDS1-SAG101 with NRG1s upon effector-
driven TNL activation (Sun et al. 2021; Wu et al. 2021b). Notably, EDS1-PAD4-ADR1s
as well as EDS1-SAG101-NRG1s seem to only function together when they come from
the same plant genus, as AtEDS1 and AtSAG101 have been demonstrated to be
unable to work together with NoNRG1 (Gantner et al. 2019; Lapin et al. 2019). These
results suggest that the EDS1 and RNL families have co-evolved differently in distinct
plant lineages to regulate TNL-mediated immunity (Lapin et al. 2019).

In summary, the EDS1-PAD4-ADR1ls and EDS1-SAG101-NRG1s complexes
represent distinct signaling modules that serve as downstream signaling hubs for
TNLs. Additionally, EDS1-PAD4-ADR1s are also required for basal immunity against

virulent pathogens and thus, might also function during PRR-mediated immunity.
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1.3.43. NDR1

Like EDS1, NDR1 is a conserved downstream regulator of NLR-mediated signaling
(Century et al. 1995; Century et al. 1997; Aarts et al. 1998; Tornero et al. 2002). NDR1
is required for immunity mediated by many, but not all CNLs (Century et al. 1995; Aarts
et al. 1998) and shares predicted structural homology with the Arabidopsis integrin-like
protein LATE EMBRYOGENESIS ABUNDANT 14 (LEA14) (Knepper et al. 2011). In
mammalian cells, integrins play crucial roles in signal transduction by perceiving
environmental signals that are further transduced inside the cell (Shyy & Chien 2002).
Arabidopsis NDR1 localizes to the PM via a C-terminal glycosylphosphatidyl-inositol
(GPI) anchor and a N-terminal transmembrane domain (Coppinger et al. 2004). GPI
anchoring is a common mechanism shared by many eukaryotic organisms to tether
proteins to the cell surface (Saha et al. 2016). Given its presumably apoplastic
localization, NDR1 was proposed to act as a transducer of pathogen-derived signals
via directly interacting with pathogenic components (Coppinger et al. 2004). The very
N-terminal part of NDR1 was predicted to be localized in the cytosol and was shown
to interact with the RPM1 INTERACTING PROTEIN 4 (RIN4) in Arabidopsis (Day et
al. 2006), which is guarded by the CNLs Resistance to Pseudomonas syringae pv.
maculicola 1 (RPM1) and RESISTANT TO PSEUDOMONAS SYRINGAE 2 (RPS2)
(Mackey et al. 2002; Axtell et al. 2003). NDR1/RIN4 interaction is required for RPS2-
mediated cell death (Day et al. 2006). Likewise, NDR1-like proteins were found to
associate with RIN4 at the PM in soybean, and additionally, were shown to bind
pathogen-derived effector molecules to inhibit their virulence activities in plants lacking
cognate sensor NLRs (Selote et al. 2014). Hence, NDR1-like proteins might function
in transducing extracellular pathogen-derived signals into the cell and thus represent
a critical node for the activation of plant innate immunity. How exactly NDR1 is linked

to some CNL-mediated immune responses in Arabidopsis remains, however, elusive.
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2. Aims of this work

2.1. Determining the overlapping and unique functions of RNLs
Saile and Jacob et al., 2020, PLOS Biology

NLR proteins are intracellular immune receptors that recognize the presence or activity
of pathogen-derived effector molecules and subsequently induce ETI, a robust immune
response restricting pathogen proliferation and propagation (EI Kasmi 2021). There is
emerging evidence that several NLRs require members of a certain NLR subclade, the
RNL helper NLRs, to initiate ETI or autoimmunity (Peart et al. 2005; Dong et al. 2016;
Wu et al. 2017; Qi et al. 2018; Castel et al. 2019; Wu et al. 2019). The Arabidopsis
genome encodes two RNL subfamilies, ADR1s and NRG1s (Collier et al. 2011).
Despite their essential roles in plant innate immunity, information on the specific,
redundant and synergistic functions of RNLs is still scarce. By characterizing adrl
triple, nrgl double and a helperless quintuple mutant, this project aims at delineating

RNL specificity during both PTI and ETI on a genetic and a transcriptional scale.

2.2. Elucidating the molecular mechanism regulating the subcellular
localization of ADR1s
Saile et al., 2021, New Phytologist

Activation of NLRs results in ETI that is often associated with a local cell death
response at the infection site. Several NLRs have been demonstrated to require
oligomerization and, in some cases, PM localization to induce cell death (Krasileva et
al. 2010; Gao et al. 2011; Qi et al. 2012; Cesari et al. 2016; El Kasmi et al. 2017; Wang
et al. 2019a; Wang et al. 2020). Although ADR1s are critical components involved in
plant innate immunity, their subcellular localization as well as the molecular
mechanism that regulates their localization has not yet been analysed. Homology
modelling proposed that CCr domains share structural similarities with the 4-helix
bundle (HeLo) domain of the mammalian cell death executor protein MIXED-LINEAGE
KINASE DOMAIN-LIKE (MLKL) (Bentham et al. 2018; Jubic et al. 2019) that also

requires oligomerization and PM localization for its cell death function (Dondelinger et
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al. 2014). Interestingly, a stretch of positively charged amino acids on the surface of
the MLKL HeLo domain interacts with negatively charged phosphatidylinositol
phosphates (PIPs) that promotes MLKL recruitment to the plasma membrane
(Dondelinger et al. 2014). Based on the predicted structural homology of CCr domains
and the MLKL HeLo domain (Jubic et al. 2019), it is likely that cell death induced by
activated ADR1s might also rely on oligomerization and PM localization, which might
be mediated by the interaction with phospholipids. Thus, this project aims at
investigating (i) the subcellular localization of ADR1 family members pre-and post-
activation, (i) how their subcellular localization is regulated and (iii) whether ADR1s

oligomerize upon activation.

2.3. Uncovering the mechanistic link between PRR- and NLR-mediated
signaling pathways
Pruitt and Locci et al., 2021, Nature

RNLs cooperate with key immune regulators to trigger immunity. NRG1 helper NLRs
were shown to act in concert with the lipase-like proteins EDS1 and SAG101 in ETI,
whereas ADR1 helper NLRs function together with EDS1 and PAD4 during ETI and
basal immunity (Lapin et al. 2019; Sun et al. 2021). Given their function in basal
immunity, it is likely that EDS1-PAD4-ADR1s might also be involved in PRR-mediated
immune responses and thus, could act as an integration point for PRR- and NLR-
mediated signaling pathways. Remarkably, as ADR1s mainly localize to the PM (Saile
et al. 2021), they could be directly linked to PRRs or PRR-associated proteins.
Therefore, this project addresses genetically and biochemically, whether, how and
where PTI signaling components are mechanistically linked with the EDS1-PADA4-

ADRL1 signaling module.
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2.4. Identifying and characterizing ADR1-L2P484 regulators

Saile et al., unpublished

Under unchallenged conditions, NLRs are low abundance proteins that have important
functions in surveillance. During pathogen infection, NLRs, including ADRI1s, are
strongly upregulated in order to respond quickly and robustly to the invading pathogen
(Grant et al. 2003; Nasim et al. 2020). It is, however, still unclear how exactly ADR1s
get activated and how they signal downstream to initiate immune responses. The
expression of the autoactivated ADR1-L2P484V causes autoimmunity that is associated
with a reduced plant size in Arabidopsis (Roberts et al. 2013). Thus, transgenic plants
expressing ADR1-L2P484V represent a useful tool for forward genetic screens. To
uncover regulators of ADR1-L2P484V and hence, to learn more about the regulatory
mechanisms underlying RNL activity, a forward genetic screen for suppressors of
ADR1-L2P484V (sadr) was performed in the Dangl lab by Vera Bonardi and Farid El
Kasmi. From this screen, around 200 suppressor lines were identified, including sadr2,
which carries a point mutation in the LRR-RLK BKK1. This project aims at confirming
BKK1 as a positive regulator of ADR1-L2P44V-mediated autoimmunity and further
seeks to reveal whether BKK1 is a specific or common regulator of NLR-mediated
(auto-) immune responses. Moreover, this project tries to address the molecular

mechanism underlying the regulation of ADR1-L2P484V by BKK1.
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3. Results

3.1. Two unequally redundant “helper” immune receptor families
mediate Arabidopsis thaliana “sensor” immune receptor functions
Saile, S. C.*, Jacob, P.*, Castel, B., Jubic, L. M., Salas-Gonzales, I., Backer, M.,
Jones, J. D. G., Dangl, J. L., El Kasmi, F.
*These authors contributed equally to this work.
PLOS Biology. 2020 Sep:18(9): e3000783. doi: 10.1371/journal.pbio.3000783.

RNLs are phylogenetically divided into two subfamilies, the ADR1s, with three
functional members, ADR1, ADR1-L1 and ADR1-L2, and the NRG1s, with two
functional full-length members, NRG1.1 and NRGL1.2. Both, ADR1s and NRG1s were
shown to act as helper NLRs in Arabidopsis by transducing sensor NLR-mediated
effector recognition into ETI (Bonardi et al. 2011; Castel et al. 2019; Wu et al. 2019).
However, since most previous studies were based on the characterization of either
Arabidopsis adrl triple or nrgl double/triple mutants, the extent of functional
redundancy between RNL subfamilies was not clearly defined. In Saile and Jacob et
al. (2020), we have systematically analysed and compared immune responses during
pathogen infections in adrl triple, nrgl double and a helperless quintuple mutant to
broaden our understanding of the specific and redundant functions of the ADR1 and
NRG1 subfamilies. Our extensive analyses revealed a very interesting observation:
For basal resistance against a coronatine-deficient Pseudomonas syringae (Pst)
DC3000 strain and for resistance responses mediated by the TNL pair RPS4-RRS1
and the TNL RECOGNITION OF PERONOSPORA PARASITICA 2 (RPP2), both RNL
subfamilies are required in an unequally redundant manner, with a predominant role
for the ADR1s. Thus, the ADR1 and NRG1 subfamilies function as unequal redundant
nodes during basal- and certain TNL-mediated resistance responses. Apart from their
redundant functions, we found that both RNL subfamilies also have specific functions
in some CNL- and TNL-mediated ETI responses. We could demonstrate that ADR1s
are specifically required for CNL RPS2- and RESISTANT TO PSEUDOMONAS
SYRINGAE 5 (RPS5)- and TNL RECOGNITION OF PERONOSPORA PARASITICA
4 (RPP4)-mediated resistance as well as for the timely activation of RPS2-triggerd HR.
In contrast, NRG1s are fully and specifically required for RPS4-RRS1-induced HR.
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Since both ADR1s and NRG1s are able to induce disease resistance and HR, we
propose that the specific requirement of either the ADR1 or NRG1 subfamily depends
on the preferential use of the activated sensor NLR. How this is mechanistically
achieved is not known and awaits further investigation.

We further could demonstrate that several sensor NLRs, exclusively CNLs, do not rely
on the presence of RNLs for their function during ETI. In particular, disease resistance
and HR induced by the CNLs RPM1 and ZAR1 and HR triggered by the CNL RPS5 do
not require RNLSs.

Interestingly, our time-resolved RNA-sequencing analyses demonstrated that RNLs
play a prominent role in transcriptional reprogramming during TNL-induced ETI and
are also partially required for all tested CNL-triggered transcriptional changes,
especially at the onset of ETI. Their function in transcriptional regulation is mostly
shared between both RNL subfamilies, although about one third of the genes that were
upregulated in an RNL-dependent manner during ETI, were found to be specifically
regulated by either the ADR1 or NRG1 subfamily. This, however, can also be largely
ascribed to their unequal, redundant functions, as our gene ontology analyses revealed
that genes specifically regulated by the ADR1 subfamily were associated with the
same functional categories as genes controlled specifically by the NRG1s. This
indicates that ADR1s and NRG1s regulate the same categories of genes during ETI.
Remarkably, genes that were transcriptionally regulated by the RNLs during TNL-
mediated ETI, were also regulated during CNL-mediated ETI, however, mainly in an
RNL independent manner (effects were only observed quantitatively). This leads to the
suggestion that RNLs act like CNLs in effector-activated and TNL-induced
transcriptional reprogramming and that RNLs impact, quantitatively, CNL-mediated
ETI responses.

In summary, our detailed analyses of pathogen-induced immune responses in the adrl
triple, nrgl double and helperless quintuple mutants revealed that both RNL
subfamilies (i) are involved in basal resistance, (ii) are fully required for TNL-mediated
ETI and (iii) contribute to defense activation during CNL-mediated signaling. We
propose that specific functions of the ADR1 and NRG1 subfamilies might be based on

molecular properties, such as interaction partners or their subcellular localization.
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3.2. Arabidopsis ADR1 helper NLR immune receptors localize and
function at the plasma membrane in a phospholipid dependent
manner
Saile, S. C., Ackermann, F. M., Sunil, S., Keicher, J., Bayless, A., Bonardi, V.,
Wan, L., Doumane, M., Stébbe, E., Jaillais, Y., Caillaud, M.-C., Dangl, J. L.,
Nishimura, M. T., Oecking, C., El Kasmi, F.

New Phytologist. 2021 Dec;232:2440-2456. doi: 10.1111/nph.17788

Although NLRs are key components of the plant innate receptor-based immune
system, their molecular mode of action is poorly understood. Recently, it was shown
that activated Arabidopsis CNL ZAR1 oligomerizes and forms calcium-permeable
channels at the PM (Wang et al. 2019a; Bi et al. 2021). As RNLs form a small subclass
of CNLs, they might use similar or identical mechanisms to induce immune
signaling/cell death. In support of this idea, it has been proposed that CCr domains
share structural similarity with the cell death inducing N-terminal HeLo domain of the
mammalian cell death executor protein MLKL (Jubic et al. 2019), which requires
oligomerization and PM localization for cell death induction (Dondelinger et al. 2014).
Since many PM-localized NLRs have no predicted transmembrane domain or lipidation
motifs, the molecular determinants of PM association of NLRs remain elusive.

In Saile et al. (2021) we show that the ADR1s, a RNL subfamily, and the CNL RPM1
localize to the PM by directly interacting with negatively charged, polyacidic
phospholipids and that they trigger cell death at the PM. Cell biological and biochemical
analyses revealed that ADR1, ADR1-L1 and ADR1-L2 mainly localize to the PM in an
activation-independent manner, albeit ADR1 can additionally be found at the
endoplasmic reticulum (ER).

The PM is known to be highly electronegative in eukaryotes (Yeung et al. 2006; Simon
et al. 2016) and phosphatidylinositol-4-phosphate (P14P) is mainly responsible for the
electronegativity of the plant PM (Simon et al. 2016). Interestingly, by using different
genetic systems that specifically cause the depletion of either PI4P or
phosphatidylinositol 4,5 bisphosphate PI(4,5)P2 at the PM (Simon et al. 2016;
Doumane et al. 2021), we found that the PM association of the ADR1s and the CNL
RPML1 depend on PM PI4P but not PM PI(4,5)P2, indicating that the electronegative
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charge of the PM is required for the PM localization of the ADR1s and RPM1.
Accordingly, depleting PI4P at the PM resulted in the degradation of RPM1, ADR1-L1
and ADR1-L2 and mis-localization of ADR1 and ADR1s CCr domains. Mis-localized
ADR1 and ADR1s CCr domains were not functional anymore, as demonstrated by
their impaired cell death activity. These data clearly demonstrate that ADR1s execute
their cell death activity at the PM. In lipid overlay assays, ADR1s CCr domains and the
RPM1 CC domain directly bound to negatively charged phospholipids characterized
by polyacidic head groups, supporting the idea that the PM association of ADR1s and
RPML1 is regulated by the direct association with phospholipids. As we identified a basic
hydrophobic stretch in the CCr/CC domains, we propose that positively charged
residues in this stretch interact electrostatically with polyacidic phospholipids of the PM
and thus, enable ADR1s and RPM1 PM localization, similar to what has been observed
for the HeLo domain of mammalian MLKL (Dondelinger et al. 2014).

Both MLKL and ZAR1 oligomerize upon activation and are thought to form cation-
selective channels at the PM to mediate their cell death function (Chen et al. 2014; Xia
et al. 2016; Huang et al. 2017; Wang et al. 2019a; Hu et al. 2020; Bi et al. 2021). To
test whether ADR1s use a similar mechanism to induce cell death, we analysed
activation-dependent oligomerization of ADR1s by co-immunoprecipitation
experiments. We observed that ADR1s form homo- and heterodimers that can be
stabilized by mutating the P-loop regions and the QHD motifs. Thus, we propose that
ADR1s likely function as dimers/oligomers when inducing cell death, similar as was
shown for a member of the other RNL subfamily, NRG1.1 (Qi et al. 2018).

Taken together, our data suggest a fundamental role for PI4P or the PM
electronegativity in regulating the PM association of ADR1s and the CNL RPM1 and
further demonstrate that ADR1s induce cell death at the PM, likely by forming dimers
or higher order oligomeric complexes (‘resistosomes’). Thus, ADR1s might use a
similar mechanism as MLKL or the CNL ZAR1 to trigger cell death. The exact
mechanism/dynamics of how ADR1 oligomers are formed and how they interact with

the PM awaits further investigation.
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3.3. The EDS1-PAD4-ADR1 node mediates Arabidopsis pattern-triggered
immunity
Pruitt, R. N.*, Locci, F.*, Wanke, F., Zhang, L., Saile, S. C., Joe, A., Karelina,
D., Hua, C., Frohlich, K., Wan, W.-L., Hu, M., Rao, S., Stolze, S. C., Harzen, A,
Gust, A. A, Harter, K., Joosten, M. H. A. J., Thomma, B. P. H. J., Zhou, J.-M.,
Dangl, J. L., Weigel, D., Nakagami, H., Oecking, C., El Kasmi, F., Parker, J. E.,
Nurnberger, T.

*These authors contributed equally to this work.
Nature. 2021.0ct;598:495-499. doi: 10.1038/s41586-021-03829-0

Once pathogens overcome mechanical barriers to infection, they encounter two
distinct receptor-based immune systems, PTI which is initiated at the cell surface, and
ETI which is activated inside the cell (Zhou & Zhang 2020). Although PRR and NLR
activation takes place at different subcellular locations, extra- vs. intracellularly, both
types of immune receptors induce qualitatively similar immune outputs (Tsuda &
Katagiri 2010; Lu & Tsuda 2021). This raises the question, whether immune signaling
pathways of both immune systems converge on a common signaling hub. However,
whether, where and how the two spatially separated immune branches converge
remains unclear.

In Pruitt and Locci et al. (2021) we show that PRR- and NLR-mediated immune
signaling pathways converge at the PM on the EDS1-PAD4-ADR1 node. Genetic
analyses revealed that plants lacking either EDS1, PAD4 or the ADR1 subfamily,
genes which encode well-known signaling components involved in basal immunity and
ETI (Bonardi et al. 2011; Rietz et al. 2011; Cui et al. 2017; Lapin et al. 2019; Saile et
al. 2020), are strongly impaired in several RLP23-mediated PTI responses, including
callose deposition, ethylene and ROS production. Further genetic analyses
demonstrated that EDS1-PAD4 interaction as well as the EP-domain cavity surface
that is required for ETI signaling and created by EDS1-PAD4 interaction (Bhandari et
al. 2019) is essential for RLP23-mediated immunity. This suggests that a signaling-
competent EDS1-PAD4 dimer is not only involved in NLR-mediated ETI, but also in
RLP-mediated PTI signaling. Remarkably, biochemical and cell biological analyses

confirmed the connection of NLR- and RLP-mediated signaling pathways, as we found
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that EDS1, PAD4 and ADRI1s physically interact with the adaptor kinase
SUPPRESSOR of BIR1 (SOBIR1) and the RLCK PBS1-LIKE 31 (PBL31; both required
for RLP23-mediated signaling) in a ligand-independent manner at the inner side of the
PM. This suggests the formation of a supramolecular, pre-formed complex that could
be required for RLP23-mediated signaling.

Taken together, although cell surface and intracellular receptor-mediated immune
systems have been considered to operate independently for several decades, we
could demonstrate that the EDS1-PAD4-ADR1s module represents a convergent point
for signal integration between cell surface and intracellular receptor-based signaling
pathways. This might explain why activation of PTI and ETI leads to quantitatively

similar immune outputs.
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3.4. Autoimmunity induced by the Arabidopsis helper NLR ADR1-L2
requires the receptor-like kinase BKK1
Saile, S. C., Bonardi, V., Keicher, J., Winsch, L. K., Jacob, P., Teixeira P. J. P.
L., Dangl, J. L., El Kasmi, F.

Constitutive activation of immune signaling has tremendous, unfavourable effects for
a plant. Thus, homeostasis and signaling of immune receptors, and specifically NLRs,
must be precisely controlled to ensure appropriate activation of immune responses
(Richard et al. 2018). Although significant progress has been made in identifying
components regulating sensor NLR homeostasis and signaling, our understanding of
how helper NLRs, particularly their activity, are regulated is still very limited. ADR1-
L2D484V harbours a gain-of-function mutation in the QHD motif of the helper NLR ADR1-
L2. Expression of ADR1-L2P484V-HA in the adrl-L2-4 mutant background leads to an
autoimmune phenotype associated with enhanced disease resistance and dwarfism of
the plant (Roberts et al. 2013). In Saile et al. (unpublished) we report that the
Arabidopsis LRR-RLK BKK1 is a positive regulator of ADR1-L2P484V autoactivity. We
identified BKK1 in a forward genetic screen for suppressors of the ADR1-L.2P484V (sadr)
phenotype. By genetic crossing of the bkkl-1 T-DNA insertion mutant with ADR1-
L2D484V adr1-L2-4, we could confirm the importance of BKK1 for some ADR1-L2P484V-
mediated autoimmune responses, including dwarfism, enhanced disease resistance
and (indirectly for) SA accumulation. As the ADR1-L2P484V protein level is not affected
in bkk1-1, we propose that BKK1 regulates ADR1-L2P484V autoactivity or downstream
signaling rather than its homeostasis. Subsequent genetic analyses revealed that
BKK1 is likely a specific regulator for the (auto-) activity of ADR1-L2 or the ADR1
subfamily, as phenotypes of other NLR autoimmune mutants were not suppressed by
bkk1l-1. How exactly BKK1 promotes ADR1-L2P484V.induced signaling remains,
however, unclear. Biochemical analyses suggest that BKK1 and ADR1-L2 might exist
in a pre-formed complex and that BKK1-ADR1-L2 interaction does not require BKK1
kinase activity. In addition, our biochemical analyses revealed that BKK1 does not
contribute to the membrane association of ADR1-L2P484V, Furthermore, we observed
that PTI responses are activated in NLR autoimmune mutants. However, ADR1-

L2P484V.induced potentiation of PTI-outputs are BKK1-independent. In future, it will be

28



RESULTS

interesting to determine whether BKK1 has a regulatory or structural role in promoting
ADR1-L2P44V.induced autoimmunity.

Taken together, autoimmunity induced by the helper NLR ADR1-L2P%4V requires the
LRR-RLK BKK1, yet the molecular mechanisms underlying this regulation remain

obscure.
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4. Synopsis

4.1. Arabidopsis RNLs act as redundant nodes in immunity to maintain
resilience of the immune system

The plant innate, receptor-based immune system evolved to fight off pathogens (Zhou
& Zhang 2020). Plants respond to pathogen attack by using cell surface-localized as
well as intracellular immune receptors (Albert et al. 2020; El Kasmi 2021). Both immune
receptor classes have diversified to form receptor networks (Smakowska-Luzan et al.
2018; Adachi et al. 2019b), that make the plants’ receptor-based immune system more
robust against environmental perturbations. PM-localized PRRs that perceive
conserved microbial features rely on the physical interaction with a co-receptor for
downstream signaling (Ma et al. 2016). Likewise, multiple sensor NLRs that perceive
pathogen-derived effector molecules depend on the presence of helper NLRs for the
activation of immune responses (Wu et al. 2017; Castel et al. 2019; Jubic et al. 2019;
Saile et al. 2020), though the dependence of sensor NLRs on helper NLRs has thus
far only been shown genetically.

Members of the Arabidopsis RNL family act as helper NLRs and are grouped into two
subfamilies, the ADR1s and NRG1s (Collier et al. 2011). The ADR1 subfamily is
comprised of three functional members that act redundantly during ETI downstream of
several sensor NLRs, in basal resistance against virulent pathogens and during
RLP23-mediated PTI responses (Bonardi et al. 2011; Pruitt et al. 2021). In contrast,
the NRG1 subfamily includes two full-length members that are also functionally
redundant towards certain sensor NLRs (Castel et al. 2019; Wu et al. 2019).
Interestingly, functional redundancy is not only present within the RNL subfamilies, but
also between both subfamilies (ADR1s and NRG15s) in Arabidopsis (Saile et al. 2020).
It has been demonstrated that ADR1s and NRG1s share many of their functions,
particularly in basal resistance and certain TNL-mediated immune responses, albeit in
an unequally redundant manner (Lapin et al. 2019; Wu et al. 2019; Saile et al. 2020).
Given their function as downstream signaling hubs, RNLs are likely attractive targets
for effector molecules aiming at restricting immune signaling induced by multiple
sensing immune receptors. Thus, suppressing RNL function promotes virulence. This
actually highlights the importance of functional redundancy among RNLs and might
help to explain why RNLs have evolved as redundant nodes downstream of PRRs and
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NLRs in Arabidopsis. To date, there are no pathogen effectors described that directly
target RNLs, but the RNL-associated protein EDS1 (Bhattacharjee et al. 2011).

Like RNLs, the solanaceous-specific NRC helper NLRs exhibit functional redundancy
(but also distinct specificity) for their phylogenetically-related CNL sensor NLRs that
assemble into a complex immune network to protect the plant against multiple
pathogens (Wu et al. 2017; Wu et al. 2018). As NRCs are required for the signaling
function of up to half of the NLRome of solanaceous plants, they represent an ideal
target for pathogen effectors. Indeed, it was shown recently that the cell death activities
of NRC2 and NRC3 are suppressed by an oomycete and a cyst nematode effector
protein, respectively, thereby restricting the function of NRC2/NRC3-dependent sensor
NLRs (Derevnina et al. 2021). As plants aim to maintain resilience of the immune
system in response to evolving pathogens, these findings emphasize again why plants
have evolved receptor networks with redundant nodes.

4.2. Localization and signaling partners likely influence the specific
functions of RNLs
Apart from their redundant functions during basal resistance and ETI, Arabidopsis
ADR1 and NRG1 subfamilies do also play specific roles during some RLP- and sensor
NLR-mediated immune responses, and to a lesser extent during RLK-mediated PTI
(Saile et al. 2020; Pruitt et al. 2021; Tian et al. 2021). Since ADR1s as well as NRG1s
can regulate both disease resistance and HR independently (Lapin et al. 2019; Wu et
al. 2019; Saile et al. 2020), it is proposed that their specific functions might rely on the
preferential use of either subfamily by the sensing immune receptor. In case sensor
NLRs as well as PRRs need to physically interact with RNLs to activate immune
signaling, they should be in close proximity and thus, should co-localize to a certain
degree. Therefore, the subcellular localization of RNLs could confer some functional
specificity. Indeed, ADR1s display a different localization pattern as NRG1s. ADR1s
do mainly localize to the PM pre and post activation (Saile et al. 2021), whereas NRG1s
are found in the cytosol, but also associated with the ER and the PM (Lapin et al. 2019;
Wu et al. 2019; Jacob et al. 2021). Interestingly, NRG1.1 was found to increase its PM
localization upon autoactivation (Jacob et al. 2021), suggesting that NRG1s might

function at the PM, though they could be activated at different cellular compartments.
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In fact, we could show that members of the ADR1 and NRG1 subfamilies induce cell
death at the PM (Jacob et al. 2021; Saile et al. 2021), supporting the idea that NRG1s
might translocate from their initial sites of activation to the PM to function, whereas
ADRI1s remain at their site of activation. Together, the different subcellular localization
patterns of ADR1s and NRG1s might influence their specific functions, likely by
controlling their accessibility to protein interaction partners. This idea is supported by
our recent findings demonstrating that ADR1 family members associate at the PM with
the adaptor kinase SOBIR1 and the RLCK PBL31 that are required for RLP23-
mediated signaling (Pruitt et al. 2021; Tian et al. 2021). As ADR1s play a critical role
in several RLP23-mediated immune responses (Pruitt et al. 2021; Tian et al. 2021), it
appears to be likely that a SOBIR1-PBL31-ADR1s complex might be relevant for
signaling induced by RLP23. How such a SOBIR1-PBL31-ADR1s complex induces
RLP23 signaling will be an interesting topic for future research, but it appears to be
very likely that ADR1s regulate together with EDS1-PAD4 dimers RLP23-mediated
immunity (Pruitt et al. 2021). Further support for this hypothesis comes from genetic
data demonstrating that EDS1-PAD4 dimers are required for RLP23-mediated
ethylene production and from biochemical data suggesting that SOBIR1, PBL31,
ADR1s, EDS1 and PAD4 might be part of the same protein complex (Pruitt et al. 2021).
Historically, EDS1 and PAD4 were shown to have a nuclear-cytoplasmic localization
(Feys et al. 2005) and to act in concert with the ADR1 helper NLR subfamily during
basal resistance as well as in several ETI responses (Lapin et al. 2019; Sun et al.
2021). ADR1 family members specifically interact with EDS1-PAD4 upon immune
activation (Sun et al. 2021), suggesting that they are part of the same signaling
complex. How exactly the EDS1-PAD4-ADR1s complex is activated and induces
immunity — during both PTI and ETI - has yet to be clarified, but involves SA-dependent
and SA-independent pathways (Bonardi et al. 2011; Cui et al. 2017; Bhandari et al.
2019). In contrast, the NRG1 subfamily (that is not involved in RLP23-mediated
signaling) cooperates genetically and physically with supposedly nuclear-localized
EDS1-SAG101 dimers during TNL-mediated ETI in Arabidoipsis and N. benthamiana
(Qi et al. 2018; Sun et al. 2021). In summary, ADR1s and NRG1s differ in their
subcellular localizations and are part of distinct signaling complexes that likely mediate
their specific functions during certain PTI and ETI responses.

32



SYNOPSIS

4.3. CNL- and TNL-/RNL-mediated signaling might converge at cellular
membranes

4.3.1. RNL-independent CNLs might form cation channels

While all tested TNLs have been found to rely on the presence of RNL helper NLRs
(Dong et al. 2016; Castel et al. 2019; Wu et al. 2019; Saile et al. 2020) that signal
together with either EDS1-PAD4 or EDS1-SAG101 during TNL-mediated ETI (Lapin et
al. 2019; Sun et al. 2021), we could demonstrate and confirm that several CNLs
function (at least to a certain degree) independently of RNLs (Bonardi et al. 2011,
Castel et al. 2019; Saile et al. 2020). RNL-independent CNLs are thus multifunctional
proteins that have both sensor- and executor-activities and have therefore been
termed singleton NLRs (Adachi et al. 2019b). Given their ‘integrated’ sensor and
executor functions, studying singleton NLRs could provide insights into the signaling
mechanism of RNLs.

The CNL ZARL1 is classified as a singleton NLR (Baudin et al. 2017; Saile et al. 2020)
and cryo-electron microscopy combined with biochemical analyses have recently
revealed that ZAR1 transforms from an inactive cytosolic monomer (that exist in a pre-
formed receptor complex with the pseudokinase RSK1) into a pentameric, PM-
associated complex upon effector recognition (Wang et al. 2019a; Wang et al. 2019c;
Hu et al. 2020). In detall, indirect effector recognition results in the interaction of the
uridylated decoy protein PBL2YMP with the pre-formed ZAR1-RSK1 complex that drives
intramolecular conformational changes in ZAR1 leading to the exchange of ADP by
ATP/dATP (Wang et al. 2019c). ATP/dATP binding ultimately induces the assembly of
a high-molecular weight complex, composed of five ZAR1-RSK1-PBL2YMP protomers,
termed ZAR1 resistosome (Wang et al. 2019a). Within the resistosome, the first alpha
(a1) helices of the ZAR1 CC domains are exposed and assemble into a funnel-shaped
structure that inserts into the PM (Wang et al. 2019a; Hu et al. 2020) where it forms a
channel that triggers cation influx across the PM, leading to HR (Bi et al. 2021).
Remarkably, the ZAR1 N-terminal a1 helix is characterized by a specific amino acid
sequence, the so-called MADA motif (Adachi et al. 2019a). Mutations within this motif
have been shown to impair ZAR1-mediated cell death and resistance against

Xanthomonas campestris pv. campestris, albeit they did neither affect ZAR1
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oligomerization nor ZAR1 PM localization (Adachi et al. 2019a; Wang et al. 2019a). It
is noteworthy, that the N-terminal MADA motif or a MADA-like motif is conserved in
approximately 20% of all CNLs in angiosperms, suggesting that these CNLs could use
the same or a similar mechanism to cause ETI (Adachi et al. 2019a). Indeed, the MADA
motif seems to be functionally conserved across CNLs from distantly related plant
species, as chimeric proteins retained the capability to induce HR and disease
resistance in transient assays (Adachi et al. 2019a). Among the MADA (-like) motif-
containing CNLs are the Arabidopsis singleton NLR RPM1 and several members of
the solanaceous-specific NRC helper NLR family (Adachi et al. 2019a). Similar as for
ZAR1, these CNLs do not rely on the presence of downstream signaling components
to induce ETI (Wu et al. 2017; Saile et al. 2020) and thus, they are likely the executors
of cell death. In contrast, sensor CNLs that rely on the presence of other NLRs, like
NRC-dependent CNLs, lack a canonical MADA (-like) motif, likely because they do not
need it as they do not induce ETI on their own (Adachi et al. 2019a). Thus, it is an
interesting hypothesis that all MADA (-like) motif-containing CNLs might “directly”
execute cell death following a similar mechanism as ZARL1. In support with this idea, it
has been shown that the MADA-like motif-containing CNL RPM1 self-associates and
requires PM localization to function (Gao et al. 2011; El Kasmi et al. 2017; Saile et al.
2021). Remarkably, RPM1-induced HR was abolished by a calcium channel blocker
(Grant et al. 2000), suggesting that activated RPM1 might directly regulate calcium
influx. In addition, the MADA motif-containing helper CNL NRC4 was found to self-
associate and to localize in puncta associated with the extrahaustorial membrane and
the PM following (auto-) activation, indicating that activated NRC4 might also form
membrane-associated resistosomes (Duggan et al. 2021). However, it remains to be
investigated whether MADA (-like) motif-containing CNLs display a similar structure
and accordingly, follow a similar working mechanism as identified for the ZAR1
resistosome.

It is worth noting, that the ZAR1 resistosome shares structural similarities with the
inflammasome formed in mammalian cells (Saur et al. 2021) that induces pyroptosis,
a form of programmed cell death resulting in cell lysis (Vande Walle & Lamkanfi 2016).
Like the ZAR1 resistosome, an inflammasome is a multimeric complex that is formed
via NLR oligomerization in response to intracellular danger signals (Zheng et al. 2020).
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In contrast, however, inflammasome-activated pyroptosis is not directly executed by
the inflammasome itself but mediated by specific caspases that are recruited and
activated by the inflammasome (Chai & Shi 2014). Activated caspases trigger the
formation of gasdermin D (GSDMD) pores in the PM, leading to pyroptosis (Liu et al.
2016). Unlike the ZAR1 resistosome, GSDMD pores lack ion selectivity (Chen et al.
2016) and have a larger pore size (Heilig et al. 2018). They have been shown to directly
mediate the release of cytokines of the interleukin 1 family into the extracellular space
(Evavold et al. 2018; Heilig et al. 2018; Xia et al. 2021). Cytokines act as DAMPs and
bind to their corresponding receptors at the cell surface of target cells to activate an
intracellular signaling cascade which can result in a localized inflammation reaction
(Liu et al. 2017; Dinarello 2018). Together, although the plant ZAR1 resistosome is
reminiscent to the inflammasome formed in animals, they use distinct mechanisms to
induce cell death. This, however, does not rule out the possibility that other plant CNLs
(particularly the ones that require the presence of RNL helper NLRs) might use a

similar mode of action as inflammasomes or the GSDMD pore.

4.3.2. Several CNLs might have lost their channel activity

It is important to mention again, that the negatively charged residues in the CC domain
of ZAR1, that are required for cation influx, are not conserved in all CNLs and
remarkably, absent in several helper NLR-dependent CNLs (Adachi et al. 2019a). As
helper NLRs likely act as immune/cell death executors downstream of several sensor
CNLs, it is likely that these sensor CNLs have lost their channel activity throughout
their sub-functionalization. However, how exactly these CNLs function to induce robust
immune responses, remains yet to be determined, but it is likely that most, if not all,
CNLs function (i) via oligomerization and (ii) at membranes. The first hypothesis is
based on the observation that mutations in CC domains or in the P-loop region often
abolish self-association of the CC or full-length CNLs that in turn, results in impaired
cell death and immune signaling (Maekawa et al. 2011; Casey et al. 2016; El Kasmi et
al. 2017; Li et al. 2020; Wang et al. 2020). It remains, however, yet to be investigated
whether CNL self-association is required to recruit downstream signaling components
(e.g., helper NLRs) or whether it allows CNLs to conduct some defense-activating

actions. The second hypothesis (CNLs function at membranes) is supported by the
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finding that several CNLs possess a predicted N-terminal lipidation motif, for example
a palmitoylation- or a myristoylation site (Qi et al. 2012; Qi & Innes 2013; Kawano et
al. 2014; Wroblewski et al. 2018). Both palmitoylation and myristoylation are post-
translational modifications that promote protein hydrophobicity and accordingly, can
drive membrane association, which, however, does not necessarily mean PM
association (Wang et al. 2021). For instance, a myristoylated CNL that is studied in our
lab localizes to Golgi membranes and the tonoplast and displays an impaired cell death
function when mis-localized to the cytosol by mutating the N-terminal lipidation sites
(Sunil et al., unpublished). Furthermore, CNLs that do not have N-terminal lipidation
motifs do also require membrane localization to function, as demonstrated for example
for the tomato CNL tobacco mosaic virus resistance-22 (Tm-22) (Chen et al. 2017;
Wang et al. 2020). Remarkably, the CC domain of Tm-22 was shown to trigger cell
death only when anchored to the PM, where the full-length Tm-22 localizes (Wang et
al. 2020). In addition, we have recently identified a basic hydrophobic stretch in the
CCr/CC domains of all RNLs and several CNLs that likely mediate interactions with
negatively charged phospholipids of the PM (or other membranes) and thus, these
interactions could be a conserved mechanism to drive the membrane association of
CNLs lacking predicted lipidation motifs (Saile et al. 2021). On the basis of these
findings, it appears to be likely that most, if not all, CNLs might induce ETI at cellular
membranes. Therefore, it might be possible that CNLs which have no channel activity,
might form pores similar as observed for GSDMD. Pore formation in the PM might
disrupt membrane integrity and thus, could lead to the generation of DAMPs that could
be released from the infected cells into the extracellular space by the formed
membrane pores. By binding to their corresponding PRRs, DAMPs might then induce
a PTI-like response in neighbouring cells. Potential support for this hypothesis comes
from recent findings showing that the activation of ETI potentiates PTI responses and
induces transcriptional as well as translational upregulation of important PTI
components in the analysed leave tissue (Ngou et al. 2021). Alternatively and/or
additionally, CNL oligomerization could also be required to recruit and activate
downstream signaling components, including helper NLRs, similar as shown for
mammalian inflammasomes that form a scaffold for the recruitment of specific

caspases to initiate immune signaling (Chai & Shi 2014).
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In conclusion, it will be interesting to determine whether CNLs (especially the ones that
require RNLs) signal downstream by mediating the release of DAMPs and/or by
recruiting downstream signaling components. A direct release of DAMPs by CNL pores
would very likely require the formation of larger membrane pores than the ones formed
by ZAR1. Indeed, it was shown that the CNL RPP7b assembles into a high-molecular
weight complex - that is composed of six to seven protomers — to induce autoimmunity
(Li et al. 2020). Whether such a pore might be large enough to mediate the release of

DAMPSs needs, however, to be investigated.

4.3.3. (Auto-) activated RNLs form cation channels at the PM

Unlike NRC helper NLRs, RNL helper NLRs lack a MADA (-like) motif at their N-
terminal ends (Adachi et al. 2019a), but their CCr domains share structural similarity
with the ZAR1 CC domain and also with the N-terminal HeLo domain of the mammalian
MLKL protein (Jubic et al. 2019; Jacob et al. 2021). MLKL proteins can form an
octameric cation channel at the PM to trigger necroptosis, a form of programmed cell
death (Dondelinger et al. 2014; Xia et al. 2016; Huang et al. 2017). These similarities
indicate that RNLs might also have pore-forming ability/channel activity, and further
suggest, that RNLs cell death and resistance function is similar to the MADA motif-
containing, RNL-independent CNL, ZAR1. The facts that RNLs (i) are a subclass of
CNLs (Qian et al. 2017), (ii) act like CNLs during TNL-mediated ETI by regulating the
same categories of genes (Saile et al. 2020), (iii) induce cell death at the PM (Jacob
et al. 2021; Saile et al. 2021) and (iv) self-associate, likely in an activation dependent
manner (Qi et al. 2018; Saile et al. 2021; Wu et al. 2021b) support this hypothesis.
Indeed, it was recently demonstrated that autoactivated NRG1.1 associates into high-
molecular weight complexes, potentially oligomeric resistosomes, that form non-
selective, calcium-permeable cation channels at the PM (Jacob et al. 2021). This was
also demonstrated for the ectopically active wildtype ADR1 (Jacob et al. 2021).
Although RNL (NRG1.1 and ADR1) channel activity is required for cell death induction
(Jacob et al. 2021), it remains to be investigated whether sensor NLR-activated ADR1s
and NRG1s also induce ETI responses by regulating cellular ion homeostasis. In

summary, members of the ADR1 and NRG1 subfamilies form non-selective cation
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channels at the PM and thus, might function in a similar way as the CNL ZAR1 (and
maybe other RNL-independent CNLSs) to induce ETI.

4.3.4. TNLs form holoenzymes for NAD* hydrolysis

The working mechanism of CNLs and RNLs contrasts with the mode of action of TNLs.
This is actually not surprising given the fact that all tested TNLs rely on the presence
of RNL helper NLRs during ETI and also autoimmunity (Dong et al. 2016; Castel et al.
2019; Wu et al. 2019; Saile et al. 2020; Schulze et al. 2021), suggesting that RNLs act
as signal executors downstream of TNLs. How exactly pathogen recognition by TNLs
results in the activation of downstream components, including RNLs and the lipase-
like proteins EDS1, PAD4 and SAG101, is, however, still under investigation. Thus far
it was shown that TIR domains require homo- or hetero-dimerization/-oligomerization
to induce immune signaling (Bernoux et al. 2011; Williams et al. 2014; Ma et al. 2020;
Martin et al. 2020), similar as shown for multiple CNLs. However, unlike the ZAR1
resistosome, the TNLs ROQ1 and RPP1 assemble into a tetrameric complex that has
no channel activity (Ma et al. 2020; Martin et al. 2020). Recently, it was demonstrated
that plant TIR domains function upstream of EDS1 and NRGL1 as holoenzymes with a
NAD* hydrolysis function that cleaves NAD* into NAM, ADPR and a v-cADPR
(Horsefield et al. 2019; Wan et al. 2019a). Since ADPR and cADPR are known to act
as second messengers that activate calcium fluxes (Wu et al. 1997; Fliegert et al. 2007,
Guse 2015), it raises the possibility that the generated enzymatic products might
activate downstream signaling components. How exactly these signaling molecules
might link TNL activation to the EDS1 family and RNL helper NLRs is, however, still
under investigation and thus far completely speculative. One possible idea is that the
generated enzymatic products directly bind to a cavity formed in EDS1-PAD4 and
EDS1-SAG101 dimers. This cavity is proposed to act as a signaling surface as it is
required for TNL-mediated signaling (Bhandari et al. 2019; Gantner et al. 2019; Lapin
et al. 2019) and thus, could potentially be the target site for NADase-produced
signaling molecules. Since EDS1-PAD4 and EDS1-SAG101 have been shown to
specifically interact with the ADR1 or NRG1 helper NLR subfamilies during TNL-
mediated ETI, respectively (Sun et al. 2021; Wu et al. 2021b), binding of the TIR-
generated signaling molecules might induce EDS1-PAD4-ADR1s or EDS1-SAG101-
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NRG1s complex formation. This, however, raises the question: How do these products
actually achieve substrate specificity, as the RNL ROQ1 for example has been shown
to rely solely on the presence of the EDS1-SAG101-NRG1 module, whereas the TNL
pair RPS4/RRS1 was found to require both, EDS1-PAD4-ADR1s and EDS1-SAG101-
NRG1s, signaling modules (Lapin et al. 2019). One speculative idea is that TIR
domains already select their downstream signaling modules by generating distinct
cADPRs. Potential support for this hypothesis comes from a recent finding showing
that a bacterial TIR domain produces a new variant of cCADPR, called v2-cADPR
(Eastman et al. 2021), that might have different binding affinities. In future, biochemical
experiments might shed light on understanding whether and how TIR domain-

generated cleavage products specifically activate downstream signaling components.

Altogether, a combination of structural and biochemical analyses revealed that effector
recognition results in the oligomerization of CNLs, TNLs and RNLs into signaling-
competent (active) complexes. While TNLs act as NAD* cleaving holoenzymes that
have to signal through the EDS1 family and RNL helper NLRs to trigger resistance and
HR, the RNL-independent CNL ZAR1 as well as members of the RNL subfamilies were
shown to form calcium-permeable channels at the PM. Calcium signaling is well-known
to play an important role in plant immunity, though it is largely unclear how specifically
it regulates immune signaling and cell death during ETI. As RNLs likely act as signal
executors downstream of TNLs (and several CNLs), CNL- and TNL-mediated signaling
might converge at cellular membranes. Disturbance of cellular ion homeostasis might

be a major, but likely not the only mechanism for NLR-triggered immune responses.

4.4. ADR1s as convergence point for PRR- and NLR-mediated signaling
Although PRR- and NLR-mediated signaling pathways are activated at different
subcellular compartments, they result largely in common immune outputs, for example
calcium influx, ROS production or the transcriptional induction of defense genes (Saile
et al. 2020; Yuan et al. 2021a; Zhao et al. 2021). These immune responses differ in
their dynamics and amplitudes, and are generally much stronger and sustained during
NLR-mediated signaling, which, however, requires the activation of PTI (Ngou et al.
2021; Yuan et al. 2021b). Based on these findings, it was supposed that PRR- and
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NLR-mediated pathways might converge at components upstream of the final immune
responses.

Recently, PRRs and PRR co-receptors have been revealed to be genetically required
for the robust NLR-triggered immune responses (Ngou et al. 2021; Yuan et al. 2021a).
In this regard, it has been shown that RPS2-, RPS5-, and RPS4/RRS1-mediated
resistance responses are severely impaired in PRR/PRR co-receptor mutants,
including fls2 efr cerkl and bakl bkkl cerkl triple mutants (Yuan et al. 2021a). It is
interesting that TNL-mediated cell death required activation of PTI more strongly than
the cell death responses mediated by multiple CNLs, including RPM1, RPS2 and
RPS5 (Ngou et al. 2021). Strikingly, this is very reminiscent of the differential
requirement of RNL helper NLRs for CNL- and TNL- mediated immune responses
(Saile et al. 2020) and thus also suggests, that RNLs might be an integration point for
PRR- and NLR (TNL)-mediated signaling pathways. Additional support for this
hypothesis comes from the requirement of ADR1s in basal resistance against host-
adapted, virulent pathogens (Bonardi et al. 2011; Saile et al. 2020), their central role
during multiple RLP23-mediated immune responses (Pruitt et al. 2021; Tian et al.
2021), as well as their minor role during RLK-mediated signaling (Pruitt et al. 2021,
Tian et al. 2021). Interestingly, these functions do strongly overlap with the roles of the
known ETI key regulators EDS1 and PAD4 (Cui et al. 2017; Pruitt et al. 2021; Tian et
al. 2021), indicating that the EDS1-PAD4-ADR1 signaling module might be a
convergence node between PRR- and NLR-mediated signaling pathways.

The PM localization of ADR1s (Saile et al. 2021) hints to a direct physical link between
ADR1s and PRRs/PRR co-receptors. Indeed, ADR1 family members as well as EDS1
and PAD4 were shown to constitutively associate with the adaptor kinase SOBIR1 and
the RLCK PBL31 at the inner side of the PM (Pruitt et al. 2021; Tian et al. 2021).
Furthermore, ADR1-L2 was additionally found to associate with the PRR co-receptors
BAK1 and BKK1 (Saile et al., unpublished; Appendix 7.5). It remains, however, to be
determined whether and if so, how these interactions regulate proper PRR- and NLR-
mediated signaling. Since it was shown that the activation of TNL-mediated signaling
(which fully relies on the presence of RNLs and the EDS1 family) boosts PTI (Saile et
al. 2020; Ngou et al. 2021; Tian et al. 2021), one could speculate that the interaction
between PRRs/PRR co-receptors, RLCKs and EDS1-PAD4-ADR1s might be essential
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for the activation of EDS1, PAD4 or ADR1s. In fact, we have recently identified BKK1
for being required for the autoactivity of ADR1-L2 (Saile et al., unpublished; Appendix
7.5), though we still lack a clear mechanistic understanding of how BKK1 regulates
ADR1-L2 signaling. Given their constitutive interaction in N. benthamiana (Saile et al.,
unpublished; Appendix 7.5), it is possible that BKK1 or a BKK1-target protein (RLCK)
might regulate ADR1-L2 activity through post-translational modifications, e.g.,
phosphorylation, that could result in structural rearrangements, important for the
activation of ADR1-L2. In support of a role for phosphorylation in regulating the activity
of ADR1-L2 (and maybe other ADR1s as well), phosphorylation of the structurally
similar mammalian MLKL as well as of the mammalian helper NLR NLR Family CARD
Domain Containing 4 (NLRC4) was found to be critical for their activity by driving self-
association or recruitment of downstream components, respectively (Qu et al. 2012;
Wang et al. 2014). Additionally, phosphorylation of mouse NOD-, LRR-, and pyrin
domain-containing protein 3 (NLRP3) was demonstrated to be a key priming step for
NLRP3 inflammasome activation that results in pyroptotic cell death (Song et al. 2017,
Weber et al. 2020). Interestingly, NLRP3 exists in a membrane-bound oligomeric
complex already prior to activation (Andreeva et al. 2021), similar as what we have
observed for the ADR1s (Saile et al. 2021). As ADRI1s likely signal through
oligomerization (Saile et al. 2021; Wu et al. 2021b) by forming calcium-permeable
cation channels (Jacob et al. 2021), it is possible that ADR1s contribute to calcium
influx during both PTI and TNL-mediated ETI. This could trigger the transcriptional
reprogramming events, resulting in disease resistance.

Another hypothesis that might help to explain how ADR1s as well as EDS1 and PAD4
are activated during PTI and thus, contribute to RLP23-mediated signaling, is that
PRRs/PRR co-receptors or associated RLCKs, like PBL31, might phosphorylate TNLs.
TNL phosphorylation might result in activation and conformational changes, inducing
TIR domain oligomerization and consequently, results in the production of NAD*
cleavage products that might directly activate EDS1-PAD4-ADR1s complex formation
and signaling (Horsefield et al. 2019; Wan et al. 2019a). Potential support for this
hypothesis comes from genetic data demonstrating that mutating the EDS1-PAD4
signaling surface, that is proposed to act as target site for NAD" cleavage products,
impairs RLP23-mediated ethylene production (Pruitt et al. 2021). In conclusion,
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identifying additional components (e.g., TNLs) that might interact with PRRs/PRR co-
receptors or associated RLCKs, as well as analysing phosphorylation events in
associated proteins, including TNLs or ADR1s, and studying the dynamics of the
signaling complex(es) might be interesting topics for future research. Furthermore, as
PRRs and PRR-co-receptors are required for RNL-mediated ETI responses (Ngou et
al. 2021; Yuan et al. 2021a), it will be interesting to test, whether PRR/PRR-coreceptor-
induced phosphorylation of ADR1s during PTI is a critical priming step for the channel
formation of ADR1s during ETI. This would be consistent with the activation of the
mammalian NLRP3 inflammasome complex that relies on a priming (e.g.,
phosphorylation) and an activation signal (Weber et al. 2020). Addressing these
research topics might help to understand the mechanisms underlying signal
collaboration between PRR- and NLR-induced immunity and thus, will contribute to
extend our knowledge on plant-microbe interactions.

Besides ADR1 helper NLRs, also NRC helper NLRs have been demonstrated to be
genetically involved in RLP-mediated signaling (Kourelis et al. 2021). Cell death
induced by the RLP Cf-4 is mainly mediated by NRC3 in N. benthamiana, likely by the
formation of calcium-permeable NRC3 resistosomes (Kourelis et al. 2021). Thus, both
helper NLR classes, although evolutionarily not related, seem to fulfil a conserved core
signaling node that links PRR (mainly RLP)-mediated signaling, initiated at the cell
surface, to NLR-mediated signaling, induced inside the cell. It is striking that NLRs and
RLPs share similar evolutionary patterns compared to RLKs. While RLK encoding
genes show a low degree of variation in different Arabidopsis accessions, genes
encoding for NLRs and RLPs emerge as polymorphic receptor sensor classes that
have undergone a fast evolutionary diversification (Pruitt et al. 2021). These findings
suggest that RLPs and NLRs share common signaling components and thus, confirm
the major role of helper NLRs (RNLs and NRCs) downstream of both PM-localized
RLPs and intracellular localized NLRs (Saile et al. 2020; Pruitt et al. 2021).
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5. Conclusion and Outlook

The work described in this PhD thesis has significantly contributed to a better
understanding of PRR- and NLR-mediated signal transduction during plant (auto-)
immunity. We could demonstrate that PRR- and NLR-mediated signaling cascades
converge on RNL helper NLRs (Figure 5). PRRs and multiple sensor NLRs
differentially rely on the two subfamilies of RNLs, the ADR1s and NRG1s, to initiate
iImmune responses (Saile et al. 2020; Pruitt et al. 2021). The PRRs RLP23 and to a
lesser extent FLS2, as well as the CNLs RPS2 and RPS5, use specifically the ADR1
subfamily to induce resistance responses (Saile et al. 2020; Pruitt et al. 2021; Tian et
al. 2021). In contrast, TNLs, including RPS4/RRS1, RPP2 and WRRA4A rely on both
RNL subfamilies (Saile et al. 2020). ADR1s are known to act in concert with the lipase-
like proteins EDS1 and PAD4 during both PTI and TNL-mediated ETI, whereas NRG1s
function specifically together with EDS1 and SAG101 during ETI induced by TNLs
(Lapin et al. 2019; Pruitt et al. 2021; Sun et al. 2021; Wu et al. 2021b). However, the
signaling events downstream of PRR and sensor NLR activation that result in the
activation of the EDS1-PAD4-ADR1s and EDS1-SAG101-NRG1s nodes are still not
fully understood. Recent studies demonstrated that TNLs assemble into tetrameric
complexes (Ma et al. 2020; Martin et al. 2020) that act upstream of EDS1 and RNLs
as holoenzymes for NAD* hydrolysis (Horsefield et al. 2019; Wan et al. 2019a). As
NADase activity of TIR domains is required for TNL immune functions (Wan et al.
2019a), it remains to be investigated whether and how NAD* cleavage products are
connected with the EDS1-PAD4-ADR1s and EDS1-SAG101-NRG1s signaling
modules. Analysing whether the enzymatic products generated by TIR domains
directly bind to the cavity of EDS1-PAD4 and EDS1-SAG101 dimers and whether this
could drive the interaction with RNLs, remain interesting topics for future research.
Another key question in NLR signaling is, how CNLs that partially rely on the presence
of RNLs, activate RNLs, or if RNL activation is at all required. As most, if not all, CNLs
function via oligomerization, it is possible that CNL oligomers might act as a scaffold
to recruit RNLs, similar as observed for NLR inflammasomes formed in mammalian
cells (Zheng et al. 2020). Testing whether activated CNLs directly interact with RNLs
can give some hints to answer this question. Recent progress in the field of CNL

signaling has revealed that the RNL-independent CNL ZAR1 assembles into a
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pentameric complex that forms a calcium-permeable channel at the PM (Wang et al.
2019a; Bi et al. 2021). ZAR1 cell death and resistance functions require certain amino
acids that are part of a specific motif within its CC domain (Adachi et al. 2019a). As
this motif is conserved in ~20% of all CNLs, including the RNL-independent CNL RPM1
(Adachi et al. 2019a), it raises the question whether all RNL-independent CNLs use
the same or a similar mechanism as ZAR1 to induce defense responses. In future, it
will be interesting to test whether RNL-independent CNLs oligomerize into high-
molecular weight complexes and whether these complexes possess channel activity
that is required for triggering immune responses. These findings could help to explain
why some CNLs do not depend on RNLs, whereas others do. In fact, like the ZAR1
resistosome, RNLs likely function at the PM through oligomerization by forming
calcium-permeable channels (Qi et al. 2018; Jacob et al. 2021; Saile et al. 2021; Wu
et al. 2021b). Thus, RNLs could act as immune executors downstream of all NLRs that
have no channel activity. Whether ADR1s use a similar mechanism during both PTI
and ETI to trigger defense responses is an interesting question that also awaits further
investigation.

In conclusion, the work described in this PhD thesis together with the outstanding work
of our collaborators and other groups has tremendously advanced our understanding
of PRR- and NLR-mediated signaling over the last few years. In particular, the
presented work in here made great discoveries ranging from RNL regulation, via RNL
specificity and RNL function/signaling mechanisms onto how PRR- and NLR-initiated
signaling cascades converge. Many questions remain still open, e.g., how exactly

RNLs are activated during PTI and ETI, but will be the basis for future research.
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Figure 5: Simplified schematic summary of PRR- and NLR-mediated immunity. Pathogen-derived PRR
elicitors, such as flg22 and nlp20, are detected at the cell surface by PM-localized PRRs, including RLKs and RLPs.
While RLPs constitutively interact with an adaptor kinase, both LRR-RLKs and RLPs recruit a co-receptor (e.g., a
SERK family member) following elicitor perception to activate RLCKs, which in turn activate downstream
components, resulting in PTI. RLP23, and to a lesser extent FLS2, require the EDS1-PAD4-ADR1s signaling
complex to induce full PTI. Vice versa, PRRs and PRR co-receptors are required for full NLR-mediated ETI. EDS1-
PAD4-ADR1s interact with the adaptor kinase SOBIR1, the RLCK PBL31 and likely with the co-receptors BAK1
(SERK3) and BKK1 (SERK4) at the inner side of the PM. Activated ADR1s can oligomerize and ectopically active
ADRL1 forms calcium-permeable channels at the PM. Whether ADR1s use their channel activity for triggering
defense responses during both PTI and ETI remains to be analysed. The EDS1-PAD4-ADR1s signaling module is
also required for TNL-mediated ETI and thus, is considered to be an integration point of PRR- and NLR-mediated
signaling cascades. Following effector recognition, TNLs assemble into a tetrameric complex. Their TIR domains
have NADase activity and cleave NAD* into NAM, ADPR and v-cCADPR. The generated cleavage products are
proposed to directly bind to EDS1-PAD4 and EDS1-SAG101 dimers which could induce the recruitment of ADR1s
to EDS1-PAD4 and NRG1s to EDS1-SAG101. Autoactivated NRG1.1 forms high-molecular weight complexes at
the PM that are permeable to calcium, ultimately resulting in cell death. Whether TNL-mediated activation of NRG1s
also leads to the formation of calcium-permeable ion channels, awaits, however, further investigation. The partial
RNL-dependent CNL RPS5 (note: RPS2 is not depicted here for simplicity) localizes to the PM via a myristoylation-
and palmitoylation site (MAP) and self-associates. Indirect effector recognition likely results in conformational
rearrangements of RPS5 leading to ETI. RPS5 relies on the presence of ADR1s for disease resistance against Pst
DC3000, but can induce cell death on its own. How RPS5 and other ADR1-dependent CNLs are connected to
ADR1s and how they execute cell death is still unknown. The RNL-independent CNL ZAR1 exists in a pre-formed
complex with the pseudokinase RSK1. Indirect effector recognition results in the interaction of the uridylated decoy
protein PBL2UMP with the ZAR1-RSK1 dimer that drives conformational rearrangements, resulting in the formation
of a pentameric complex, termed resistosome. The ZAR1 resistosome translocates to the PM where it forms a
calcium-permeable channel. Calcium influx results in ZAR1-mediated ETI responses. Whether other RNL-
independent CNLs, like RPM1, use a similar working mechanism, remains to be investigated. Note: Proteins,
domains and molecules are not drawn to scale.
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Background

Plants are abundant sources of nutrients and water, and
thus attractive hosts to microbial communities. To defend
against microbial pathogens, plants have evolved a two-
tiered immune system [1]. In the first tier, extracellular
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pattern recognition receptors (PRRs), typically leucine-
rich repeat kinases and lysine motif kinases, recognize
conserved  microbial-associated  molecular  pattern
(MAMP) ligands, triggering MAMP-triggered immunity
(MTT) [1]. In response, pathogens have evolved virulence
effectors that delay or suppress M'TT [1]. Plants, as a
counter measure, have evolved a second tier of defense,
initiated by a family of nucleotide-binding leucine-rich
repeat (NLR) protein receptors that are activated by
recognizing effector presence directly or indirectly [1-4].

In plants, typical NLRs have a variable Nterminal
domain: a Toll/interleukin-1 receptor (TTIR) domain or
a non-T'IR domain, which resembles a coiled-coil domain
(CC), followed by a central nucleotide binding (NB-
ARC) and a C-terminal leucine-rich repeat (LRR) domain
[1-4]. NLRs with CC domains are hereafter abbreviated
CNLs and NLRs possessing TIR domains are abbrevi-
ated TNLs. NLRs are thought to be activated through
the exchange of ADP (resting state) for ATP (active state)
by the ATPase activity of the NB-ARC domain itself or
by NLR-interacting proteins, acting as nucleotide-
exchange factors [4,5,6°°,7°°]. Effector-mediated NLR
activation results in a largely re-amplified M'TT response
termed effector-triggered immunity (E'T'T) that is typi-
cally associated with a hypersensitive cell death response
(HR) at the infection site [1-4]. The demarcation
between MTT and E'TT is increasingly blurred and the
action of extracellular receptors can require intracellular
receptors [8,9]. For instance, SINRC4a plays a non-
canonical role as a positive regulator of LeEIX2/EIX-
mediated M'TT defense responses [10]. NLRs that either
recognize the effector directly or recognize the effector’s
action on a host target or decoy of a target are collectively
called sensor NLRs (sNLRs) [11]. NLRs have been
actively reviewed in this forum [12,13] and we focus on
selected new publications.

Sensor NLRs

ID sensor NLR pairs

Some of the functionally defined sNLRs that serve as
excellent experimental models are tightly genetically
linked to, and form a protein complex with, a co-regulated
partner NLR. This functions as a signaling ‘executor’
module that transduces the effector recognition by the
sNLR to initiate an immune response. We consider these
pair-specific executors distinct from the helper NLRs
later discussed. Some of the sNLR partners in these
linked pairs contain an ‘integrated domain’ (ID) that is
likely a decoy of an effector target and binding of an
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effector to the ID activates the complex. The two most
studied ID pairs are the Arabidopsis TNL RPS4/RRS1
pair and the rice CNL RGA4/RGAS5 pair [12,14,15]. In the
Arabidopsis RPS4/RRS1 pair, RRS1 carries an integrated
WRKY transcription factor domain targeted by two unre-
lated bacterial effectors AvrRps4 and PopP2 [14,15]. In
the rice RGA4/RGAS pair, RGAS carries an integrated
RATX1 domain targeted by Magnaporthe oryzae (Rice
blast fungus) effectors Avr-Pia and AVR1-CO39
[12,16]. RPS4 and RGA4 are the executor NLRs of their
respective pairs.

Recent progress has been made in the mechanistic under-
standing of repression and activation of RPS4/RRS1.
Deletion of the RRS1 WRKY domain or the WRKY
adjacent domain 4 (DOM4) results in an allele that
triggers constitutive RPS4-dependent defense activation
suggesting that the WRKY domain contributes to
maintaining an inactive complex [15]. AvrRps4 interac-
tion with the WRKY domain disrupts WRKY association
with a specific domain, leading to activation of the com-
plex [15]. Furthermore, some mutations in RPS4 and
RRS1 compromise PopP2 but not AvrRps4 recognition,
suggesting that AvrRps4 and PopP2 derepress the
complex differently [15].

Sensor partners without IDs

sNLR partners without IDs have been described in both
Arabidopsis and rice. Three Arabidopsis TNL sNLRs
named SIDEKICK SNC1 1 (SIKIC1), SIKIC2, and
SIKIC3 are redundantly required for SNC1-mediated
defense [17]. Further, SIKIC2 physically associates with
SNC1 [17]. Interestingly, the TNLs are under regulation
by distinct E3 ligases, with SNCI1 levels regulated by
CPR1 while the SIKICs are regulated by MUSE1 and
MUSEZ2 [17]. SOC3 can partner with either of the
genetically linked CHS1 or TN2 to monitor the homeo-
stasis of E3 ligase SAUL1. SOC3 appears to be the
executor module [18,19].

In addition to RGA4/RGAS5, other sSNLR partners (with-
out IDs) in rice have been described. The CNL PigmR
confers broad-spectrum resistance to M. oryzae [20]. The
CNL  PigmS competitively  attenuates PigmR
homodimerization by heterodimerizing with PigmR to
suppress PigmR-mediated resistance specifically during
rice seed development [20].

Orthologous sNLRs

In some cases, sequence divergent sSNLRs from distantly
related species can be activated by the same effector;
these interactions appear to have convergently evolved
[21,22]. Few true NLR orthologs have been identified.
One example is the discovery of NbZARI1, a likely true
ortholog of the Arabidopsis thaliana protein ZAR1
(AtZAR1), by a forward genetic screen to identify com-
ponents required for perception of the bacterial
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acetyltransferase effector XopJ4 [23°]. In Arabidopsis,
ZAR1 serves roles in recognition of multiple bacterial
effectors that each have different biochemical activities.
In addition to ZAR1, immune activation requires class
XII receptor-like cytoplasmic kinases (RLCKs) and addi-
tional kinase or pseudokinase targets or decoys [24]. In
conjunction with the pseudokinase ZED1, AtZAR1 med-
iates an E'TT response to the acetyltransferase effector
HopZ1a [24]. AtZAR1 and the ZRK3 pseudokinase are
required for HopF2a-induced disease resistance [25°].
Further, AtZAR1 also functions with the RLCK RKS1
to mount an E'T'T response to the effector AvrAC. In the
recently solved ZAR1 structure, AtRKS1 interacts with
AtZAR1 and helps to keep the NLR in a monomeric
inactive ADP-bound complex. AvrAC-induced uridylya-
tion of the RCLK PBL2 specifically enables PBL2"™ to
bind to RKS1 in the preformed ZAR1-RKS1 complex.
T'his binding induces a conformational change in RKS1,
which simultaneously leads to a dislocation of the ZAR1
NB domain and the release of ADP [6°°,7°°]. This nucle-
otide-free ZAR1-RSK1-PBL"™" complex, oligomerizes
upon ATP binding to form a pentameric complex, a
resistosome, that is required for resistance and cell death
signaling [6°°,7°%,26]. PBL2 uridylylation and binding to
RKS1 are specifically required for AvrAC triggered
immunity [6°°,7°°,26]. It remains unknown whether
NbZART1 also has evolved as a required resistance com-
ponent against various type III effectors. However, rec-
ognition of XopJ4 by NbZART also requires a class XII
RLCK dubbed JIM2 [23°]. Collectively, these data sug-
gest that ZAR1 has evolved to be a flexible platform to
monitor RLCK homeostasis and further suggests that
RCLKSs are a battleground constantly targeted by diverse
effectors.

Engineering decoys of sNLRs

With further understanding of the modes of action of
specific SNLRs, attention turns to efforts to engineer the
decoys that sSNLRs guard [27°,28]. The bacterial effector
protease AvrPphB cleaves the kinase PBS1, and this
activates the Arabidopsis CNL RPS5 [28]. Like BIK1
and PBL2, PBS1 is a member of the RLCK subfamily VII
[29]. The precise PBS1 cleavage site is defined, and can
be substituted with cleavage sites for other pathogen
virulence factor proteases, enabling RPS5 to be activated
by these proteases [28]. Further, a modified soybean
PBS1 decoy protein containing a cleavage site for the
Soybean mosaic virus (SMV) Nla protease triggers cell
death in soybean protoplasts when cleaved by this prote-
ase. Thus, RPS5 can be coopted to act as a resistance gene
against SMV infection. PBS1 decoy engineering appears
to be viable in at least one crop, in which endogenous
PBS1 and analogous RPS5 proteins exist [27°].

Helper NLRs
In addition to the sensor and executor NLRs noted above,
there is emerging evidence that many NLR-mediated
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immune responses require the presence and activity of so
called ‘helper’ NLRs (hNLRs) [30°°,31°°,32-34,35°°,36°°].
hNLRs seem to serve as downstream signaling hubs for a
diverse array of sSNLLRs [30°°,31°°,32,33,35°°,36°°]. We sum-
marize findings demonstrating that hNLRs function down-
stream of SNLLR activation, and we speculate as to how their
activity might be regulated. Drawing upon sequence
homology of hNLRs to animal cell-death executing proteins
and localization, we discuss plausible hNLR roles in E'TT,
and, specifically, in HR.

RNLs are an ancient and conserved hNLR clade

There are three described hNLR families, all encoding
CNLs: the ACTIVATED DISEASE RESISTANCE 1
(ADR1) family [34], the N REQUIRED GENE [
(NRG1) family [37], and NB-LRR protein required for
HR-associated cell death (NRC) family [38]. In this review,
we focus on the ADR1 and the NRG1 hNLRs, which are
a unique subclade of CNLs defined by the relatedness of
their N-terminal domain to an understudied immune
system protein called RPWS; therefore, the ADR1 and
NRG1 hNLRs are termed RNLs [33]. RPWS8 and its
paralogs contribute to powdery mildew resistance and
upregulation of M'TT responses [39]. We direct readers to
Wu ez al. [32] and Wu ez al. [36°°] for details about the
Solanaceae-limited CNL NRC family and their functions
as hNLRs. It is as yet unclear if and how the RNLs and
NRC proteins intersect functionally.

The ADRI family and the NRGI family are small,
ancient, and related RNL families found in all analyzed
plant genomes [40]. The ADR/ and NRGI gene families
are sister clades in trees built from either their unique
N-terminal coiled coil RPWS8-like domain (CCp)
(Figure 1) or their CNL-A subclass NB-ARC
[33,41,42]. In comparison to the large expansion of
TNLs and CNLs, the RNL family expansion has been
strikingly limited [33,43,44]. In addition to their limited
expansion within genomes, RNLs, like sSNLRs, are the
targets of regulatory RNAi silencing machinery
[13,44,45].

The CC domain most closely related to the CCg is the
CCgpvip subclade (Figure 1), where the EDVID is a
conserved amino acid motif in the CC [46]. When the
NB-ARC is used as the basis for phylogenic comparison,
the CCipvip CNLs do not cluster with the RNLs suggest-
ing that they do not share a common ancestor. Thus, we
hypothesize that the CCgpyp domain and the CCg domain
may be experiencing selection to maintain an amino acid
sequence pattern with similar general function at the struc-
tural level. Furthermore, there is a lack of evidence that
CCEDVID NLRs require CCR hNLRs to function.

In Arabidopsis, there are four paralogs of ADR1: ADRI,
ADRI1-L1, ADR1-L.2, and a largely N-terminally trun-
cated ADR1-L3 [34]. Arabidopsis contains three NRG1

paralogs, NRG1.1, NRGI1.2, and a severely
N-terminally truncated NRG1.3. [35°%,36°°,37,47]. The
Arabidopsis genome also encodes a protein with the
structure CCr-NB-ARC-LIM, named DARS. Nicotiana
benthamiana possesses a single copy of ADR1 and two
NRG members NRG1 and NRG2, where the
N-terminally truncated and poorly expressed NRG2 is
postulated to be a pseudogene [35°°,36°%,37,47].

ADR1 and NRG1 families possess both distinct and
redundant functions

Redundant functions

ADR1 and NRG1 function as redundant downstream hubs
for a diverse array of sNLRs, not unlike the network
observed for sSNLR activation mediated by members of
the NRC protein family in the Solanaceae[31°°,32] (Figure 2).
For instance, the ADR1 family members are redundantly
required downstream of both CNL and TNL sNLLRs RPS2,
RPP2, RPP4, RPS4/RRSI1 for full effector-driven E'T'I, and
ADRIs are positive regulators of some NLR auto-immune
mutants [33,34,35°°,36°°,48] (IFigure 2). Similarly, the NRG1
family members function redundantly downstream of all
tested TNLs [30°°,33,35°°,36°°] (Figure 2).

The broad functional redundancy among the ADRI1 and
NRGT1 families, respectively, was one driver in the creation
of a ‘helperless’ Arabidopsis plant, a sextuple hANLLR mutant
(adrl  adri-L1  adrl-L2  nrgll  wrgl2  wrgl.3)
[33,34,35°°,36°°48]. Before the creation of the sexzuple plant,
it was not possible to determine if the ADR1 and NRG1
families were functionally redundant, with respect to each
other. To date, the helperless plant has only been challenged
with two bacterial pathogens, Psm ES4326 and Psr DC3000
expressing AvrRps4 or HopAl. When challenged with Psm
ES4326, enhanced disease susceptibility was observed in the
sextuple compared with that of its parents, #7g! triple, adrl triple,
and wild type Col-0, suggesting that ADR1sand NRG1s have
a synergistic effect on basal defense. Further, when the
mutant genotypes were challenged with DC3000 AvrRps4
or DC3000 HopA 1, TNL-mediated defense of the sexzuple was
significantly more compromised compared to adr! triple and
nrgl triple as measured by bacterial growth and increased
disease symptoms [36°°]. The susceptibility of the sexruple
mutant to the virulent Psm ES4326 strain was significantly
enhanced in comparison to the immune-compromised eds7-2
mutant, suggesting that basal defense, and thus also M'TT,
initiated by extracellular receptors, might depend on RNL
activity or presence. This finding further supports the idea of a
regulatory interplay between M'TT and ETL

Functions requiring both ADR1 and NRG1 RNLs

The creation of a helperless plant opens the avenues for
addressing several lines of inquiry. It is now possible to
determine whether the ADR1 and NRG1 families are func-
tionally redundant with respect to multiple NLRs, besides
RPS4/RRS1 or RPS6. For instance, it has already been
determined through TRV silencing that Rx2-mediated
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Figure 1
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N-terminal end domain maximum-likelihood phylogenetic tree of Arabidopsis coiled-coil and RPW8 domain-containing NLR proteins and Human
mixed lineage kinase domain-like pseudokinase protein.

Amino acids 1-180, corresponding to the CC, RPW8, and MLKL N-terminal domain regions, were extracted and aligned iteratively using MUSCLE
and CLUSTALW. Several sequences were removed to reduce gaps in the alignment. The Jones, Taylor, Thornton model, with frequencies, three
discrete Gamma categories and a 100-bootstrap test of phylogeny, was used to generate the tree. Bootstrap support of major nodes is indicated
on the phylogeny. Scale bar indicates amino acid substitutions per site. C =coiled coil, R=RPW8, N=NB, L=LRR, X=other. Clade i) contain no
EDVID motifs, clade ii) contain EDVID motifs and clade iii) are the RPW-NLRs and they do not contain EDVID motifs.
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Figure 2
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Signaling network of plant sensor and helper NLRs. Figure 4 Signaling network of plant sensor and helper NLRs.

Experimentally proven signaling-dependencies are indicated by colored arrows and listing of NLRs; bold = ADR1-dependent, italic= NRG1-
dependent, bold/italic = ADR1-dependent and NRG1-dependent, underlined = NRC-dependent, normal = not known/analyzed. Whether the
solanaceous NRCs also require the hNLRs for cell death and resistance signaling is not yet clear, however very likely as Rx2-mediated resistance
in N. benthamiana was shown to require the hNLRs (Collier et al. [33]) and its paralog Rx requires the three NRCs - NRC2,3,4 - for cell death

induction (Wu et al. [31°°)).

resistance requires both ADR1 and NRG1 families for func-
tion in N. benthamiana [33)]. Of special interest, is whether
RPM1 mediated HR will be lost in a helperless plant, as
RPM1 signaling is not negatively affected either by the loss of
the ADR/ or NRG! family individually [34,35°°].

Distinct functions

ADRI1 family members function upstream of salicylic acid
(SA) accumulation and subsequent activation of SA-
dependent responses in ETT initiated by multiple
sNLRs, including CNLs and 'TNLs (Figure 2)

Current Opinion in Plant Biology 2019, 50:82-94
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[34,36°°,49]. ADR1-L.2 may be thus far distinguished
from sensor NLRs by the dispensability of its P-loop
for helper function in sensor-NLLR mediated and
executor-NLR mediated immunity [25°%,31°°34]. It is
unknown if the two other ADR1 paralogs also possess a
dispensable P-loop for their helper functions. The neces-
sity of the NRG1 family members’ P-loops has also been
examined. The ¢£s3-2D mutant requires the presence of
AtNRG! family members for the ¢4s3-2D auto-immune
dwarf phenotype. AtNRG1.1 and AtNRG1.2 do not
require their P-loop activity to contribute to the
¢hs3-2D auto-immune dwarf phenotype [36°°]. However,
NbNRGT1 does require its P-loop for HR auto-activity
following over-expression in N. benthamiana [37].

While ADRT1 proteins contribute to both CNL-mediated
and TNL-mediated immunity [34], NRG1 proteins are
thus far not required for CNL signaling [30°°,36°°]. By
contrast, NRG1 proteins are required for disease resis-
tance initiated by the TNL proteins N, Roql, RPS4/
RRS1, RPP1, SOC3/CHS1, CSA1/CHS3, and WRR4A
[30°°,35°°,36°%,37] (Figure 2). Interestingly, NRG1 is
required for both TIR-mediated HR response and for a
"TNL-mediated ‘extreme resistance’ phenotype that
lacks HR [50]. The requirement for NRG1 function by
"I'NLs is supported by evolutionary evidence that NRG1
and TNL genes were simultaneously lost in (most)
monocots and the Lamiales family [33]. While TNLs
seem to have been lost in these lineages, TIR only
domains (T), TIR-NB-ARC proteins (TN), or TIR-
uncharacterized domain proteins ('TX), have been found
in some monocots [51]. It remains unknown if these
truncated T, TN, TX proteins function in immunity,
like the Arabidopsis TIR only RBA1 [52°], and if they
do, whether they require hNLRs.

Pore-forming fungi HeLo and HELL domains
resemble the RNL CCgr domain

RNLs collectively serve as downstream signaling hubs to
a diverse array of SNLRs, yet the precise function of the
RNLs in mediating ETI remains unknown. However,
shared sequence homology and predicted structural
homology with fungal and animal proteins provide valu-
able insights into their possible mode(s) of action.

Cell death initiated by fungal cells during heterokaryon
incompatibility requires an ‘NLR-like’ protein that
activates a downstream cell death executing protein
[53,54]. While the fungal ‘NLRs’ contain a variable
N-terminal domain and an NB-ARC or a NACHT
domain, they do not contain a LRR domain [53], which
is commonly replaced with other repeating superstruc-
tures, such as TPR (tetratricopeptide repeats), WD
repeats or ANK (ankyrin) repeats [53]. Thus, following
precedent in fungal NLR literature [53], we adhere to the
NLR designation for these proteins. Fungal proteins
acting downstream of fungal NLRs are commonly
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referred to as effector proteins or as heterokaryon incom-
patibility proteins, and are composed of an amyloid
folding domain and a variable N-terminal domain [53].
To avoid confusion with bacterial effectors, we refer to
the fungal proteins as incompatibility proteins.

While both mammalian and plant sNLRs are activated
through oligomerization, fungal NLR systems instead
operate through amyloid fold templating by the NLR
onto the incompatibility protein [53,55,56°,57]. Consider
for instance, the NACHT and WD Repeat Domain
Containing 2 (NWD2) and Heterokaryon incompatibility
protein S (Het-S). In this highly conserved fungal system,
the NLR NWD2, upon binding its ligand, activates the
downstream Het-S pore-forming protein by converting its
prion-forming region into the B-solenoid fold [54,58].
Upon refolding into the B-solenoid fold, Het-S’s HelLo
domain forms a pore in the membrane leading to cell
death (Figure 3) [59,60]. HelLo-like (HELL) domains
have been characterized in other filamentous fungi. For
instance, the HelLo-like protein (HELLP), possessing an
N-terminal HELL domain, behaves analogously to Het-S
[61]. Remarkably, the HeLLo and HELL domains share
sequence homology to both the four helical bundle (4HB)
of the N-terminus of the mammalian cell death executor
protein MLLKL and the plant CCx domains that define
the RNL subclass of hNLRs [61].

The pore-forming protein MLKL shares
proposed structural homology with the CCy
domain

Given the sequence homology between the 4HB of
MLKL and the CCg domain [61], we examined how
MLKL structure and function might impact the structure
and function of RNLs. MLKL is required for the activa-
tion of necroptosis [62]. The 4HB domain of MLKL is
required for insertion into the plasma membrane follow-
ing activation and oligomerization which leads to
subsequent pore formation (Figure 3) [63-65].

A structural homology search using Phyre2 revealed that
all five Arabidopsis CCgr domains are predicted to fold
into a 4HB with strong similarity to MLKL, as noted
independently for ADR1 [66]. Further, we could thread
with high confidence all AtRNLs onto the MLKL struc-
ture (Figure 4). Thus, based on structural homology and
the high confidence of secondary structure prediction, we
speculate that the CCr domain of the RNLs adopt a
MLKL-like 4HB fold.

We also tested whether canonical CNLs N-terminal
domains would potentially fold into similar 4HBs. How-
ever, CC domains can vary significantly in terms of
residue conservation. Thus, we limited our examination
to only canonical CC domains that most closely resemble
the CCr domain sequence. In accordance with the
phylogeny of the CC domain of the Arabidopsis CNLs,
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Signalosome and membrane pore formation by regulators of immunogenic cell death in different kingdoms.

A Mammalian innate immune receptors NAIP (pink) and NLRC4 (blue) oligomerize to form a signaling competent inflammasome upon PAMP-
detection. The fungal HELL/HeLo-domain containing NLR-like proteins interact upon activation and form a tetrameric complex inserting the first a-
helix of their 4HB HELL domain into membranes to initiate hybrid incompatibility. The animal MLKL protein oligomerizes after phosphorylation by
RIPK3 forming an amyloid-like structure followed by translocation to the plasma membrane causing cell membrane disruption, which is thought to
mediate necroptosis. In plants, the hNLRs might function in a similar way, forming pores with their RPW8 domains in cell membranes after being
activated by effector-activated or auto-activated sNLRs. B Two models of RNL mediated pore formation are possible. Model 1: Similar to MLKL
pore formation the full 4HB of the RPW8-domain is inserted into membranes allowing membrane deterioration and/or pore formation leading to
changes in ion fluxes. Model 2: Only the first alpha-helix of the RPW8-domain is inserted into membranes upon activation and oligomerization of
the RNL proteins, similar to HELL/Het-domain containing protein pore formation.

the CCypvip subclade most resembles the CCr domain genome using our hmm as the query, we hit multiple
(Figure 1). We built an hmm profile using an alignment of ~ CCgpyip NLRs, such as ZAR1 (Table 1). The hmm-
MLKL, HELL and HE'T domains from [61] as a guide. search hit many CCgpyip CNLs, confirming our
Performing an hmm-search against the Arabidopsis  CC-built phylogenetic tree. Moreover, when Phyre2 is
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Figure 4
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An overlay of the N-terminal MLKL (2msv) and the predicted CCgr

domains of ADR1 ADR1-L1, ADR1-L2, NRG1.1, and NRG1.2.

The predicted CCr domain models were produced by threading onto
the 2msv structure by Phyre2. All CCr domains adopt highly similar
4HB structure very similar to the known 4HB MLKL, despite the low
shared residue identity (ADR1 20% ID, 97.5% confidence; ADR1-L1

11% ID, 99% confidence; ADR1-L2 14% confidence, 98.6%

confidence, NRG1.1 14% ID, 98%; NRG1.2 13% ID, 98.1% ID).

Helices predicted to form the 4HB are numbered 1 through 4.

Table 1

Hmm-search results from query of the Arabidopsis genome. We
built an hmm profile using an alignment from Ref. [53] as a
guide. Performing an hmm-search against the Arabidopsis gen-
ome using our hmm as the query, we hit multiple CCgpy;p NLRs

NLRs

Atg Description Structure E value
AT5G66900 NRG1.1 RNL 0.034
AT1G58390 unnamed NLR CC_EDVID-NL 0.039
AT3G50460 HR2 RPW8 0.047
AT1G58807 unnamed NLR CC_EDVID-NL 0.094
AT1G59124 unnamed NLR CC_EDVID-NL 0.094
AT5G04720 ADR1-L2 RNL 0.17
AT5G05400 unnamed NLR CNL 0.024
AT1G58400 unnamed NLR CC_EDVID-NL 0.33
AT1G58410 unnamed NLR CC_EDVID-NL 0.45
AT3G50950 ZAR1 CC_EDVID-NL 0.74
AT1G58848 unnamed NLR CC_EDVID-NL 0.94
AT1G59218 unnamed NLR CC_EDVID-NL 0.94
Other identified proteins of interest

Atg Description E value
AT2G18860 Syntaxin/t-SNARE family protein 0.059
AT2G17780 MCA2; mechanosensitive Ca channel 0.066
AT1G50970 Membrane trafficking VPS53 family protein  0.17
AT1G48240 Putative plant snare 12 0.85
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used to predict the folding of the N-terminal regions of
ZAR1, MLKL is indicated as one of the top four folding
templates. This also fits very well with the recently
published cryo-EM structure of full-length AtZAR1
[6°°,7°°]. The ZAR1 CC domain in the inactive ZAR1
forms a monomeric 4HB structure similar to the pub-
lished Rx and Sr33 CC structures [57,67,68]. Thus, based
on sequence homology, structural folding software
predictions and solved structures of plant CC domains
it is strongly suggested that CCr domains and CCgpyip
domains may broadly adopt a 4HB fold, supposedly
similar to MLLKL or other pore-forming and oligomerizing
proteins.

In addition to CCgpyip NLRs, our hmm-search hit
At2g17780 with high confidence (Table 1). At2g17780
encodes the Arabidopsis protein Mid1-Complementing
Activity 2 (MCA2). MCAZ2 (and likely its paralog MCAT1)
forms a homotetramer, in which a single N-terminal helix
from each subunit is arranged to form a plasma membrane
Ca®* channel [69]. Considering the hmmer hit to MCA2
in combination with the structural modeling of the RNLs
onto MLKL, we speculate that RNLs, and potentially
other CNLs, oligomerize to form pores in plant mem-
branes, similar to the suggested ZAR1 CC domain pore.
We present two possible models for activation
(Figures 3 and 4). In model one, the RNLs N-termini
generally fold into a 4HB like MLLKL, and these oligo-
merize to form a large multimeric tertiary structure in
which the entire 4HB of each subunit is embedded into
the membrane. In model two, only the first helix of the
4HB of each subunit inserts into the membrane to form a
putative cation channel, as suggested for ZAR1 or MCAZ2.
Additionally, HELL and HelLo domains are predicted to
have a single helix flip out to cause the pore [59,61].
Mutation of the GxxxG glycine zipper prevents cells
death [61]. Interestingly, the GxxxG motif is conserved
in the NRG1 proteins [33]. More experimentation, and
actual plant RNL structures, are needed to determine the
predictive accuracy of the RNL 4HB and the actual mode
in which the RNLs trigger HR.

Subcellular localization of RNLs suggests
membrane-specific function

The subcellular localization of proteins is important for
their function. However, NLR and, in particular, ANLR
localization has not been intensively studied. First
insights into hNLR localization have recently been pro-
vided by Wu ez a/. [36°°], who reported a similar steady-
state as well as defense-activated localization of
AtNRG1.1-mNeonGreen and AtNRG1.2-mNeonGreen
transiently expressed from their native promoters in a
heterologous system [36°°]. Both AtNRG1 proteins
localized to the cytosol and partially co-localized with
the ER-marker HDEL-mRFP. In addition, AtNRG1.1
also partially co-localized with a PM-marker and was
detected at some intracellular ER-associated puncta.
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An attractive hypothesis would posit that RNLs would be
activated at various subcellular locations and translocate
to membranes, reminiscent of the defense-associated
functions of RPW8 and MLKL.

In response to powdery mildew infection, RPW8.2 is
targeted to the extrahaustorial membrane (EHM) via
VAMP722/721-mediated vesicle trafficking [70,71]. Once
incorporated into the EHM, RPWS8.2 is thought to trigger
localized immune responses [70]. In addition to RPW8.2,
its paralogs HR1, HR2, and HR3 are also transported to
the EHM upon powdery mildew infection to induce post-
penetration resistance [72]. Thus, pathogen-induced
membrane localization of RPW8.2 and its paralogs con-
tributes to powdery mildew resistance.

The membrane localization of activated MLKL is
important for its executor function during necroptosis.
Upon necroptosis induction, the N-terminal 4HB of
activated MLKL oligomerizes to form a complex con-
sisting of eight protomers which translocate to the PM
via phosphatidylinositol phosphate binding. This causes
membrane deterioration resulting in necroptotic cell
death [73,74°°]. However, the exact underlying mecha-
nism by which MLKL causes membrane disruption is
still largely unknown. Considering the recent localiza-
tion data and structural homology between RNLs and
MLKL (Figure 4), it is plausible that RNL function is
coupled to membrane integrity. However, sophisticated
cell biological approaches are required to better under-
stand where RNLs localize pre-activation and post-
activation and how they function at membranes.

P-loop function, RNL membrane localization,
and helper function

A functional P-loop is important for membrane localiza-
tion and cell death function of certain NLRs like RPM1,
Roql or N [30°°,75,76]. Interestingly, RNLs (AtADR1-
.2, NbNRG1) can require an intact P-loop for their auto-
activity and, for ADRI1-L2, in the propagation of the
unregulated runaway cell death phenotype of the Arabi-
dopsis /sd1 mutant [30°%,37,77]. Considering the possible
membrane localization of activated hNLRs, it is possible
that P-loop mutant hNLRs lose membrane localization,
and, therefore, the ability to induce auto-activity
mediated cell death. Equally possible would be that
P-loop mutant hNLRs also lack the ability to oligomerize,
since a functional P-loop was shown to be important for
NLR self-association [30°%,75].

In contrast, Arabidopsis RNLs (AtADR1-L2, AtNRG1.1,
AtNRG1.2) do not require an intact P-loop for their
helper function downstream of either effector-activated
or specific auto-active sSNLRs [34,36°°]. In these cases,
the P-loop mutant RNLs might rather act as a scaffold to
initiate or support oligomerization with sSNLRs or other
functional RNLs, leading to their activation and

subsequent membrane translocation. This would be con-
sistent with their observed redundancy and could be
tested by analyzing complementation of a ‘helperless’
mutant plant with P-loop mutant hNLR variants. A
similar P-loop independent function of the mammalian
hNLR NLRC4 was found in pyroptosis, a form of pro-
grammed cell death. However, the dispensability of the
NLRC4 P-loop for oligomerization of NLRC4 and
interaction with the sNLRs NAIP2 and NAIPS5 is not
yet clear [78,79] (Figure 3).

Interestingly, the helper function of the N. benthamiana
NbNRGT1 in Roql (TNL) mediated cell death requires a
functional NbNRG1 P-loop [30°°]. This suggests that the
single NbADR1 cannot compensate for the loss-of-function
of NbNRGT function. It would be very interesting o see if
the two different hNLR families would indeed form
heteromeric complexes and whether these are biologically
functional, and if the Arabidopsis helperless plant can be
complemented by the N. benthamiana RNLs and vice versa.
The generation of a helperless N. benthamiana plant is
eagerly awaited.

RNLs and CNLs could form membrane-
disrupting pores or ion-channels necessary
for ETI

Changes in anion and cation fluxes across plant mem-
branes into to the cytosol are a very early response to
pathogen attack and a hallmark of MTI and ETI
[80,81]. Calcium (Ca**) is probably the major ion and
second messenger involved in mounting a successful
immune response in both animals and plants. Although,
the activation of specific Ca** permeable channels and
pumps that lead to the early increase in cytosolic Ca**
concentration ([Caz+]cyt) 1s well characterized for M'T1,
we still have not unequivocally identified the Ca**
channels or pumps and the mechanisms of their activa-
tion in ETT [82]. The timing of the observed second
increase in the biphasic [Ca**]cyt burst upon infection
of Arabidopsis with different avirulent Pseudomonas
DC3000 strains correlates with the timing of HR that
is specific for the corresponding activated sSNLR [83]. It
is plausible that effector-recognition by sNLRs leads to
the activation of RNLs, resulting in their oligomeriza-
tion and translocation to cellular membranes, where
they might form pores with their CC domains that
enable or support ion fluxes, for example of Ca** ions
(Figure 3B). Such a pore-forming function is also sug-
gested for effector-activated AtZAR1 [7°°]. Here, the
most N-terminal alpha helix is rearranged upon activa-
tion and a pentamer of these single helices is formed as
the full length protein pentamerizes. Mutations on the
inside face of this helix lose activity but retain oligo-
merization and plasma membrane re-localization, sug-
gesting a specific function for this potential pore
forming structure. It is possible that some CNLs, like
Arabidopsis RPM1 and ZAR1, might have retained
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(or gained) he ability to form pores in membranes, like
the plasma membrane, explaining the lack of a docu-
mented hNLR requirement [34,35°°]. How sNLRs
activate hNLRs is still not clear and evidence for
physical interaction between effector-activated sNLRs
with hNLRs is also eagerly awaited [32,37].

Could TIR activation result in RNL oligomer
formation?

All analyzed TNL-mediated immune responses require
hNLR function, or more specifically RNL function
[30°°,34,35°°,36°°], but no interaction between a TNL
and RNL is thus far documented [37]. Nevertheless, a
tempting speculation is that all TIR-dependent signaling
converges onto RNLs and, given the above discussion,
these form membrane pores to drive cell death.

TIR domains in Toll-like receptors (TLR) of animals
have a scaffolding function for oligomerization and pro-
tein complex formation [84]. Working models suggested
that this was the case for plant TNLs as well. However,
recent findings reported an ancient NAD™ (nicotinamide
adenine dinucleotide)-consuming enzymatic activity for
prokaryotic TIR domains and the TIR-domain of the
mammalian SARMI1 (sterile alpha and TIR motif contain-
ing 1) protein, a TLR adaptor protein that executes
pathological axon degeneration [85°%,86]. Interestingly,
canonical innate immune system TIR domains from Toll-
like receptors have lost this activity [85°%,86]. Thus, a
specific clade of TIR domains cleaves NAD™ into ADP-
ribose (ADPR), cyclic ADRP and nicotinamide and
thereby depletes cells of NAD™. NAD™ depletion in
macrophages and human T" lymphocytes can trigger
RIPK3 (receptor-interacting serine-threonine kinase 3)
and MLKL-dependent necroptosis [87°°], suggesting that
MLKL or RIPK3 could somehow detect either the NAD*
depletion or the accumulation of one or more cleavage
products.

cADPR and ADPR belong to the adenine-containing
second messenger family involved in regulation of cellu-
lar Ca** homeostasis, releasing calcium from intracellular
storages like the ER or vacuole in animals and plants [88].
Given the relationship between plant TIR domains and
the bacterial or mammalian SARM1 TIR domain [89], it
is tempting to speculate that a similar mechanism might
be employed by plants, and might include, by analogy,
initiation of cell death by RNL-mediated pore formation
in cellular membranes. Also, while cADPR can activate
defense gene expression in N. benthamiana, no clear
function of NAD" cleavage-products in plant immunity
has been demonstrated [90,91]. An alternative hypothesis
is informed by the findings of the importance of the TIR
domain homodimerization for TNL function [52°92].
TTIR homodimers could recruit RNLs and initiate their
oligomerization in an EDS1-dependent manner.
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Conclusions

Although the first plant NLR proteins were identified and
cloned 25 years ago, we still do not fully understand how
their activity is regulated and how their activation is
transmitted to a successful immune response. However,
it is becoming clearer that most, if not all, NLRs do not
function individually, but rather depend on an integrated
regular network of sensor NLRs, executer NLRs, and
helper NLRs [32,34,35°°,36°%,48]. Detailed analyses of
the two ancient RNL-families, the ADR1s and the
NRGT1s, will reveal how they cooperate with sNLRs
and with each other to transduce-specific immune
responses upon effector recognition, and how this activa-
tion leads to cell death and disease resistance. The
outstanding missing links for the NLR community are
structural information for exemplars of various resting
state and activated NLR classes and reliable, well
controlled cell biology data derived from fluorescence
protein-tagged full-length wild type NLRs expressed
from their native promoters in appropriate homologous
systems.
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Abstract

Plant nucleotide-binding (NB) leucine-rich repeat (LRR) receptor (NLR) proteins function as
intracellular immune receptors that perceive the presence of pathogen-derived virulence
proteins (effectors) to induce immune responses. The 2 major types of plant NLRs that
“sense” pathogen effectors differ in their N-terminal domains: these are Toll/interleukin-1
receptor resistance (TIR) domain-containing NLRs (TNLs) and coiled-coil (CC) domain-con-
taining NLRs (CNLs). In many angiosperms, the RESISTANCE TO POWDERY MILDEW 8
(RPWS8)-CC domain containing NLR (RNL) subclass of CNLs is encoded by 2 gene families,
ACTIVATED DISEASE RESISTANCE 1 (ADR1) and N REQUIREMENT GENE 1 (NRG1),
that act as “helper” NLRs during multiple sensor NLR-mediated immune responses. Despite
their important role in sensor NLR-mediated immunity, knowledge of the specific, redundant,
and synergistic functions of helper RNLs is limited. We demonstrate that the ADR1 and
NRG1 families act in an unequally redundant manner in basal resistance, effector-triggered
immunity (ETI) and regulation of defense gene expression. We define RNL redundancy in
ETI conferred by some TNLs and in basal resistance against virulent pathogens. We dem-
onstrate that, in Arabidopsis thaliana, the 2 RNL families contribute specific functions in ETI
initiated by specific CNLs and TNLs. Time-resolved whole genome expression profiling
revealed that RNLs and “classical” CNLs trigger similar transcriptome changes, suggesting
that RNLs act like other CNLs to mediate ETI downstream of sensor NLR activation.
Together, our genetic data confirm that RNLs contribute to basal resistance, are fully
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required for TNL signaling, and can also support defense activation during CNL-mediated
ETI.

Introduction

Plant defense responses, once initiated, thwart attacking and invading pathogens via multiple
mechanisms [1,2]. Microbial pathogens can trigger a first defense response upon detection by
plasma membrane (PM)-localized leucine-rich repeat (LRR) receptor kinases (RKs) or recep-
tor-like proteins (RLPs). These receptors perceive conserved pathogen-associated molecular
patterns (PAMPs) or danger signals from diverse pathogens and initiate a broad range of
immune responses, collectively called pattern-triggered immunity (PTI) [3,4]. PTT effectively
inhibits non-host-adapted pathogens and also contributes to resistance to host-adapted patho-
gens. Plant pathogens deliver virulence effectors into plant cells by a variety of mechanisms to
dampen PTI [5]. In turn, plants evolved the ability to recognize effectors or their action on
host targets, thereby initiating a second tier of the immune system, effector-triggered immu-
nity (ETI). ETI involves strong activation of defense mechanisms and is often associated with a
type of cell death at the site of infection termed the hypersensitive response (HR) [6,7]. In
nearly all cases, ETI is mediated by intracellular immune receptors called nucleotide-binding
(NB) LRR receptors (NLRs). NLRs are modular proteins, typically exhibiting a C-terminal
LRR domain, a central nucleotide-binding (NB) domain, and any of a small variety of N-ter-
minal domains [8,9]. In plants, 2 major types of NLRs have been described which differ in
their N-terminal domains. The Toll/interleukin-1 receptor resistance (TIR) domain-contain-
ing NLRs (TNLs) and the coiled-coil (CC) domain-containing NLRs (CNLs) can directly or
indirectly sense the presence of pathogen effectors [9]. Thus, they are usually designated “sen-
sor” NLRs. Further, there is a unique subclade of CNLs that exhibit an atypical CC-R N-termi-
nal domain sequence-related to the resistance protein RESISTANCE TO POWDERY
MILDEW 8 (RPW38), therefore also termed RNLs. RNLs are required for the function of many
sensor NLRs and are thus also referred to as helper NLRs [10-15]. CNL and TNL activation by
effectors may involve NLR oligomerization—the formation of a so-called resistosome—that is
required for NLR function in immunity, as was shown for the Arabidopsis thaliana CNL HOP-
Z-ACTIVATED RESISTANCE 1 (ZAR1) [16-19].

RNLs form an evolutionarily conserved clade of NLRs present in most land plants that
share a unique NB domain in addition to the RPW8-like CC-R domain [20,21]. A. thaliana
has 2 subfamilies of RNLs, ADR1s and NRG1s. The ADR1 family includes ACTIVATED
DISEASE RESISTANCE 1 (ADR1) and paralogs ADR1-LIKE 1 (ADR1-L1), ADR1-L2, and
ADRI1-L3, while the NRG1 family includes N REQUIREMENT GENE 1.1 (NRG1.1) and para-
logs NRG1.2 and NRG1.3 [14,22,23]. We will refer to the NRGI genes according to The Arabi-
dopsis Information Resource (TAIR; https://www.arabidopsis.org/index.jsp) nomenclature as
NRGI.1, NRG1.2, and NRG1.3 hereafter. These correspond to NRGIA, NRGIB, and NRGIC as
used, e.g., in work by Wu and colleagues [24]. ADRI-L3 and NRG1.3 could encode N-termi-
nally truncated proteins but have no documented function in immunity, as recently demon-
strated for NRG1.3 [11].

The study of RNLs unveils complex genetic interactions. ADRI-L1 and ADRI-L2 were first
studied for their crucial role in the run-away-cell death phenotype initiated by the application
of the salicylic acid (SA) analogue benzothiadiazole (BTH) to the lesion simulating disease 1
(Isd1) mutant background [14]. Both the adrl-LI and the adr1-L2 mutation suppressed the
Isd1 runaway-cell-death. Further, the double heterozygous ADR1-L1/adr1-L1 ADRI-L2/
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adr1-L2 mutant also suppressed the Isd1 runaway-cell-death phenotype. Thus ADRI-L1 and
ADRI-L2 constitute a rare case of non-allelic non-complementation. This suggested that both
genes contribute quantitatively to the cell death phenotype [25]. ADRI was not involved in this
phenotype but was found to be redundantly involved, with ADRI-LI and ADRI-L2, in SA
accumulation and ETT activation downstream of some sensor NLRs—including examples of
both CNLs and TNLs [14,26]—and was also found to elevate disease resistance when overex-
pressed [23].

NRG1 was first discovered in Nicotiana benthamiana via its requirement for ETT induced
by the sensor TNL protein N [22]. In A. thaliana Columbia-0 (Col-0) plants, 2 tightly linked
functional copies of NRGI exist, NRGI1.1 and NRGI1.2. The application of CRISPR-Cas9 tech-
nology allowed the generation of A. thaliana nrgl.1 nrgl.2 double [13,27] and nrgl.1 nrgl.2
nrgl.3 triple mutants [11]. Recently, a “helperless” mutant lacking all RNLs was constructed by
combining the nrgl double or triple CRISPR-Cas9 alleles with a preexisting adrl adr1-L1
adr1-L2 triple mutant (hereafter adrl triple), [11,14,27]. Using the combinatorial nrgl
mutants, as well as a N. benthamiana nrgl mutant, it was determined that NRGl1s are broadly
required for TNL function (N, Roql, RPS4/RRS1, RPP1, among others [10-13]).

The immune phenotype of the helperless plant was only examined for its effect on 2 sensor
TNLs, RPS4/RRS1 and RPS6, as well as in basal defense against Pseudomonas syringae pv.
maculicola (Psm) ES4326 [11,13,27]. While nrgl.1 nrgl.2 did not show significant disease sus-
ceptibility, it did enhance the susceptibility phenotype of the adrI triple mutant. Thus, it is
likely that an unequal genetic redundancy between ADRIs and NRGIs has masked the true
function of NRGl1s and the importance of their helper function during ETL.

We systematically compared the adrl triple mutant, the nrgl.1 nrgl.2 double mutant, and a
newly generated helperless mutant to characterize RNL function and the genetic interactions
between the ADRI and the NRGI families. We demonstrate that the 2 RNL subfamilies func-
tion redundantly (with some specificity) in disease resistance to biotrophic and hemibio-
trophic virulent and avirulent pathogens, ETI-induced gene expression, and HR. We describe
an important role for the ADR1s in ETT and basal resistance. Further, we note a partial sub-
functionalization or specialization of the 2 RNL families, specifically during sensor NLR-trig-
gered ETI and in resistance against the necrotrophic fungal pathogen Alternaria brassicicola.
Infection assays with a coronatine-deficient Pseudomonas syringae pv. tomato (Pst) DC3000
cor- show that both RNL families are involved to different extents in regulating SA-related
pathways targeted by the jasmonic acid (JA) analogue coronatine.

Finally, time-resolved whole-genome expression profiling revealed that RNL-regulated
genes are also CNL regulated and vice versa. Overall, we propose that ADR1s and NRGl1s are
required downstream of all sensor TNLs to activate ETI and that both RNL families are
required to support the activation of—in the case of some CNLs—an orthodox CNL-initiated
ETL

Results

Redundant functions of ADR1 and NRG1 subfamilies in TNL-mediated
disease resistance

Although it has been reported that the ADR1s and NRG1s function downstream of some
TNLs [11-14,27], we lack a detailed comparison of the different requirements for the ADR1s
and NRG1s during TNL-mediated ETI. To describe the specific and redundant immune func-
tions of ADRI and NRGI subfamilies, we generated a helperless mutant by CRISPR-Cas9-me-
diated knock-out of the 2 full-length NRGI genes (NRGI.1 and NRG1.2) in the adr1 triple
transfer-DNA (T-DNA) line [14]. The adr1 triple, nrgl.1 nrgl.2 double [13] and the
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“helperless” pentuple mutants were infected with the bacterial pathogen Pst DC3000 expressing
the effector AvrRps4. AvrRps4-induced ETI requires the cooperative function of the TNLs
RPS4 and RRS1 [28]. Three days post infection (dpi), the nrgl.I nrgl.2 double mutant dis-
played wild-type-like resistance (Fig 1A). In contrast however, RPS4/RRS1-mediated resis-
tance was significantly compromised in the adrI triple and helperless mutant (Fig 1A).
Interestingly, the helperless mutant was much more susceptible to Pst DC3000 AvrRps4 infec-
tion than either the adr1 triple or the rrsla rrs1b control plants (Fig 1A). Our results are consis-
tent with published observations (S1 Table; [11,27]) and indicate that ADRIs and NRGIs
function in an unequally redundant manner in RPS4/RRS1-triggered resistance. This type of
genetic interaction occurs when 2 related genes or gene families are engaged in the process of
sub-functionalization after gene duplication [29]. In this situation, one of the copies has lost
most of the ancestral function, and its loss of function can be fully compensated by the other
gene/gene subfamily. However, it can still contribute to the ancestral function, and double
mutants have an enhanced phenotype compared to either single mutant. This observation
raised the concern that the definition of functions of NRGIs in defense may have been effec-
tively hidden by the ADRIs. The “residual” resistance of rrsla rrs1b against Pst DC3000
AvrRps4 compared to the helperless mutant suggests that additional weak recognition events
might be impaired in the helperless mutant. This is similar to the phenotype of the enhanced
disease susceptibility 1 (edsl) mutant in response to Pst DC3000 AvrRps4 infections. Here,
eds1-12 is also more susceptible than an rrsla rrs1b double mutant [13,30], thus indicating that
the helperless mutant phenocopies an eds! mutant during ETI mediated by RPS4/RRS1.

To further test whether the unequal redundancy between ADRIs and NRGIs extends
beyond RPS4/RRS1-mediated resistance, adrl triple, nrgl.1 nrgl.2 double, and helperless
mutants were challenged with the oomycete Hyaloperonospora arabidopsidis (Hpa) isolate
Cala2. Resistance against Hpa Cala2 is mediated by the sensor TNL RPP2 in Col-0 [31]. While
nrgl.1 nrgl.2 was as resistant as wild type at 6 dpi, both the adrI triple and helperless mutants
exhibited increased susceptibility, with the helperless mutant being much more susceptible
than adrl triple (Fig 1B). The RPP2-dependent immune response in the helperless mutant to
Hpa Cala2 infection was as severely affected as in eds1-12 and the sensor NLR mutant rpp2a
(Fig 1B). Together, these data provide another example of unequal redundancy of the 2 RNL
families during a TNL-mediated immune response.

Infection of the 3 combinatorial RNL mutants with another obligate biotrophic oomycete
pathogen, Albugo candida race 2V (Ac2V), which is recognized by the TNL WHITE RUST
RESISTANCE 4A (WRR4A) and an unknown recessive disease resistance gene in Col-0
[13,32,33], demonstrated that NRGI and ADRI families can be fully redundant (Fig 1C). Col-0
and both the adr1 triple and nrgl.1 nrgl.2 mutants were resistant to Ac2V, whereas the helper-
less plant was as sensitive as edsI-12. This indicates that ADR1s and NRGIs are redundantly
required for WRR4A-mediated resistance.

Our combined results suggest that the 2 RNL families can act in a fully or unequally redun-
dant manner in TNL-triggered immunity, likely depending on the sensor TNL activated dur-
ing the infection.

Specific functions of the RNL subfamilies in CNL- and TNL-triggered ETI

Recent studies suggested that ADRIs and NRGIs have specific, nonredundant functions in
sensor NLR-mediated immunity [11,13,27]. The NRGI family was suggested to function spe-
cifically in HR/cell-death induction after the activation of RPS4/RRS1 or during transient
overexpression of auto-active full-length TNLs and TIR domains in N. benthamiana [13,27].
Additionally, A. thaliana NRGI1.1 and NRGI.2 are required for some but not all TNL-mediated
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Fig 1. Redundant functions of ADR1 and NRG1 subfamilies in TNL-mediated resistance. (A) Six-week-old plants
were hand-infiltrated with Pst DC3000 AvrRps4 (ODggo = 0.001), and bacterial growth was assessed at 0 and 3 dpi.

Box limit represents upper and lower quartile; maximum and minimum values are displayed in whiskers. The middle
line shows the median, the cross the mean cfu/cm? Dots represent 4 technical replicates (leaf discs) in one experiment
(biological replicate). Experiment was done 3 times with similar results. Letters indicate statistically significant
differences following ANOVA with Tukey’s test (o. = 0.05). (B) Ten-day-old seedlings were inoculated with Hpa Cala2.
Sporangiophores per cotyledon were counted at 5 dpi. Cotyledons were classified as supporting no sporulation (0 Sp./
cotyledon), light sporulation (1-5 and 6-10), medium sporulation (11-15), or heavy sporulation (>15). Two
independent experiments were performed with an average of 100 cotyledons counted per genotype. Means of Sp./
cotyledon for each genotype are noted below. Standard deviations of means for each genotype are as follows: Col-0 + 0,
adrl triple + 0.25, nrgl.1 nrgl.2 £ 0, helperless + 0.68, eds1-12 + 0.68 and rpp2a + 0.65. Calculations for statistically
significant differences following ANOVA with Tukey’s test (o. = 0.05) are provided in S1 Data. (C) Three- to five-week-
old plants were spray inoculated with Ac2V. Plants were phenotyped at 12 dpi. Abaxial and adaxial photographs of the
same leaf are shown. Numbers indicate the number of individual plants showing a similar phenotype from the number
of plants tested. NLRs activated in infection experiments shown in A-C are indicated in parenthesis. Underlying
numerical data are provided in S1 Data. Ac2V, Albugo candida race 2V; cfu, colony-forming units; Col-0, Columbia-0;
dpi, days post infection; Hpa, Hyaloperonospora arabidopsidis; NLR, nucleotide-binding leucine-rich repeat receptor;
ODggo, optical density at 600 nm; Pst, Pseudomonas syringae pv. tomato; Sp., Sporangiophores; TNL, Toll/interleukin-1
receptor resistance domain-containing NLR.

https://doi.org/10.1371/journal.pbio.3000783.g001

autoimmune phenotypes [11-13,34]. The ADRIs are required for full ETT mediated by effec-
tor-triggered RPS2 and RPP4 [11,13]. We investigated the possibility that unequal genetic
redundancy may have hidden some functions of NRGIs and ADRIs by including the helperless
plant in all of our Pst, Pseudomonas fluorescens 0-1 (Pf0-1; “Effector To Host Analyzer” strain
derived from P. fluorescens [35]), and Hpa infection assays (Fig 2). We confirmed the specific
requirement of the ADRI family in both RPS2- and RPP4-mediated resistance, as there was no
significant increase in susceptibility in the helperless mutant compared to the adr! triple in our
Pst DC3000 AvrRpt2 and Hpa Emwal infection assays (Fig 2A and 2B). We observed a slight,
but consistent, increase of susceptibility in the rps2 mutant compared to the adrI triple and
helperless mutants, suggesting a residual RNL-independent function of RPS2. We did not
observe a significant defect in RPS2- and RPP4-mediated resistance in nrgl.1 nrgl.2 (Fig 2A
and 2B). Similarly, we found that resistance to Pst DC3000 AvrPphB (which activates the CNL
RESISTANT TO P. SYRINGAE 5 [RPS5] [36]) was not affected in nrgl.1 nrgl.2, while both
adr1 triple and helperless mutants showed an enhanced susceptibility (Fig 2C). The sensitivity
phenotype was similar in adr1 triple and helperless mutants, suggesting that the ADR1 family
is specifically required to mediate the defense response to Pst DC3000 AvrPphB. We next
examined the effect of the different RNL mutants on the HR induction upon effector-mediated
RPS4 and RPS2 activation. RPS4 activation led to an NRG1-dependent HR (Fig 2D), whereas
only the ADRI1s were required for HR after RPS2 activation (Fig 2E). There was no visible HR
in the adr1 triple or helperless mutants at 10 hours post infection (hpi) (Fig 2E; [14]). A delayed
RPS2-mediated HR was, however, visible at 24 hpi regardless of the genotype, showing that
ADRIs are required for the timely activation of RPS2-triggered HR and RPS2-mediated dis-
ease resistance (Fig 2A and 2E). Our results suggest that the ADR1s support ETI mediated by
the CNLs RPS2 and RPS5, but are required for the full ETT triggered by the TNL RPP4. NRGl1s
are the RNLs mediating HR triggered by the activation of RPS4/RRS1 and do not have any
obvious function during RPS2-mediated HR and disease resistance.

Unequal redundancy of the RNL families in basal resistance

Next, we analyzed whether the 2 RNL families have specific or redundant functions during
basal resistance or PTI. Basal resistance is defined as the resistance that is activated by PTI
minus the consequences of effector-mediated suppression of PTI, but including any residual
weak ETT [2]. ADRIs are required for both basal resistance against virulent pathogens and SA
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Fig 2. Specific functions of ADR1 and NRG1 subfamilies during ETI. (A, C) Six-week old plants were hand-infiltrated with (A) Pst DC3000 AvrRpt2 (ODgg =
0.001) or (C) Pst DC30000 AvrPphB (ODggo = 0.001), and bacterial growth was assessed at 0 and 3 dpi. Box limit represents upper and lower quartile; maximum and
minimum values are displayed in whiskers. The middle line shows the median, the cross the mean cfu/cm?. Dots represent 4 technical replicates (leaf discs) in one
experiment (biological replicate). Experiment was done 3 times with similar results. Letters indicate statistically significant differences following ANOVA with Tukey’s
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test (a0 = 0.05). (B) Ten-day-old seedlings were inoculated with Hpa Emwal. Sporangiophores per cotyledon were counted at 5 dpi. Cotyledons were classified as
supporting no sporulation (0 Sp./cotyledon), light sporulation (1-5 and 6-10), medium sporulation (11-15), or heavy sporulation (>15). Two independent
experiments were performed with an average of 100 cotyledons counted per genotype. Two independent experiments were performed with an average of 100
cotyledons counted per genotype. Means of sporangiophores/cotyledon for each genotype are noted below. Standard deviations of means for each genotype are as
follows: Col-0 + 0.77, adr1 triple + 0.36, nrgl.1 nrgl.2 + 0.39, helperless + 0.36, eds1-12 + 0.13, and rpp4 + 0.5. Calculations for statistically significant differences
following ANOVA with Tukey’s test (o = 0.05) are provided in S1 Data. (D, E) The right leaf half of 6-week-old plants was hand-infiltrated with (D) Pf0-1 AvrRps4
(ODggo = 0.2) or (E) Pst DC3000 AvrRpt2 (ODggo = 0.1). The Typhoon laser scanner was used to detect autofluorescence of dead leaf tissue at indicated time points.
Representative leaves shown in a false color scale (black to blue: healthy leaf tissue, orange to white: dead leaf tissue). Numbers indicate the amount of leaves showing
HR out of the total number of leaves analyzed. Asterisk in D indicates weak HR. NLRs activated in infection experiments shown in A-E are indicated in parentheses.
Underlying numerical data are provided in S1 Data. cfu, colony-forming units; Col-0, Columbia-0; dpi, days post infection; ETI, effector-triggered immunity; Hpa,
Hyaloperonospora arabidopsidis; hpi, hours post infection; HR, hypersensitive response; NLR, nucleotide-binding leucine-rich repeat receptor; ODggo, optical densitiy
at 600 nm; Pf0-1, Pseudomonas fluorescens 0-1; Pst, Pseudomonas syringae pv. tomato; Sp., Sporangiophores.

https://doi.org/10.1371/journal.pbio.3000783.g002

accumulation during PTT [11,14]. Recently, Wu and colleagues showed an increased suscepti-
bility to Psm ES4326 infections due to the loss of NRGIs in the adrl triple mutant context, but
not in the wild-type context [11]. This suggests that NRG1s might have a function in basal
resistance. To further investigate this hypothesis, we infected adrI triple, nrgl.1 nrgl.2, and
helperless mutants with the virulent pathogen Pst DC3000 carrying an empty cloning vector
(hereafter, EV). We did not observe any significant effect on Pst DC3000 EV growth in the
nrgl.1 nrgl.2 mutant, whereas the adr1 triple and the helperless plants were more susceptible
than Col-0, comparable to edsI-12 (Fig 3A). This result suggests a specific function for the
ADRIs in basal resistance against Pst DC3000 in Col-0, in line with the proposition of collec-
tive weak ETT triggered by the recognition of some effectors [7].

Considering the involvement of NRGIs in basal defense against Psm ES4326 [11], we rea-
soned that the impact of nrgl.1 nrgl.2 might be epistatic to some virulence factor of Pst
DC3000. We took advantage of the coronatine-deficient mutant, Pst DC3000 cor-, to further
determine the function of NRGIs in basal immunity [37]. Coronatine antagonizes SA signal-
ing, which is an important feature of immune signaling by ADRIs [14,38,39]. We observed
enhanced bacterial growth in the adrI triple and further enhanced growth in the helperless
mutant, while no difference between nrgl.1 nrgl.2 and Col-0 was detected. This observation
indicates that the NRGIs play a role in basal resistance against Pst DC3000 that is visible only
in an adrl triple mutant background and when the virulence function of coronatine is
removed (Fig 3B).

To test whether RNLs are also involved in PTI, we infected the adr1 triple, nrgl.1 nrgl.2,
and helperless mutants with the type III secretion system (T3SS)-deficient mutant Pst DC3000
AhrcC. This mutant is impaired in delivering type-III effectors into the host plant, and there-
fore its growth is severely restricted by the strong activation of PTI responses that are not sup-
pressed by effector functions [40]. None of the infected RNL mutants showed an enhanced
bacterial growth of Pst DC3000 AhrcC compared to Col-0 (Fig 3C), suggesting that RNLs do
not play a critical role during PTI triggered by this disarmed pathogen. This is further sup-
ported by our analysis of the flagellin-22 peptide (flg-22) induced reactive oxygen species
(ROS) burst, which is one of the best-characterized PTI responses [41]. We did not observe
any statistically significant differences in any RNL mutant compared to Col-0 (S1 Fig), suggest-
ing that RNL function is not essential for this PTT response.

In summary, Fig 3A to 3C demonstrates that ADRIs and NRGIs do not play a critical role
during PTI, but are unequally redundant for basal resistance against virulent Pseudomonas.
The contribution of the NRG1s is only visible in the absence of the prevalent ADRIs and in
defense mediated against Pst DC3000 cor-. Retention of Pst DC3000 growth restriction in
nrgl.1 nrgl.2 mutants may be due to the antagonistic effect of coronatine on SA signaling.

SA-dependent defense responses are well known to be required for resistance against bio-
trophic pathogens, whereas necrotrophic pathogens are better resisted by JA-dependent
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Fig 3. Unequally redundant and specific functions of RNLs during basal resistance and resistance against a necrotrophic
pathogen. (A, B, C) Six-week-old plants were hand-infiltrated with (A) Pst DC3000 EV (ODsgo = 0.001), (B) Pst DC3000 cor- (ODggo
=0.002), or (C) Pst DC3000 AhrcC (ODggo = 0.002), and bacterial growth was assessed at 3 dpi. Dots represent 12 data points (3
biological replicates and 4 technical replicates). Box limit represents upper and lower quartile; maximum and minimum values are
displayed in whiskers. The middle line shows the median, the cross the mean cfu/cm”. Letters indicate statistically significant
differences following ANOVA with Tukey’s test (o = 0.05). (D) 5.5-week-old plants were inoculated with 1 x 10° spores/mL A.
brassicicola, and disease symptoms were monitored at 7, 10, and 13 dpi. DIs are shown as mean + SEM of at least 35 replicates of 2
independent experiments. Letters indicate statistically significant differences at one time point following ANOVA with Tukey’s test (o
=0.05). (E) Pictures of representative leaves inoculated with two 5 pL droplets of A. brassicicola spores were taken 13 dpi. Underlying
numerical data are provided in S1 Data. cfu, colony-forming units; DI, disease index; dpi, days post infection; EV, empty vector; hrcC,
HR and pathogenicity gene C; ODg, optical density at 600 nmj; Pst, Pseudomonas syringae pv. tomato.

https://doi.org/10.1371/journal.pbio.3000783.9003

immune responses [42]. The prevalent function of the ADR1s in the regulation of the SA-sig-
naling pathway [13,14] and the antagonistic relationship of the SA and JA pathways [43]
prompted us to analyze the resistance of the RNL mutants to the necrotrophic pathogen Alter-
naria brassicicola. Both the adr1 triple and helperless mutants restricted fungal growth better
than wild-type Col-0, phenocopying edsI-12 (Fig 3D and 3E). The nrgl.1 nrgl.2 plants were
slightly, but consistently, more susceptible to A. brassicicola than Col-0. The enhanced resis-
tance in adrl triple and eds1-12 is most likely due to a loss of the antagonistic function of SA
signaling on the JA-dependent immune response in these mutants.
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These data confirm a major role of the ADRI1s and EDS1 in the positive regulation of SA
signaling and accumulation and further support the idea that the ADR1s and EDS1 (and PHY-
TOALEXIN DEFICIENT 4 [PAD4]) function together or in parallel in plant immunity.

RNL-independent functions during CNL-triggered ETI

We and others showed a requirement of both RNL families in TNL-mediated ETT and that
ADRIs function in RPS2- and RPS5-mediated ETI (Fig 2) [11-14,27,34]. However, assessment
of the 2 RNL families for other CNL-mediated ETI responses is limited. RESISTANCE TO

P. SYRINGAE PV MACULICOLA 1 (RPM1)-mediated ETI is independent of ADRIs, and a
very weak effect on the timing of RPM1-mediated HR was observed in nrgl.1 nrgl.2 [13,14].
In addition, RPS5-mediated HR was not compromised in nrgl.1 nrgl.2 [13]. In order to deter-
mine the requirement of RNLs in CNL-mediated ETI, we analyzed bacterial growth restriction
in RNL mutants upon infection with Pst DC3000 expressing AvrRpm1 or HopZ1la (S2 Fig).
Bacterial growth restriction upon Pst DC3000 AvrRpm1 or HopZla infiltration was compara-
ble to Col-0 in all RNL mutants analyzed (S2A and S2B Fig). This demonstrates that RNL pres-
ence is not required for RPM1- or ZAR1-mediated bacterial growth restriction.

We further tested whether effector-activated RPM1, ZAR1, and RPS5 require RNLs for HR
induction. We analyzed visual HR symptoms in all 3 Arabidopsis RNL mutants at 6 hpi (for
RPM1), 22 hpi (for RPS5), and 24 hpi (for ZAR1) with Pst DC3000 expressing the respective
effectors (S2C-S2E Fig). Additionally, we performed ion leakage assays on all RNL mutants
for both Pf0-AvrRpmI and Pst DC3000 AvrRpm1I infections (S2G and S2H Fig). Similar to our
growth restriction data, we did not observe any effect on HR timing or strength in the RNL
mutants, confirming previously published results [13,14].

Our data demonstrate that RPM1- and ZAR1-mediated ETI responses (HR induction and
bacterial growth restriction) and RPS5-mediated HR do not require RNLs. It would be inter-
esting to further determine whether this holds true for other CNLs or whether our results are
specific for CNLs known (RPM1 and RPS5 [44,45]; ZAR1 [24]) to act at the PM.

RNL requirement in transcriptional reprogramming during PTI

We further investigated the function of RNLs in transcriptional reprogramming during Pf0-1-
induced PTT and ETI, using time-resolved transcriptomics. We subjected Col-0, adrI triple,
nrgl.1 nrgl.2, and helperless mutants to infections with Pf0-EV (RNL-[in]dependent PTT), Pf0-
AvrRps4 (fully RNL-dependent ETI + PTI), Pf0-AvrRpt2 (partial RNL-dependent ETT + PTI),
or Pf0-AvrRpm1 (RNL-independent ETI + PTI). Four leaf discs from 4 different plants at time
0 (before treatment), 0.5 hpi (PTI induction), 4 hpi (early ETT), and 8 hpi (late ETT) were used
for RNA extraction, and mRNAs were sequenced as single-end, 50-bp reads, yielding approxi-
mately 5 million reads per sample. Two independent samples were gathered within each exper-
iment, and the experiment was performed 3 times.

A large number of genes were found differentially expressed during at least one treatment
and time point with a false discovery rate (FDR)-adjusted p < 0.05 and a fold change > 2 (Fig
4A). Principal component analysis showed the main factors affecting gene expression were (1)
treatment time, (2) treatment type, and (3) plant genotype (Fig 4B). At 0.5 hpi, every treatment
triggered changes in expression of mostly the same genes compared to time 0 (Fig 4A and 4B),
consistent with the fact that type III effectors are generally not delivered at this stage [46]. The
differences between genotypes were not clearly distinguishable at 0.5 hpi. The majority of gene
expression changes in the RNL mutants resembled that of Col-0 during Pf0-EV infection at all
3 time points analyzed (Fig 4A, 4B and 4C). We conclude that the contribution of RNLs to
overall gene expression regulation during PTI was very limited.
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Fig 4. Analysis of RNL-dependent and -independent transcriptional changes. Six-week-old Col-0, adr1 adrl-L1 adr1-L2 (adrl triple), nrgl.1 nrgl.2, or adrl
adrl-L1 adr1-L2 nrgl.1 nrgl.2 (helperless) plants were hand-infiltrated with Pf0 carrying an EV or expressing AvrRps4, AvrRpml1, or AvrRpt2 (ODggg = 0.2).
Samples were collected before treatment and 0.5 hpi, 4 hpi, and 8 hpi. (A) Heatmap showing the normalized expression (z-score) of all the genes differentially
regulated in at least one condition (FDR-adjusted p < 0.05, fold change > 2). Transcriptional response corresponding to PTI and all ETIs involve mostly the
same genes. The impact of RNLs is clearly visible during RPS4 ETI. (B) Principal component analysis showing the effect of pathogen treatment on gene
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expression in the different genotypes at time 0 (black circle), 0.5 hpi (green circle), 4 hpi (orange circle), and 8 hpi (red circle). The effects of ETI on gene
expression are visible at 4 and 8 hpi but not at 0.5 hpi. Most of the variability observed is explained by time, then by treatment type, and lastly by genotype. (C)
Venn diagrams comparing PTI-triggered gene up-regulation in Col-0, adr1 triple, nrgl.1 nrgl.2, and helperless mutants at 0.5 hpi, 4 hpi, and 8 hpi with Pf0-EV.
PTI is largely RNL independent. (D) Venn diagrams comparing ETI-specific gene up-regulation in Col-0 and the helperless plants at 4 hpi and 8 hpi with
Pf0-AvrRps4, Pf0-AvrRpt2, or Pf0-AvrRpm]I. Notably, the vast majority of RPS4-induced gene expression is abolished in the helperless mutant at 4 and 8 hpi,
whereas RPS2 or RPM1-induced ETIs are largely RNL independent. Underlying numerical data are provided in S1 Data. Col-0, Columbia-0; ETI, effector-
triggered immunity; EV, empty vector; FDR,; hpi, hours post infection; NA, no application/treatment; ODggo, optical density at 600 nm; PC1, principal
component 1; PC2, principal component 2; Pf0, Pseudomonas fluorescens 0; PTI, pattern-triggered immunity.

https://doi.org/10.1371/journal.pbio.3000783.g004

It was previously reported that SA accumulation during PTI is largely ADR1s dependent
and that ADR1-L2 functions in SA-dependent and SA-independent feedback regulatory loops
[14,47]. We therefore looked at the behavior of genes induced during Pf0-1 EV infections
(PTI-induced genes) during ETI (S3 Fig). We observed a very small quantitative effect of the
adrl triple and the helperless mutation on gene expression at 8 hpi with Pf0-1 EV. We observed
that PTI-induced genes were over-induced during Pf0-1 AvrRps4 infections in an RNL-depen-
dent manner and during Pf0-1 AvrRpt2 and Pf0-1 AvrRpm1 infections in an RNL-indepen-
dent manner (S3 Fig). The NRGl1s partially contributed to the induction of SA-related genes
during RPS4/RRS1-mediated ETI (54 Fig), as seen by the severely affected induction of gene
expression at 8 hpi in the helperless mutant compared to adr1 triple (S5B Fig). Considering
that ADR1s and NRG1s are involved in basal resistance against virulent pathogens and SA sig-
naling, it would be interesting to observe the impact of RNLs on Pf0-1 EV-induced (PTI-
related) transcriptome regulation at later time points.

Together, our data demonstrate that Pf0-1 EV-induced (PTI-induced) transcriptional
reprogramming—at least up to 8 hpi—is to a great extent RNL independent. However, these
PTI-induced genes are over-induced in an RNL-dependent manner during TNL-mediated
ETI and in an RNL-independent manner in CNL-mediated ETL.

RNL requirements in transcriptional reprogramming during ETI

We wanted to analyze whether the different requirements of the 2 RNL families in ETI medi-
ated by the CNLs RPS2 and RPM1 and the TNL pair RPS4/RRS] is also reflected in the tran-
scriptional reprogramming. The effect of NLR activation on gene expression started to be
visible at 4 hpi and was even more pronounced at 8 hpi (Fig 4B).

To better understand the impact of RNLs on ETI-specific gene regulation, we compared
genes induced by the bacterial delivery of effectors to genes induced by the control Pf0-EV.
The helperless mutant was incapable of mounting normal ETT after Pst DC3000 AvrRps4 infil-
tration (Fig 1 and Fig 2). This is consistent with the result that, upon infiltration of Pf0-1
AvrRps4, 86.8% and 96.9% of the genes induced in Col-0 at 4 and 8 hpi, respectively, were not
induced in the helperless mutant (Fig 4D, Table 1). Response to Pf0-AvrRpt2 was also affected
at 4 hpi in the helperless mutant with 47.2% of the genes induced in Col-0 requiring RNLs.
However, the impact of the helperless mutant was strongly reduced at 8 hpi with Pf0-AvrRpt2,
whereas only 25.3% of the control ETT response was affected. A similar tendency was observed
with Pf0-AvrRpm1 infections; 39% and 16.8% of the response was lost in the helperless mutant
at 4 hpi and 8 hpi, respectively (Fig 4D, Table 1). Many genes were found to be differentially
expressed specifically in the helperless mutant (Fig 4D).

In summary, RNLs contribute weakly to overall transcriptional reprogramming during
PTI, but are fully required for TNL-triggered transcriptional reprogramming and partially
required for CNL-mediated transcriptional reprogramming. This partial requirement was
more pronounced at the early stage of CNL-mediated ETI. Further, RNLs function in the
induction of SA-related gene expression during PTT and ETI responses, with a predominant
role of the ADRIs.
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Table 1. Fractions of ADR1s and/or NRG1s synergistic, redundant, and specific gene up-regulation during ETI.

RNL dependent

—Shared regulation
> Synergistic
> Redundant

— Specific regulation
> ADRIs specific

> NRGls specific

RPS4
4 hpi
86.8%
(486/560)

67.1%
(326/486)
63.6%
(309/486)
3.5%
(17/486)
32.9%
(160/486)
74.4%
(119/160)

25.6%
(41/160)

RPS2 RPM1
8 hpi 4 hpi 8 hpi 4 hpi
96.9% 47.2% 25.3% 39.0% 16.8%
(1,404/1,449) (417/883) (463/1,831) (667/1,712) (458/2,725)
60.0% 59.5% 63.3% 67.0% 65.3%
(842/1,404) (248/417) (293/463) (447/667) (229/458)
36.5% 46.0% 35.4% 52.3% 44.3%
(512/1,404) (192/417) (164/463) (349/667) (203/458)
23.5% 13.4% 27.9% 14.7% 21.0%
(330/1,404) (56/417) (129/463) (98/667) (96/458)
40.0% 40.5% 36.7% 33.0% 34.7%
(562/1,404) (169/417) (170/463) (220/667) (159/458)
72.4% 78.1% 60.6% 62.3% 49.7%
(407/562) (132/169) (103/170) (137/220) (79/159)
27.6% 21.9% 39.4% 37.7% 50.3%
(155/562) (37/169) (67/170) (83/220) (80/159)

Fractions are defined according to the gene sets and functional categories defined in the text. The “RNL-dependent” fraction is the fraction of “ETI-regulated” genes that

require RNLs, whereas the others are fractions of the “RNL-dependent” category. “Shared” is the addition of synergistic and redundant fractions, and “Specific” is the

addition of “ADRIs-specific” and “NRG1s-specific” fractions. Fractions of main interest are in bold.
Abbreviations: ADR1, ACTIVATED DISEASE RESISTANCE 1; ETI, effector-triggered immunity; hpi, hours post infection; NRG1, N REQUIEREMNET GENE 1;
RNL, RPW8 CC-domain NLR; RPM, RESISTANCE TO P. SYRINGAE PV MACULICOLA 1; RPS2, RESISTANT TO P. SYRINGAE 2; RPS5, RESISTANT TO P.

SYRINGAE 5

https://doi.org/10.1371/journal.pbio.3000783.t001

Sub-functionalization of ADR1s and NRG1s

We then sought to identify possible synergistic, redundant, and/or specific effects of the 2 RNL
families on gene expression regulation during ETI. “ETI-regulated” gene sets were obtained by
comparing Pf0-EV-induced genes to Pf0-effector-induced genes in Col-0 at 4 and 8 hpi. We
first classified the genes into “RNL independent” and “RNL dependent” categories based on
their behavior in the helperless mutant (S1 Table). We further divided those RNL-dependent
genes into 4 functional categories: “ADR1 + NRGI dependent” are the genes that are not dif-
ferentially expressed in the absence of either ADR1s or NRG1s; “ADR1/NRG1 redundant” are
“RNL dependent” genes that are still differentially expressed in either mutant (adr1 triple or
nrgl.1 nrgl.2) compared to Col-0; and “ADRI specific” genes are “RNL dependent” genes not
expressed in adrl triple mutants and still expressed in nrgl.1 nrgl.2. Inversely, “NRGL specific”
genes are “RNL dependent” genes not expressed in nrgl.1 nrgl.2 and still expressed in adrl tri-
ple (S1 Table).

We applied this categorization to differentially expressed genes (DEGs) during RPS4/RRS1-
, RPS2-, and RPM1-mediated ETI. The lists of genes belonging to these categories can be
found in S1 Dataset. We observed that gene up-regulation induced by RPS4/RRS1-mediated
ETI is almost fully RNL dependent at 4 hpi (86.8%, Table 1) and at 8 hpi (96.9%, Table 1). Dur-
ing RPS4/RRS1-mediated ETI, 63.6% (309) of the “RNL dependent” genes required the com-
bined action of both ADR1s and NRG1s at 4 hpi (Table 1). This fraction decreased to 36.5%
(512) at 8 hpi (Table 1). However, the fraction of redundantly regulated genes increased from
3.5% (17) at 4 hpi to 23.5% (330) at 8 hpi. This shows that, at the onset of RPS4/RRS1-triggered
ETI, both ADR1s and NRG1s are required, but at later stages one subfamily can partially sub-
stitute for the loss of the other. In total, 60% of the genes induced by RPS4/RRS1-triggered ETI
were redundantly or synergistically regulated by ADR1s and NRGls at 8 hpi, showing that
helper function in gene regulation is mostly shared by both subfamilies.
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A smaller fraction (32.9% and 40% at 4 and 8 hpi, respectively) of the “RNL dependent”
gene regulation was found to be specific to either subfamily. This could be attributed largely to
the ADRIs with 74.4% and 72.4% of the subfamily-specific gene expression regulation relying
on ADRI1s at 4 and 8 hpi, respectively (Table 1). A similar tendency was observed during infec-
tion with Pf0-AvrRpt2 (Table 1) or with Pf0-1 AvrRpm1 (Table 1), especially at 4 hpi. In con-
clusion, our results show that, during all ETT responses tested, around 60% of RNL-dependent
gene regulation is mediated by both ADR1s and NRGl1s and that there is an important ADR1-
specific gene regulation that cannot be compensated for by the NRG1s. These results are con-
sistent with the unequal redundancy of ADR1s and NRGl1s during basal defense and ETI. Fur-
ther, our results suggest that RPM1 and RPS2 partially rely on the RNLs during the early steps
of the transcriptional reprogramming.

Classification of distinct NRG and ADR functions

To learn more about the nature of the RNL function, we looked at gene ontology (GO) terms
associated with the “ADR1 + NRG1 dependent,” “ADR1/NRG1 redundant,” and “ADR1 or
NRGT1 specific” gene category during RPS4/RRS1-, RPS2-, and RPM1-mediated ETI responses
at 4 and 8 hpi (54 Fig, S2 Dataset). GO terms associated with Col-0 “ETI-regulated” genes were
globally related to 4 categories: first, a large category grouping SA, systemic acquired resistance
(SAR), JA, ROS metabolism, and defense; second, an HR category; third, a lipoprotein metabo-
lism category; and finally, a category associated with ROS response, autophagy, and protein
catabolic processes. In early ETI (at 4 hpi) the majority of up-regulated genes were involved

in the category associated with SA/JA- and SAR-related pathways, ROS metabolism, and
defense (S4 Fig). Later in ETT (at 8 hpi), up-regulated genes were also associated with the HR
category; the lipoprotein metabolism category; and the category associated with ROS response,
autophagy, and protein degradation. Our GO term analysis indicates that there was no GO
term specifically associated with a particular sensor NLR-mediated ETI response. In other
words, cellular processes transcriptionally (up-)regulated by the RNLs during RPS4/RRS1-
mediated ETI did not differ strongly from the processes (up-)regulated by the 2 CNLs RPS2
(partially RNL dependent) or RPM1 (RNL independent). This observation prompted us to
consider the possibility that RNLs—in RPS4/RRS1-mediated ETI—may ultimately regulate
the expression of the same genes as RPM1 and RPS2, although the transcriptional regulation
may differ quantitatively.

RNLs act like CNLs

To investigate the hypothesis that RNLs and CNLs regulate the same genes, we looked at the
normalized expression of ETI-regulated genes in Col-0 and the helperless mutant (Fig 5). The
genes differentially regulated during ETT triggered by AvrRps4, AvrRpt2, or AvrRpm1 were
largely overlapping, especially at 8 hpi (Fig 5A and 5C). Moreover, the expression of differen-
tially regulated genes during RPS4-induced ETI, which reflects the action of RNLs, was also
differentially regulated during RPS2- and RPM1-mediated ETI even in the absence of RNLs
(Fig 5B and 5D, S6 Fig). Inversely, the expression of RPS2- and RPM1-regulated genes was
globally sustained during RPS4/RRS1-mediated ETI through the action of RNLs, even though
not all RPS2- and RPM1-regulated genes pass the threshold of statistical significance in RPS4/
RRS1-mediated ETI (Fig 5B and 5D and S6 Fig). Consistent with this observation, the RNL
deletion in helperless plants had a limited quantitative effect on the overall expression level of
the RPS2- and RPM1-regulated genes during Pf0-AvrRpm1 and Pf0-AvrRpt2 infections (S6
Fig). Thus, RNLs support some quantitative effect on transcriptional regulation during RPS2-
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expression of the ETI-regulated gene sets, in Col-0 and helperless plants, across all conditions tested in the experiment. Notably, RPS4/RRS1-regulated genes
(blue dots), which require RNLs during Pf0-AvrRps4 infection, are differentially regulated by RPS2 and RPM1 in the absence of RNLs. Similarly, genes
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CC domain containing NLR.

https://doi.org/10.1371/journal.pbio.3000783.9005

and RPM1-mediated ETI, but this effect is—at least in the case of RPM1—not required for an
efficient immune response (S2A and S2C Fig).

These results demonstrate that effector-activated, TNL-induced, and RNL-mediated gene
expression is very similar to that of an orthodox CNL-activated ETI, and that RNLs contribute
quantitatively to CNL-mediated ETIs.

The apparent specificity of some genes for ADR1s may reflect the higher capacity of ADR1s
to regulate gene expression. There was no strong enrichment of ADR1 or NRG1 family-depen-
dent genes in any GO terms related to the ETI-mediated transcriptional reprograming. The
“ADRI1-specific” genes were in general not associated with a specific GO term distinct from
the NRG1 family-regulated genes (54 Fig). For example, we observed that genes related to SA
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responses and SAR/SA pathways were strongly ADRI family-dependent at 4 hpi in all trig-
gered ETT responses as well as in PTI (S5 Fig). This confirms that ADR1s function similarly or
together with EDS1 and PAD4 in the regulation of the SA pathway at early stages of immunity
and that this is most obvious in RPS4/RRS1-mediated ETI (S5 Fig, [27]). However, at 8 hpi
with Pf0-AvrRps4, the up-regulation of the SAR/SA pathway genes in adr1 triple was similar to
the 8 and 4 hpi samples of Col-0 and nrgl.1 nrgl.2, whereas these genes could not be activated
in the helperless mutant (4 and 8 hpi). This shows that the NRGIs could compensate for the
loss of the ADRIs at this time point (S4 Fig and S5 Fig). Overall, our results suggest that
ADRIs and NRGl1s redundantly and quantitatively regulate expression of the same genes dur-
ing ETT and that the apparent specificity of some genes for ADRIs likely results from unequal
redundancy. This also suggests that the specific function of the NRG1s in AvrRps4-triggered
HR (Fig 2D) is independent of the ultimate transcriptional reprogramming and rather requires
a specific function of NRGls.

Discussion

Recognition of pathogen-derived effectors by intracellular sensor NLRs triggers ETL, in many
cases a strong immune response eventually leading to disease resistance and to HR. Many sen-
sor NLRs mediate immune responses that require the presence of helper RNLs (52 Table) [11-
14,27]. Information on whether RNLs act redundantly or are required for specific immune
pathways in sensor NLR-mediated ETI is still scarce. We provide a detailed, side-by-side com-
parison of immune responses in the adr1 triple, nrgl.1 nrgl.2, and helperless mutants to deter-
mine the specific, redundant, and synergistic functions of RNLs during immunity. This
includes activation of effective disease resistance, HR initiation, and transcriptional repro-
gramming during PTT and ETL

The ADRI RNL family was shown to be preferentially involved in defense activation and
SA accumulation [11,14,26,27]. A. thaliana and N. benthamiana NRGIs, together with EDS1
and SAGI01, are required for TNL-mediated cell death and some TNL-dependent autoim-
mune phenotypes [11,13,27,48]. Thus, the current working model for RNL function and activ-
ity is that ADR1s mediate disease resistance and NRGl1s are required for (at least TNL-
triggered) cell-death signaling. Here, we observed that the apparent sub-functionalization of
ADRIs and NRGIs is at least partly a case of unequal genetic redundancy. We and others
described unequal redundancy in basal defense against Psm ES4326 and Pst DC3000 cor-, as
well as in ETI mediated by RPS4/RRS1, RPP2, and RPS6 (Fig 1A and 1B, Fig 3B, [11]). Indeed,
the loss of the 2 NRG1 genes had no effect, whereas the adr1 triple was severely affected in the
immune responses noted earlier. The helperless mutant was, however, as susceptible, or even
more susceptible, than the respective sensor NLR mutant. This shows that the NRG1s can par-
tially substitute for the loss of the ADR1 family function in mediating disease resistance but
that the impact of the NRG1s on the overall phenotype is so small that it is only visible in the
absence of the ADR1s. Inversely, the ADRIs can fully complement the loss of NRG1 function
in resistance mediated by RRS1/RPS4, RPP2, and RPS6 sensor NLRs.

Unequal redundancy of RNLs is also revealed by the level of gene induction during ETL. If
ADRI1s and NRGl1s were specialized to regulate certain genes or genetic pathways, we would
expect that genes requiring NRG1s would be associated with a unique function/GO term that
is not shared with ADR1s-requiring genes, and vice versa. We did not observe any such associ-
ation. Genes induced by NRGl1s alone or synergistically with ADRIs fall into the same func-
tional categories as those induced by ADR1s (54 Fig). On the contrary, we observed a
quantitative effect of NRG1s and ADRIs on the overall gene expression during ETT (S6 Fig).
In particular, ADR1s were shown to be specifically required for SA accumulation [12,14].
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However, NRGls affected the expression of SA metabolism and SA response genes, to a lesser
extent, and this effect was only visible in the absence of ADRIs and most obvious in late stages
of TNL-triggered ETI (54 Fig, S5B Fig and S6 Fig).

In A. thaliana, it seems like ADRIs predominantly function to regulate/induce most ETI
responses. In N. benthamiana, NRGI might play a more significant role, because it is required
for cell-death induction downstream of all tested sensor TNLs or TIR domains (S2 Table,
[12,13]). The requirements for either or both RNL families in NLR-mediated ETI might be dif-
ferent in other plant species and subjected to co-evolution with likely co-acting components
such as EDS1, PAD4, or SAG101 [27,48]. Gantner and colleagues showed that ETI mediated
by the N. benthamiana TNL Roql depends on the presence of N. benthamiana EDSI and
SAGI101b which signal with NRGI. In contrast, in A. thaliana, stable expression of N.
benthamiana Roql confers resistance to Pst DC3000 (naturally expressing the effector HopQ1
that is recognized by Roql) only in the presence of A. thaliana EDSI and PAD4, which are
associated with ADRI signaling [12,27,48]. This finding supports the speculation that, in A.
thaliana, the ADRIs conserve most of the ancestral RNL function, whereas in N. benthamiana,
NRGI seems to play a prominent role. Overall, our data and the current literature suggest that
ADRIs and NRGs are largely redundant gene families and that the function described in A.
thaliana may vary in other species. It is still unclear whether the observed N. benthamiana
NRG] specialization for TNL-mediated HR/cell death and resistance induction applies in A.
thaliana, given the completely ADR1-dependent TNL RPP4-triggered resistance in A. thaliana
Col-0 plants (Fig 2B, [14]).

During some ETI responses, ADR1s and NRG1s do not act redundantly but rather play
specific roles. The induction of HR and defense by the TNL RPP4, the timely induction of HR
upon Pst DC3000 AvrRpt2 infection, and the bacterial growth restriction during Pst DC3000
AvrPphB and Pst DC3000 AvrRpt2 specifically require ADR1s and not NRG1s (Fig 2A, 2B, 2C
and 2E). Similarly, NRG1s are specifically required for HR after RPS4/RRS1 activation and for
some autoimmune phenotypes (Fig 2D, [11,13,14,26,27]). Considering the fact that both
ADRIs and NRGls can regulate HR and defense independently (e.g., in RPP4- or RPP2-me-
diated ETT, auto-immune mutants, and sensor NLR or RNL activation-mimic mutants), sen-
sor NLR specificity for either RNL family is likely to be the result of a preferential use of either
ADRIs or NRG1s by the sensor NLR. This may include, but does not require, physical associa-
tion with the relevant sensor NLR, as, e.g., shown for the tobacco sensor NLR N and its RNL
helper NRG1 [22]. Specific and convincing interaction of the RNLs with sensor NLRs or with
the transcriptional machinery involved in immunity is still lacking. Therefore, it will be of
great value to gather detailed insights into RNL subcellular localization(s) before and after acti-
vation and to define RNL interactors regulating transcription.

A specific role of the ADR1s in SA signaling and SA accumulation is further supported by
our A. brassicicola infections (Fig 3D and 3E), revealing a negative function of the ADR1s and
EDSI in the JA-dependent resistance against this necrotrophic fungal pathogen. The observed
enhanced resistance against A. brassicicola in edsI-12 could be explained by the reported func-
tion of EDSI (together with PAD4) in inhibiting the transcriptional regulator MYC2, a basic
helix-loop-helix leucine zipper motif containing transcriptional activator and master regulator
of JA responses [49]. It is possible that the ADR1s also participate in this regulation. Thus, the
ADRIs together with EDS1 and its partner PAD4 might contribute to the regulation of the
interplay between SA and JA during plant immunity.

In A. thaliana, RPS2 and RPS5 ETIs are thus far the only analyzed contexts of CNL-medi-
ated ETIs requiring RNLs for full resistance (this study; [11,13,14]). Although Castel and col-
leagues suggested a slight contribution of the A. thaliana NRG1s for RPM1-mediated HR at an
early time point (4 hpi with Pf0-AvrRpm1; [13]), we were not able to confirm these findings in
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our conditions (S2 Fig). Nevertheless, we observed that RNLs do participate in the regulation
of gene expression during RPS2- and also RPM1-triggered ETI, in particular during the early
stages of ETI (Table 1, Fig 5B and 5D, S6 Fig). However, RNLs were not required for
RPM1-mediated defense or HR (S2A, S2C, S2F and S2G Fig). This suggests that RNLs support
CNL-mediated ETT responses quantitatively, even though they do not always have a measur-
able impact on the defense phenotype.

RNL requirement for basal resistance was previously demonstrated for resistance against
virulent Pseudomonas strains (Pst DC3000 and Psm ES4326) and the virulent Hpa isolate
Emco5 [11,14]. We confirmed these results (Fig 3). However, while full basal resistance against
Psm ES4326 requires the presence of both RNL families, basal resistance against Pst DC3000
seemed to only require ADRIs in our experimental conditions. This was indicated by the lack
of a higher susceptibility of the helperless mutant compared to the adrl triple (Fig 3A). We fur-
ther demonstrated that, when the virulence function of the JA antagonist coronatine was
removed (in infections with Pst DC3000 cor-), the helperless mutant was more susceptible than
the adrl triple mutant, resembling the findings for Psm infections [11]. This reveals that
NRG s function in basal resistance against Pst DC3000 like they do in resistance to Psm
ES4326. However, this function is likely inhibited or antagonized by the effect of coronatine
produced by Pst DC3000. Surprisingly, the coronatine-producing Psm ES4326 does not sup-
press NRGl1s function, perhaps due to some unknown effector(s) contributing redundantly to
this virulence function in Pst DC3000 [50,51]. We were unable to observe a function of RNLs
during PTI (Fig 3C and S1 Fig). Therefore, our results and previously published findings sug-
gest that RNLs are not required for signaling from at least the two RKs FLAGELLIN-SENSI-
TIVE 2 (FLS2) and EF-TU RECEPTOR (EFR) [14]. The Pseudomonas-A. thaliana patho-
system that we used in our studies might not be the right tool to analyze RNL function in PTI,
since resistance against virulent Pseudomonas strains strongly relies on RK function [4]. This
idea is further supported by the lack of enhanced susceptibility in any RNL mutant during Pst
DC3000 AhrcC infections compared to wild-type Col-0 (Fig 3C).

When we compared the ETI responses triggered by RPS2, RPM1, or RNLs (via RPS4/
RRS1), we found that they involved similar genes (Fig 5A and 5C). Moreover, genes regulated
by RNLs in RPS4/RRS1-triggered ETI were also regulated in RPS2- and RPM1-triggered ETTs,
independently of RNL presence (Fig 5B and 5D, S6 Fig). Conversely, RNLs regulate the expres-
sion of RPS2- and RPM1-regulated genes during RPS4/RRS1-induced ETI (Fig 5 and S6 Fig).
This shows that RNLs and CNLs regulate the same genes. Therefore, we suggest that RNL
function is similar to CNL function in ETI. This hypothesis is further supported by the fact
that, contrary to their strict requirement for TNL signaling, RNLs seem to act in parallel with
CNLs. Indeed, RNLs are required for basal defense, which is a combination of RK, RLP, and
weak NLR signaling, and thus RNL activation might not require or rely solely on sensor NLR
activation. Most importantly, RNLs are not strictly required for any CNL function. For exam-
ple, even though RPS2-triggered HR is delayed in adrI triple and helperless mutants, RNLs are
not required for RPS2 to ultimately induce HR (Fig 2E). Similarly, although RPS2 and RPM1
ETI-induced transcriptional reprogramming relies on RNLs at 4 hpi, RPS2 or RPM1 presence
is sufficient for the regulation of most of the differentially regulated ETI genes at 8 hpi
(Table 1, Fig 5C and 5D, S6 Fig). Overall, we propose that RNLs act like orthodox CNLs down-
stream of TNLs and support and enhance defense activation in parallel with CNLs. We note
that RNLs are involved but not required for full defense activation during CNL ETT (Fig 6).
Whether RNLs, representing a unique subclade of CNLs, also form oligomeric complexes
upon activation, as do other CNLs [17,19,24], remains to be answered.

In summary, A. thaliana RNLs have 3 major functions in immunity (Fig 6). RNLs (1) bol-
ster defense activation in the context of basal immunity (Fig 3, [14]), potentially as helpers for
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Fig 6. Proposed model of RNL function in immunity. Upon an infection of a plant cell by a pathogen, the first (early)
response induced is PTI, irrespective of whether it is an avirulent or virulent pathogen. Thus, basal resistance and ETT happen
in cells in which PTI signaling was already initiated and in some or the other way counteracted by effectors and other
virulence molecules. Therefore, we propose that RNL function in immunity has to be considered as being part of a complex
immune response network depicted in this proposed model. (1) Basal resistance (grey arrows) is initiated by the recognition
of PAMPs by cell surface-localized PRRs. (2) PRR-triggered responses lead to the accumulation of SA and induction of SA
responses, which requires RNLs [14]. (3) Pathogen-derived (virulence) effectors and the JA analog coronatine counteract
PRR- and RNL-induced immunity and SA responses, thereby causing the so called (first) ETS. (4) Many pathogens, especially
pathogenic bacteria, have effectors that can be recognized by some sensor TNL or CNLs and only induce a “weak remnant”
ETI response [7] during basal resistance. This most likely leads to the activation of RNLs and can explain their requirement
for basal resistance (see Fig 3). (5) It is possible that the aforementioned “weak” recognition and sensor NLR activation is also
targeted by other effectors, causing the second ETS [62]. (6) RNLs are fully required for TNL-mediated immunity (black
arrows) with some structural preferences for either ADR1s or NRG1s. After being activated by TNLs, RNLs act as CNLs to
trigger strong and lasting defense activation as well as HR. ADR1s and NRG1s seem partially specialized in defense and HR,
respectively, although the sub-functionalization is not strict. For example, ADR1s are specifically required for RPP4 signaling,
while NRGIs are specifically required for RPS4-induced HR. (7) In addition, RNLs are involved but not required for CNL-
triggered defense gene expression and HR (red arrows), further suggesting that RNLs act not directly downstream but in
parallel with CNLs. If the sensor CNL is able to trigger a strong ETI by itself, the RNL involvement does not translate into
requirement for proper disease resistance (e.g., RPM1 or ZAR1 ETI). Grey arrows indicate basal resistance (and PTT)
signaling; black arrows indicate TNL-mediated ETI, and red arrows indicate CNL-mediated ETI signaling. Structural formula
of coronatine was downloaded from Wikipedia (https://en.wikipedia.org/wiki/Coronatine). CNL, coiled-coil domain-
containing nucleotide-binding leucine-rich repeat receptor; ETI, effector-triggered immunity; ETS, effector-triggered
susceptibility; HR, hypersensitive response; JA, jasmonic acid; NLR, nucleotide-binding leucine-rich repeat receptor; PAMP,
pathogen-associated molecular pattern; PRR, PAMP recognition receptor; PTI, pattern-triggered immunity; SA, salicylic acid;
SAR, systemic acquired resistance; TNL, TIR domain-containing NLR.

https://doi.org/10.1371/journal.pbio.3000783.9006
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weak ETI responses that fail to reach the threshold for HR; (2) mediate immune signaling
from all TNLs tested so far, more or less redundantly (RPS6, RPS4/RRS1, RPP2, and RPP4 and
TNL-dependent autoimmune phenotypes, Fig 1 and Fig 2, [11,14,26,27]); and (3) promote
and contribute to timely defense activation and HR induction during CNL-mediated immu-
nity (Fig 2E, Fig 5 and S6 Fig [14]); we further demonstrate that RNL function in TNL-medi-
ated ETI resembles CNL function during sensor CNL-mediated ETT responses. Even though
ADRIs and NRGls are highly redundant in many aspects of their function in Arabidopsis, the
ADRIs are more efficient in triggering defense-associated transcriptional reprograming than
the NRGl1s. Reciprocally, the NRG1s provide some specific functions, in particular the induc-
tion of HR during many TNL-mediated ETI responses.

Materials and methods
Plant material and growth conditions

All A. thaliana mutant lines are in the Col-0 background. The adrI triple (adr1-1 adr1-L1-1
adr1-L2-4 [14]), nrgl.1 nrgl.2 [13], rrsla rrs1b [30], rpp2a [52], eds1-12 [53], rps2-101C [54],
rpp4 [55], rpm1-3 [56], zarl-3 [57], and fIs2 [58] mutants have been described previously.
zarl-3 seeds were kindly provided by Darrel Desveaux. The edsI-12 mutant was kindly pro-
vided by Johannes Stuttmann and the fIs2 mutant by Georg Felix. A. thaliana plants were
grown at short day conditions (8-hour light/16-hour dark cycle at 21°C/18°C and 45% humid-
ity. A. thaliana sequence data for helper NLRs are available under the following AGI accession
numbers: ADR1/At1¢g33560, ADRI1-L1/At4¢33300, ADRI-L2/At5¢04720, and NRG1.1/NRGIA/
At5¢66900, NRG1.2/NRG1B/At5966910.

Generation of helperless mutant using CRISPR/Cas9

A CRISPR/Cas9 construct targeting NRG1.1 and NRG1.2, previously used to generate a Col-0
nrgl.1 nrgl.2 double mutant [13], was expressed in a Col-0 adrI-triple mutant [14]. Briefly,
this construct contains a FAST-Red selectable marker, an intron-containing and plant-codon-
optimized Cas9 allele under the control of the AtRPS5a promoter and E9 terminator, and an
sgRNA targeting both NRGI.1 and NRG1.2 (GTGGAAAGCTGGTCTGAAG[nGG]) under
the control of the AtU6-26 promoter and terminator. In the first generation after transforma-
tion, we identified 3 lines (out of 16) with mutations in NRGI.1 and in NRG1.2. By screening
the non-transgenic T2 progenies of these lines, we identified a Cas9-free and nrgl.1 nrgl.2
double mutant line. The mutations are a deletion of guanine 1153 and an insertion of adenine
between bases 1161 and 1162 in the coding sequence (CDS) of NRGI.1 and NRGI.2, respec-
tively. These frameshift mutations lead to an early stop at amino acid position 398 and 394 in
NRG1.1 and NRG1.2, respectively. This mutant line also contains T-DNA mutant alleles of
adrl, adrl-L1, and adr1-L2 [14]. We called the adrl adrl-L1 adrl-L2 nrgl.1 nrgl.2 pentuple
mutant helperless.

Bacterial infection assays

Plants for bacterial infiltration assays were grown for 6 weeks under short day conditions
(8-hour light/16-hour dark at 21°C/18°C and 45% humidity). For bacterial growth curves, Pst
DC3000 cor-, Pst DC3000 AhrcC, and Pst DC3000 expressing either AvrRps4, AvrRpt2, EV,
AvrRpm1, HopZla, or AvrPphB—grown on KB plates containing appropriate antibiotics—
were re-suspended in 10 mM MgCl, to a final concentration of 5 x 10> (ODgq 0.001) or
1x10* colony-forming units (cfu)/mL (ODsggg 0.002) for the Pst DC3000 cor- and Pst DC3000
AhrcC strains. Plants were hand-infiltrated with the bacterial suspension. On the day of
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infection (0 dpi), as well as at 3 dpi, leaf discs were taken and ground using a tissue lyser (Mill
Retsch MM400, Retsch GmbH, Haan, Germany). Dilution series were plated on KB plates
containing appropriate antibiotics, and cfu were counted after 2 days of growth at 28°C. Statis-
tical analysis from 4 replicates was done by one-way ANOVA Tukey’s test using GraphPad
Prism 8.0.2. Experiments were repeated at least 3 times with similar results. For the hypersensi-
tive cell-death response (HR), Pst DC3000 expressing either AvrRpt2, AvrRpm1, HopZ1a, or
AvrPphB were re-suspended in 10 mM MgCl, to 5 x 107 (ODggp 0.1). Pf0-1 (AvrRps4) was re-
suspended to 1 x 10% (ODgyp 0.2). Bacterial solutions were hand-infiltrated into the right half
of the leaves. Leaves were detached at the indicated time points, and autofluorescence was
recorded by scanning the adaxial leaf sides using a Typhoon FLA9500 laser scanner (GE
Healthcare, now Cytiva, Chicago, IL). Settings were as follows: Method: Alexa488; PMT: 450V;
Laser: 473 nm. Image processing was done using Image]. For conductivity measurements,
leaves were fully infiltrated with either Pst DC3000 expressing AvrRpmI (ODggo 0.1) or Pf0-1
AvrRpm1 (ODgqg 0.2). Leaf discs (5-mm diameter) were excised 1 hpi and incubated in water
for 30 minutes. Five leaf discs were transferred together to the wells of a conductivity meter
(CM100-2, Reid & Associates, Durban, South Africa) containing 3 mL distilled water, respec-
tively. Conductivity of the solution was measured every hour for 24 hours. Statistical analysis
from 5 replicates was done by one-way ANOVA Tukey’s test using GraphPad Prism 8.0.2. The
experiment was done twice with similar results.

A. candida propagation and infection

For propagation of Ac2V, zoospores were collected from infected A. thaliana leaves, sus-
pended in water (approximately 10° spores/mL) and incubated on ice for 30 minutes. The
spore suspension was then sprayed on plants using a Humbrol spray gun (approximately

700 pL/plant), and plants were incubated at 4°C in the dark overnight. Infected plants were
kept under 10-hour light (20°C) and 14-hour dark (16°C) cycles. Phenotypes were monitored
12 days after spraying.

Hpa infections

Hpa isolates Cala2 and Emwal were propagated on the susceptible A. thaliana ecotypes Ler
and W, respectively. Infections were conducted as described in [47]. Briefly, conidiospores
were re-suspended in distilled water at a concentration of 5 x 10* spores/mL and used to
spray-inoculate 10-day-old seedlings. Inoculated plants were covered with a lid to increase
humidity, and sporangiophores were counted at 5 dpi.

A. brassicicola infection assay

A. brassicicola MUCL 20297 cultivation and spore production was done as described earlier
[59]. The A. brassicicola infection assay was conducted as described by [60]: A. thaliana plants
were grown for 5 to 6 weeks under short day conditions (8-hour light/16-hour dark at 22°C).
A. brassicicola spores were diluted with sterile water to a final density of 1 x 10° spores/mL.
Two leaves per plant were inoculated with two 5-pl droplets of the spore solution, respectively.
Nine plants per genotype were used for each experiment. The experiment was done twice with
similar outcomes. Infected plants were kept under 100% humidity. Fungal growth was moni-
tored at 7, 10, and 13 dpi. Disease symptoms were classified into the following categories: 1
(no symptoms), 2 (light brown spots at infection site), 3 (dark brown spots at infection site), 4
(spreading necrosis), 5 (leaf maceration), and 6 (sporulation of the fungus). A disease index
(DI) was calculated with the following formula: DI = X i * n;—“1”

i” is the symptom category,
and “n;” is the percentage of leaves in “i.” Symptom scores were statistically analyzed with a
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two-way ANOVA and Tukey’s test using GraphPad Prism 8.0.2. Pictures of representative
infected leaves were taken 13 dpi with a Canon EOS 80D Body Camera. A. brassicicola spores
were kindly provided by Birgit Kemmerling.

Oxidative burst measurements

Leaf discs (4-mm diameter) were excised from leaves of 6-week-old plants and incubated in
water overnight. Leaf discs (n = 6) were placed in a 96-well plate (1 disc/well, Greiner, Krems-
miinster, Austria) containing 18 pg/mL luminol L-012 (Wako, Osaka, Japan) and 18 pM
horseradish-peroxidase (AppliChem, Darmstadt, Germany). flg22 (Biomatik, Kitchener, Can-
ada) was added to yield indicated concentrations. Luminescence was recorded over time using
a TriStar® S LB 942 plate reader (Berthold Technologies, Bad Wildbad, Germany). flg22 pep-
tide was kindly provided by Georg Felix. Peptide was dissolved in water and diluted in a solu-
tion containing 0.1% BSA and 0.1 M NaCl.

RNA extraction

RNA was purified from plant tissue using the RNeasy 96 Kit (Qiagen, Hilden, Germany). The
plant “user-developed protocol” was followed except for the addition of a 96% ethanol wash
step after the second RPE wash to ensure removal of residual salts. Purified RNAs were kept at
-80°C.

RNA sequencing

IMlumina-based mRNA sequencing libraries were prepared from 1 pug RNA following Finkel
and colleagues [61]. Briefly, mRNAs were selected using Sera-mag oligo(dT) magnetic beads
(GE Healthcare Life Sciences). RNAs were washed and fragmented at 94°C for 6 minutes.
First-strand cDNA synthesis was performed using random hexamers and reverse transcriptase
(Superscript III reverse transcriptase, Invitrogen, Carlsbad, CA). Second-strand cDNA synthe-
sis was done using DNA Polymerase I and RNAseH. Double-stranded cDNAs were end-
repaired using T4 DNA polymerase, T4 polynucleotide kinase, and Klenow polymerase. The
DNA fragments were then adenylated using Klenow exo-polymerase to allow the ligation of
[lumina adapters (Kapa Dual-indexed adapter kit, Roche, Basel, Switzerland). Unless speci-
fied, reagents were purchased from Enzymatics. Library quality control and quantification
were performed using the 5200 Fragment Analyser and the NGS fragment kit (Agilent Tech-
nologies, Santa Clara, CA). Libraries were sequenced using Illumina HiSeq4000 sequencers to
generate 50-bp single-end reads.

RNA sequencing read processing

Initial quality assessment of the Illumina RNA sequencing reads was performed using FastQC
version 0.11.7. Trimmomatic version 0.36 was used to identify and discard reads containing
the Illumina adaptor sequence. The resulting high-quality reads were then mapped against the
TAIR10 Arabidopsis reference genome using HISAT2 version 2.1.0 with default parameters.
The featureCounts function from the Subread package was then used to count reads that
mapped to each one of the 27,206 nuclear protein-coding genes, and we used these counts to
construct a raw count table of expression.

We used the package DESeq?2 version 1.22.1 to define DEGs using the raw count table
described earlier. For visualization purposes, we applied a variance stabilizing transformation
to the raw count gene matrix. We then standardized (z-score) each gene along the samples
measured. We utilized the package clusterProfiler to map the list of DEGs to gene ontologies;
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we took the top 25 GO categories per set of DEGs to construct the heatmap of GOs. We uti-
lized the function UpSet from the package ComplexHeatmap to construct the any upset plot
shown along the manuscript. All necessary data and scripts to reproduce every part of the
RNA sequencing analysis are deposited in https://github.com/isaisg/helperless.

Supporting information

S1 Fig. RNLs do not function in flg22-induced ROS burst. Left panels: Oxidative burst in
leaves of the indicated genotypes after addition of 1 nM, 10 nM, or 100 nM flg22. Results are
means x SD (n = 6). Right panels: Total ROS production over 34 minutes after flg22 treatment.
Values are means x SD (n = 6). Letters indicate statistically significant differences following
ANOVA with Tukey’s test (o = 0.05). Experiment was done 3 times. Underlying numerical
data are provided in S1 Data.

(TIF)

S2 Fig. RNLs are not required for RPM1, ZAR1, and RPS5 (CNL)-mediated ETI responses.
(A, B) Six-week-old plants were hand-infiltrated with Pst DC3000 (A), AvrRpm1 (ODggo =
0.001), or (B) HopZ1a (ODggo = 0.001), and bacterial growth was assessed at 0 and 3 dpi.

Box limit represents upper and lower quartile; maximum and minimum values are displayed
in whiskers. The middle line shows the median, the cross the mean cfu/cm?. Dots represent 4
technical replicates (leaf discs) in one experiment (biological replicate). Experiment was done
3 times with similar results. Letters indicate statistically significant differences following
ANOVA with Tukey’s test (o = 0.05). (C-E) The right leaf half of 6-week-old plants was hand-
infiltrated with (C) Pst DC3000 AvrRpm1 (ODggo = 0.1), (D) Pst DC3000 HopZla (ODgqg =
0.1) or (E) Pst DC3000 AvrPphB (ODggo = 0.1). A Typhoon laser scanner was used to detect
autofluorescence of dead leaf tissue at indicated time points. Representative leaves shown in a
false color scale (black to blue: healthy leaf tissue, orange to white: dead). NLRs activated in
infection experiments shown in A-E are indicated in parenthesis. (F, G) Leaves of 6-week-old
A. thaliana plants were fully hand-infiltrated with either (F) Pst DC3000 expressing AvrRpmI
(ODgpo = 0.1) or (G) Pf0-1 expressing AvrRpmI (ODgpp = 0.2). Twenty-five leaf discs were col-
lected and rinsed in deionized water, and conductivity of 5 leaf discs immersed in 3 mL deion-
ized water was measured at 4, 8, 12, and 16 hpi. Values are means of conductivity [uS/cm?]

(n =5). Letters indicate statistically significant differences following ANOVA with Tukey’s test
(o0 = 0.05). Experiment was done twice with similar results. Underlying numerical data are
provided in S1 Data.

(TIF)

$3 Fig. RNLs and CNLs enhance the expression of PTI-regulated genes during ETI. Expres-
sion profile of PTI-regulated genes at 0.5 hpi, 4 hpi, and 8 hpi with Pf0-1 EV, Pf0-1 AvrRps4,
Pf0-1 AvrRpt2, or Pf0-1 AvrRpm]I. PTI genes, which are induced by Pf0-1 EV infections, are
over-induced during RPS4 ETT in an RNL-dependent manner. Underlying numerical data are
provided in S1 Data.

(TIF)

$4 Fig. GO terms associated to the RNL function. GO categorization of ETI-up-regulated
genes. “Col-0 ETI” refers to the “ETI-regulated” gene set of Col-0. Activation of RPS4/RRS1,
RPS2, and RPM1 induce genes involved in the same processes. There is no category associated
to “ADRI specific” that is distinct from the ones regulated redundantly or synergistically by
NRG1s and ADRIs. For details see S2 Dataset. Underlying numerical data are provided in S1
Data.

(TIF)
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S5 Fig. Effect of loss of RNLs on transcriptional reprogramming of SA-related genes dur-
ing A. thaliana immunity. Comparison of SA-related gene expression in Pf0-1 EV (A), Pf0-1
AvrRps4 (B), Pf0-1 AvrRpt2 (C), and Pf0-1 AvrRpmI (D) infiltrations at 0.5 hpi, 4 hpi, and 8
hpi. Genes are clustered according to their expression changes throughout the different sam-
ples and time points. Highest (red) and lowest (blue) log2 fold change is shown in heatmap.
Visualization and clustering done with CLC Main workbench 20 (QIAGEN Aarhus A/S;
www.qiagenbioinformatics.com). Underlying numerical data are provided in S1 Data.

(TIF)

S6 Fig. The effect of RNL mutants on ETI-regulated gene expression is quantitative. Nor-
malized expression level of RPS4/RNLs up- (A) or down- (B) regulated genes at 4 and 8 hpi in
Col-0 (circles), adrl triple mutant (squares), nrgl.1 nrgl.2 (diamonds), and helperless (trian-
gles) mutants, during Pf0-1 EV, Pf0-1 AvrRps4, Pf0-1 AvrRpt2, or Pf0-1 AvrRpm1 infection.
Colors indicate a statistical difference (post hoc ANOVA, adjusted p < 0.05). Notably, RNL
loss-of-function mutants affect gene expression quantitatively. This effect is most striking at 8
hpi during RPS4-mediated ETI but is also visible during RPS2- and RPM1-mediated ETI.
Underlying numerical data are provided in S1 Data.

(TIF)

S1 Table. Expected expression profiles of ETI-induced genes according to their RNL
requirement.
(DOCX)

$2 Table. Overview of helper RNL requirements in (auto)immunity.
(DOCX)

S1 Dataset. Up- and down-regulated helper NLR-dependent genes.
(XLSX)

S2 Dataset. GO terms associated to Col-0 ETI-induced genes and RNL-dependent ETI-
induced genes during Pf0-1 AvrRpt2, AvrRps4, or AvrRpm1 infection.
(XLSX)

S1 Data. Summary of all numerical data presented in Fig 1, Fig 2, Fig 3, Fig 4, Fig 5 and S1
Fig, S2 Fig, $3 Fig, S5 Fig and S6 Fig.
(XLSB)

S1 RNAseq Data. Full gene expression data of all tested genotypes, time points and treat-
ments.
(XLSB)
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Supplementary Figure 5

Pfo-1 EV
A 0.5hpi 4hpi 8hpi

S S S

3 3 3

= = -

3 3 3

g g g

- - -

; N
— CBP60g
PBS3
—LE Fator
ALD1
ACD6
WRKY54
EDS1

ICS1/SID2EDS16 — O
PAD4
e 10g2 foiochangs
2913 A 0 1 2 3 4 5 6517
Pfo-1 AviRps4
0.5hpi 4hpi 8hpi

log2 foid-changs
312 [ 2 4 6 8 10 12026

Pfo-1 AvrRpt2
0.5hpi 4hpi 8hpi

ACDS
FMO1

ALD1
PBS3

WRKY54

B
EDS1
ICS1/SID2ZEDS 16
PAD4
C
D

= -
CBP60g
ICS1/SID2ZEDS16
PAD4

e — e TR
3312 0 2 4 6 8 10 12323
Pfo-1 AviRpm1
0.5hpi 4hpi 8hpi

ACD6
FMO1

ALD1

PBS3

WRKY54

EDS1

CBP60g

ICS1/SID2EDS16

PAD4




zZ-score

1.0

0.5

0.0

-1.0

Z-score

RPS4-ETI 4hpi

Supplementary Figure 6

RPS4-ETI 8hpi

EV

avrRps4

avrRpt2

avrRpm1

EV

avrRps4

avrRpt2

avrRpm1

&
¢

1

(B

1.0

0.5

0.0

z-score

-1.0{

e

RPS4-ETI 4hpi

0054 8 00548 0054 8 0054 8

Time (hpi)

RPS4-ETI 8hpi

avrRpm1

0054 8 00548 00548 0054 8

avrRps4 avrRpt2

avrRpm1

avrRps4 avrRpt2

CLD
Post-hoc

O Col-0

O adr1 triple
<& nrg1.1nrg1.2
A\ helperless

1.0

)

0.5

0.0

ot

EV

S

L 2

A
X

A
b
4

\

L

FA
o]

_.~4'-f“""°" T

1.0

0.5

0.0

z-score

SO

g\@

\

)

2
L 2

"

R (]5,.;

1
)
»

N4

=
2
L 2

CLD
Post-hoc
® A

© AB

B

BC

c

D

NA

Genotype
O Col-0

O adrt triple
<& nrg1.1nrg1.2
A\ helperless

D000 @«

0054 8 0054 8 00548 0054 8

Time (hpi)

0054 8 00548 00548 0054 8



Supplementary Table S1: Expected expression profiles of ETI-induced genes

according to their RNL-requirement.

ETIl-induced gene expression

Category Genotype | col-0  helperless  adrl triple nrgl.1 nrgl.2
RNL independent + + + +
‘GE) ADR1/NRG1 dependent + - - -
2‘ 2 ADR1/NRG1 redundant + - + +
xg NRG1 specific | + - + -
S ADR1 specific | + - - +

R ands

-“indicate induced and uninduced expression respectively



Supplementary Table S2: Overview of helper RNL requirements in (auto-) immunity:

Response to pathogen infection:

pathogen effector Sensor  adrltriple nrgl double helperless
NLR
Pst DC3000 AvrRpml  RPM1 Bonardi et al. Castel et al. (2019): In this study:

(CNL) (2011): RPM1-mediated HR RPM1-mediated
RPM1-mediated HR  macroscopically not HR and
and resistance not compromised, but resistance not
compromised compromised in compromised

conductivity
In this study: measurements at
RPM1-mediated HR early time points not
and resistance not at late time points
compromised (Pfo-1)
In this study:
RPM1-mediated HR
(Pst DC3000 and Pf0-
1) and resistance (Pst
DC3000) not
compromised
Pst DC3000 AvrRpt2 RPS2 Bonardi et al. Wu et al. (2019): In this study:

(CNL) (2011): RPS2-mediated RPS2-mediated
RPS2-mediated HR  resistance not HR
and resistance compromised compromised at
compromised early time points

Castel et al. (2019): (20 hpi), not at
Wu et al. (2019): RPS2-mediated HR late time points
RPS2-mediated macroscopically not (24 hpi). RPS2-
resistance compromised, but mediated
compromised partially reduced in resistance
conductivity compromised
In this study: measurements (Pfo-
RPS2-mediated HR  1).
compromised at RPS2-mediated
early time points (10 resistance not
hpi), not at late time ~ compromised
points (24 hpi).
RPS2-mediated In this study:
resistance RPS2-mediated HR
compromised and resistance not
compromised
Pst DC3000 HopZla ZAR1 In this study: In this study: In this study:

(CNL) ZAR1-mediated HR ~ ZAR1-mediated HR ZAR1-mediated
and resistance not and resistance not HR and
compromised compromised resistance not

compromised
PfO-1 AvrPphB RPS5 In this study: Castel et al. (2019): In this study:

(CNL) RPS5-mediated HR ~ RPS5-mediated HR RPS5-mediated
not compromised, not compromised HR not
but resistance compromised,
compromised In this study: but resistance

RPS5-mediated HR compromised
and resistance not
compromised

Pst DC3000 AvrRps4 RPS4 Wu et al. (2019): Wu et al. (2019): Wu et al.

(TNL) RPS4-mediated RPS4-mediated (2019):
resistance resistance not RPS4-mediated
compromised compromised resistance

severely

Lapin et al. (2019):
RPS4-mediated
resistance
compromised

Castel et al. (2019):
RPS4-mediated HR
compromised (Pfo-1).
RPS4-mediated
resistance not

compromised
(stronger than
adr1 triple)



Pst DC3000

Hpa Emwal

Hpa Cala2

Albugo
candida

Albugo
candida

AvrHopAl

RPS6
(TNL)

RPP4
(TNL)

RPP2
(TNL)

WRR4AC
(TNL)

WRR4BWs-
2 (TNL)

CSA1
(TNL)

SOC3
(TNL)

RPS4-mediated HR
not compromised.

In this study:
RPS4-mediated
resistance
compromised
RPS4-mediated HR
not compromised

Wu et al. (2019):
RPS6-mediated
resistance
compromised

Bonardi et al.
(2011) and Wu et
al. (2019):
RPP4-mediated
resistance
compromised

In this study:
RPP4-mediated
resistance
compromised

Bonardi et al.
(2011):
RPP2-mediated
resistance
compromised

In this study:
RPP2-mediated
resistance slightly
compromised

In this study:
WRR4A-mediated
resistance not
compromised

compromised Lapin et al.
(DC3000) (2019):
RPS4-mediated
Lapin et al. (2019): resistance
RPS4-mediated severely
resistance not compromised.
compromised. RPS4-mediated
RPS4-mediated HR HR
compromised compromised
In this study: In this study:
RPS4-mediated RPS4-mediated
resistance not resistance
compromised. severely
RPS4-mediated HR compromised.
compromised RPS4-mediated
HR
compromised
Wu et al. (2019): Wu et al.
RPS6-mediated (2019):
resistance not RPS6-mediated
compromised resistance

compromised
(stronger than in

adrl triple)
Wu et al. (2019) In this study:
RPP4-mediated RPP4-mediated
resistance not resistance
compromised compromised
Castel et al. (2019):
RPP4-mediated
resistance partially
requires NRG1
In this study:
RPP4-mediated
resistance not
compromised
Castel et al. (2019): In this study:
RPP2-mediated RPP2-mediated
resistance partially resistance
requires NRG1 severely

compromised
In this study:
RPP2-mediated
resistance not
compromised

Castel et al. (2019): In this study:
NRG1s partially WRRA4A-
required for WRR4A- mediated
mediated resistance resistance

In this study: compromised

WRR4A-mediated
resistance not
compromised
Castel et al. (2019):
NRG1s required for
WRR4B-mediated
resistance

Castel et al. (2019):
NbNRGL1 required for
CSA1l-induced HR
Castel et al. (2019):
NbNRGL1 required for
SOC3-induced HR



CHS1

Castel et al. (2019):

(TIR-NB) NbNRGL1 required for
CHS1-induced HR
Pst DC3000 EV Bonardi et al. In this study: In this study:
(2011) Resistance not Enhanced
Enhanced compromised susceptibility
susceptibility
In this study:
Enhanced
susceptibility
Pst DC3000 lacks In this study: In this study: In this study:
cor- coronatine Enhanced Resistance not Severely
susceptibility compromised enhanced
susceptibility
Pst DC3000 In this study: In this study: In this study:
AhrcC Resistance not Resistance not Resistance not
compromised compromised compromised
Hpa Emco5 Bonardi et al.
(2011)
Enhanced
susceptibility
Psm ES4326 Wau et al. (2019): Wu et al. (2019): Wau et al. (2019)
Enhanced Resistant Severely
susceptibility enhanced
susceptibility
Autoimmunity:
Autoimmune adrl triple nrgl double helperless
mutant
sncl Dong et al. (2016) Wu et al. (2019) Wu et al. (2019):
ADRI1s largely required  NRG1s partially required sncl auto-immunity fully
suppressed
chs2-1 Dong et al. (2016)
ADR1s required:
complete suppression
chs3-1 Dong et al. (2016)
Weak or partial
suppression
slh1-9 Dong et al. (2016)
ADR1s partially
required
uni-1D Dong et al. (2016)
Weak suppression
chs3-2D Wu et al. (2019)
NRG1s completely required
Castel et al. (2019):
NbNRG1 required for chs3-
2D induced HR
Snc2-1D Wu et al. (2019)

NRG1s not required
Wu et al. (2019)
NRG1s not required
Wu et al. (2019)
NRG1s not required
Wu et al. (2019)
NRG1s not required

mekk1-5 (SUMM2
(CNL))
chsl1-2

ADR1-L2-D484V

CSAL1 (TNL) Castel et al. (2019):
NbNRG1 required for CSA1-
induced HR

SOC3 (TNL) Castel et al. (2019):

NbNRG1 required for SOC3-
induced HR

Castel et al. (2019):
NbNRG1 required for CHS1-
induced HR

CHS1 (TIR-NB)



CC MLA10 (CNL)

RPM1-D505V
(CNL)

RPS5 (CNL)

Castel et al. (2019):
NbNRG1 not required for
MLA7 CC-induced HR
Castel et al. (2019):
NbNRG1 not required for
RPM1-autoactivity
NbNRG1 not required for
cell death activity upon
effector-dependent
activation
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Plants deploy cell-surface and intracellular leucine rich-repeat domain (LRR) immune
receptors to detect pathogens’. LRR receptor kinases and LRR receptor proteins at the
plasma membrane recognize microorganism-derived molecules to elicit
pattern-triggered immunity (PTI), whereas nucleotide-binding LRR proteins detect
microbial effectorsinside cells to confer effector-triggered immunity (ETI). Although
PTland ETlareinitiated in different host cell compartments, they rely on the
transcriptional activation of similar sets of genes?, suggesting pathway convergence
upstream of nuclear events. Here we report that PTItriggered by the Arabidopsis LRR
receptor protein RLP23 requires signalling-competent dimers of the lipase-like
proteins EDS1and PAD4, and of ADRI1 family helper nucleotide-binding LRRs, which

are all components of ETI. The cell-surface LRR receptor kinase SOBIR1 links RLP23
with EDS1, PAD4 and ADR1 proteins, suggesting the formation of supramolecular
complexes containing PTIreceptors and transducers at the inner side of the plasma
membrane. We detected similar evolutionary patternsin LRR receptor protein and
nucleotide-binding LRR genes across Arabidopsis accessions; overall higher levels of
variationin LRR receptor proteins thanin LRR receptor kinases are consistent with
distinct roles of these two receptor families in plantimmunity. We propose that the
EDS1-PAD4-ADRI1node is a convergence point for defence signalling cascades,
activated by both surface-resident and intracellular LRR receptors, in conferring

pathogenimmunity.

Arabidopsisthaliana (hereafter Arabidopsis) cell-surface LRRreceptor
kinases (LRR-RKs) and LRR receptor protein (LRR-RP)-SOBIR1 com-
plexes recruit the co-receptor BAK1 and signal through receptor-like
cytoplasmic kinases (RLCKs) to elicit PTI. Intracellular coiled-coil
(CC)-nucleotide-binding LRR (NLR) or TOLL-INTERLEUKIN 1 RECEP-
TOR (TIR)-NLR receptors* require ADR1-type and NRG1-type helper
NLRs (hNLRs) and the lipase-like EDS1 family proteins EDS1, PAD4
and SAG101 to confer ETI®. While the defence outputs for PTIand ETI
are qualitatively similar?, where and how pathways activated in dif-
ferent cell compartments converge remain unclear. Effective plant
defence relies on mutual potentiation of PTI and ETI pathways’?,
suggesting mechanistic links between these two tiers of the plant
immune system.

RLCKs PBL30 and PBL31 mediate PTI

The Arabidopsis class VII RLCK (RLCK-VII) BIK1 promotes
LRR-RK-mediated PTIbut is a negative regulator of LRR-RP-mediated
PTI°. To identify RLCK-VII members with positive roles in
LRR-RP-dependent PTI, we screened an Arabidopsis RLCK-VII trans-
fer DNA mutant library’ for ethylene production elicited by fungal
pgl3(At)", oomycete nlp20 and bacterial eMax (which are recognized
by RLP42, RLP23 and RLP1, respectively)® (Extended Data Fig. 1a). A
pbl(31 mutant was defective in response to these elicitors compared
with wild-type plants (Columbia-0 (Col-0)) (Extended Data Fig. 1a).
PBL31 belongs to RLCK-VII subfamily 7, together with PBL30 (also
known as CST) and PBL32 (ref.'°). The LRR-RP elicitors nlp20, eMax
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Fig.1|RLCK-VII-7 subfamily members arerequired for LRR-RP-mediated
immunity. a, Elicitor-induced ethylene productionin Col-0 and the pbl30
pbl31 pbl32 mutant (grey and pink, respectively, in all panels). n=38 (nlp20) or
36 (mock and flg22) samples, each comprising 3 leaf pieces. Dataare from10
independent experiments. For a, b, atwo-sided Wilcoxon rank-sum test with
continuity correction was used to analyse significant differences between
Col-0and the pbl30 pbl31 pbl32 mutant for the given elicitor treatment
(*P<0.05,***P<0.0001). b, Callose depositionin Col-0 and the pbl30 pb(31
pbl32mutant.n>12images from at least 3 leaves; exactnvalues are provided in
thegraph. ¢, Elicitor-induced defence againstinfectionisimpaired in the pb(30
pbl31 pbl32 mutant. Leaves were infiltrated with the indicated elicitor and
challenged with Pst DC3000 after 24 h. Boxes show bacterial colonization3d
afterinfection.n=10 (for Col-0) and n =7 (for nlp20) biological replicates, each
comprising 2 leaf discs. Data points with different letters indicate significant
differences of P<0.05 (Kruskal-Wallis test with a post-hoc two-sided Steel-
Dwasstest). c.f.u., colony forming units. For the box plots, the centre line
indicates the median, the bounds of the box show the 25th and the 75th
percentiles, and the whiskersindicate1.5xIQR (that s, the interquartile range
betweenthe25th and the 75th percentile). Experimentsinband c were
performed atleast three times with similar results. Exact Pvalues for all
experiments are provided in Supplementary Table 5.

andIF1(whichis recognized by RLP32) triggered areduced ethylene
response in apbl30 mutant, although in some cases, differences were
not statistically significant; responses in the pb[32 mutant were not
impaired to any elicitor (Extended DataFig.1). Ethylene productionin
pbl30 pbl31 double mutant and pbl30 pbl31 pbl32 triple mutant lines
was reduced more strongly than in any single mutant (Extended Data
Fig.1b). The LRR-RK elicitors flg22 and elf18, which activate the LRR-RKs
FLS2 and EFR?, respectively, alsoinduced lower ethylene responsesin
pbl30 pbl31 and pb[30 pbl31 pb[32 mutants than in the wild type, but
toalesser extentthan observed for LRR-RP elicitors (Fig.1a, Extended
DataFig.1b).NIp20-induced ethylene productionin pbl30 pbl31 pbl32
mutants was complemented by overexpression of PBL31, but not by the
kinase-inactive variant PBL31*** (Extended Data Fig. 2a—c).

We tested whether the RLCK-VII-7 subfamily mediates other
RLP23-mediated immunity outputs. NIp20-induced production of
reactive oxygen species (ROS) was virtually abolished in pbl30 pbl31
and pbl30 pbl31 pb[32 mutants, whereas flg22-induced ROS produc-
tion was reduced (Extended Data Fig. 3a, b). NIp20-triggered callose
depositionwas strongly impairedin pb[30 pb(31 and pb[30 pbl31 pbl32
mutants, whereas flg22-triggered callose production was unalteredin
these mutants (Fig. 1b, Extended DataFig. 3¢c). NIp20-induced expres-
sion of the phytoalexin synthesis genes PAD3and CYP71A13 (ref.?) and
thesystemicacquired resistance marker FMOI (ref.™*) wasimpairedin
pbl30 pbl31 pbl32leaves (Extended Data Fig. 3d). Inhibition of seed-
ling growth in the presence of elf18 or flg22 (a response unaffected
by LRR-RP ligands®) was similar in Col-0 and the pb(30 pbi31 pbl32
mutant, and both lines displayed similar levels of nlp20-induced and
flg22-induced MAPK phosphorylation (Extended DataFig. 3e, f). These
results identify the roles of the RLCK-VII-7 family RLCKs PBL30 and
PBL31inasubset of PTIresponses.

We found that nlp20-RLP23-induced resistance toinfection by viru-
lent Pseudomonas syringae pv. tomato (Pst) DC3000 was abolished in
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pbl30 pbl31 and pbl30 pbl31 pbl32 mutants, whereas flg22-induced
resistance was reduced (Fig. 1c, Extended Data Fig. 3g). ETI conferred
by the TIR-NLR receptor pair RRS1-RPS4 or the CC-NLR RPS2 was
unaffected in the pbl(30 pbl31 pb(32 mutant (Extended Data Fig. 3h).
Hence, PBL30 and PBL31are dispensable for ETIbut are essential posi-
tive regulators of LRR-RP-mediated PTI, with less prominent roles in
LRR-RK-mediated PTI.

EDS1-PAD4 dimers mediate PTI

EDSI1 forms exclusive heterodimers with SAG101 or PAD4 that control
differentimmunity branches in ETI'*. Arabidopsis EDS1-PAD4 dimers
promote not only ETI transcriptional defence but also basal immu-
nity®*, Accordingly, edsI and pad4 mutants are hypersusceptible to
pathogens without recognized effectors®. To test whether reduced
basal immunity is due to impaired PTI signalling, we measured PTI
responses in pad4, edsI and sag10I mutants (Fig. 2, Extended Data
Fig.4).Pad4and edsl, but not sagl01, mutants produced substantially
less ethylene than the wild type in response to nlp20, IF1and pgl3(At)
(Fig.2a, Extended DataFig. 4a). Ethylene production mediated by FLS2
and EFRwas not significantly reduced in pad4 and edsI mutants (Fig. 2a,
Extended Data Fig. 4a).

AnEDSlvariant (EDSI''F) that cannot dimerize with PAD4 (ref. ) failed
torestore LRR-RP-mediated ethylene responses (Fig. 2b, Extended Data
Fig. 4a). Likewise, mutation of a cationic residue (EDS1****) at a signal-
ling surface in the EDS1-PAD4 dimer that disables ETI* also abolished
RLP23-mediated ethylene production (Fig.2b). EDS1and PAD4 variants
(EDS1°°" and PAD4%) with mutations in their putative o/fB-hydrolase
catalytic residues are functional in ETI and basal immunity'® and also
fully complement nlp20-induced ethylene productionin an edsi pad4
mutant (Extended Data Fig. 4b). Fungal thaxtomin A, aselective activa-
tor of PAD4-dependent immunity?, enhanced nlp20-induced, but not
flg22-induced, ethylene productionin Col-0 but notin the pad4 mutant
(Extended DataFig.4c). These dataindicate predominantinvolvement
of the EDS1-PAD4 dimer in LRR-RP signalling.

The production of ROS and callose was strongly reduced in pad4 and
edsImutants upon nlp20, but not flg22, treatment (Fig. 2c, d). Moreover,
nlp20-triggered PAD3, CYP71A13and FMOI transcript accumulation was
reduced inthe pad4 mutant compared with wild-type Col-0 (Extended
DataFig.4d). Inhibition of seedling growth in the presence of fig22 or
elf18 was similarin Col-0 and the pad4 mutant (Extended Data Fig. 4e),
as was elicitor-induced MAPK activation (Extended Data Fig. 4f). In
induced pathogen resistance assays, nlp20 failed to confer protec-
tionto Pst DC3000 infection in pad4 and edsI mutants; flg22-induced
resistance was also partially impaired in these mutants (Fig. 2e). Both
elicitors conferred full protection in the sag101 mutant (Fig. 2e). We
concluded that asignalling-competent EDS1-PAD4 complex is essential
for many aspects of NLR-mediated ETI, for LRR-RP-mediated PTI and
partly for LRR-RK signalling.

To assess possible regulatory effects of PAD4 on the expression of
PTl-associated genes, we measured transcript levels of key receptor,
co-receptor and signalling components in pad4 and Col-0 plants.
All transcript levels were similar in both genotypes (Extended Data
Fig. 5a), and transcriptomic data suggest similar transcript levels in
edsl and adrl triple genotypes?*?, Likewise, accumulation of BAKI,
FLS2, MPK3, MPK4 and MPK6 proteins was similar between Col-0 and
the pad4 mutant (Extended Data Fig. 5b). These data, together with
intactelicitor-induced MAPK activationin the edsl pad4 sagl0I mutant
(Extended Data Fig. 4f), suggest that machineries involved in early
PTlIsignalling are not severely affected by the lack of EDS1 and PAD4.

ADR1 family hNLRs signal in PTI

Arabidopsis EDS1-SAG101 dimers work with NRG1 family hNLRs in
TIR-NLR ETlI signalling'®". By contrast, EDS1-PAD4 dimers function
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Fig.2|PAD4, EDS1and ADR1 helper NLRs are positive regulators of LRR-RP
signalling. a, Elicitor-induced ethylene productionin Col-0, pad4, edsI and
saglOI mutants (grey, pink, orange and blue, respectively, in all panels). n=33,
eachfrom3leaf pieces. Dataare from eightindependent experiments. Fora,c,
dandf, statistical differences between Col-0 and the indicated mutants were
analysed using a Kruskal-Wallis test with a post-hoc two-sided Steel-Dwass
test (**P<0.01,***P<0.0001). b, Ethylene production depends on the PAD4-
EDS1 heterodimer.n=3, each from3leaf pieces. Statistical differences
between Col-O and the indicated mutants were analysed by two-sided Welch’s
pairwise tests (**P<0.01). For the complementation constructs cEDS1and
EDSI, see Supplementary Table 3. ¢, Total elicitor-induced ROS production over
30 min.n=48leaf pieces from3independent experiments.d, Callose
depositionin Col-0, pad4, edsl and saglO1 mutants.n>12images from atleast

with ADR1 family hNLRs to promote TIR-NLR ETI, CC-NLR ETland basal
immunity'®”. Consistent with our observations that LRR-RP responses
require PAD4 but not SAG101, we found that nlp20 responses were
strongly impaired in an ADRI family triple mutant (adrl triple)*but not
an NRGI family double mutant (nrgl double)? (Fig. 2f, Extended Data
Fig. 6a—c). A ‘helperless’ mutant* lacking all ADRI and two functional
full-length NRGI genes behaved similarly to the adrI triple mutant
(Fig. 2f, Extended Data Fig. 6a—c). The helperless mutant was not
impairedinelicitor-induced MAPK activation (Extended Data Fig. 6d)
and was similar to Col-O in seedling growth inhibition assays with flg22
or elf18 (Extended Data Fig. 6e). However, both nlp20-induced and
flg22-induced resistance to Pst DC3000 wasimpaired inthe adrI triple
and helperless mutants compared with Col-0 (Extended Data Fig. 6f).
Our data highlight a shared requirement of cell-surface-initiated PTI
and intracellular ETI signalling for the EDS1-PAD4-ADRI1 node.

SOBIR1 connects RLP23 to PAD4-EDS1-ADR1

Because PBL31kinase, EDS1-PAD4 dimers and ADR1family hNLRs have
roles in LRR-RP-mediated PTI, including early responses such as ROS
burst (Fig. 2c, Extended Data Figs. 3a, b, 6b), we tested for possible
spatial proximity between RLP23 and the constitutively associated
co-receptor SOBIR1 withthese components by co-immunoprecipitation
assays in Nicotiana benthamiana plants. Epitope-tagged RLP23 and

3leaves; exactnvaluesareindicatedinthe graph. e, Elicitor-induced defence
againstinfectionisimpairedin pad4 and edsI mutants. Leaves were infiltrated
with theindicated elicitor and challenged with Pst DC3000 after 24 h. Boxes
show bacterial colonization 3 d after infection. n=12biological replicates
comprising2leafdiscs. Data points with differentlettersindicate significant
differences of P<0.05 (Kruskal-Wallis test with post-hoc two-sided Steel-
Dwass test). f, NIp20-induced ethylene productionis dependent on ADR1
helper NLRs.n=20, eachfrom3leafpieces. Dataare from fourindependent
experiments. For the box plots, the centre line indicates the median, the
bounds of the box show the 25th and the 75th percentiles, and the whiskers
indicate1.5xIQR. Experimentsinb, dand e were performed atleast three times
with similar results. Exact Pvalues for all experiments are providedin
Supplementary Table 5.

SOBIR1 precipitated PBL31independent of nlp20 elicitation, suggesting
aligand-independent stableinteraction between PBL31and the recep-
tor complex (Extended DataFig. 7a). PBL31 was not precipitated by the
GFP-tagged plasmamembrane protein LTI6b (Extended Data Fig. 7a).
Similarly, SOBIR1interacted inaligand-independent manner with PAD4,
EDSI1, ADR1and the ADR1isoforms ADR1-L1and ADRI1-L2 (Extended
Data Fig. 7a, b). Bimolecular fluorescence complementation assays
confirmed association between SOBIR1and ADR1-L1and ADRI-L2, but
not ADR], at the plasma membrane (Extended Data Fig. 7c, d). Spatial
proximity of SOBIR1 with ADR1-L1, but not with PAD4 or EDS1, was
corroborated in luciferase complementation assays (Extended Data
Fig.7e,f).

To investigate potential associations at the plasma membrane, we
used fluorescently tagged proteins and assessed their spatial proxim-
ity by Forster resonance energy transfer by fluorescence lifetime (FLT)
imaging (FRET-FLIM). Tested proteins (SOBIR1, ADR1, ADR1-L1,ADR1-L2,
EDSI, PAD4,SAG101and PBL31) localized, atleast partly, to the plasma
membrane when expressed in N. benthamiana (Extended Data Fig. 8a,
b). Using SOBIR1-GFP as donor, we observed reduced GFP FLT in the
presence of RFP-tagged EDS1, PAD4, PBL31, ADR1and the ADR1isoforms
ADRI-L1and ADR1-L2 (Fig.3a). Because EDS1-PAD4 dimers mediate the
RLP23immune response (Fig. 2b), we co-expressed non-fluorescently
labelled EDS1with PAD4-RFP and vice versawith SOBIR1-GFP (Fig. 3a).
Reduction in FLT was observed but was less pronounced than with
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Fig.3|SOBIR1associates withEDS1, PAD4 and ADR1hNLRs toforma
potential signalling node. a, FRET-FLIM reveals spatial proximity of SOBIR1
with PBL31, PAD4, EDS1and ADR1hNLRs. Membrane-associated NPH3%7+#*
servesas the control. Statistical differences in FLT between SOBIR1-GFP alone
andtheindicated FRET pair were analysed using a Kruskal-Wallis test with a
post-hoctwo-sided Steel-Dwass test (*P<0.05,***P<0.0001). Exact Pvalues
areprovidedinSupplementary Table 5.n>27 from atleast 3 biological
replicates. nvalues are shown below the boxes. The centre line indicates the
median, the bounds of the box show the 25th and the 75th percentiles, and the
whiskersindicate1.5xIQR. ns, nanoseconds. b, SOBIR1specifically co-purifies
with YFP-PAD4 in Arabidopsisleaves. A pad4 sagl01 mutant complemented
with YFP-PAD4 or SAG101-YFP, and wild-type Col-0 expressing 355.:YFP (YFP),
were used for IP assays. Volcano plots show normalized abundances of proteins
detected by MS after IP of total protein extracts from 4.5-week-old leaves
infiltrated with DMSO for 10 min. Corresponding data for nlp20-treated leaves

SOBIR1-GFP and EDS1-RFP or PAD4-RFP alone (Fig. 3a). Reduction
in FLT was not observed when SOBIR1-GFP was co-expressed with
SAG101-RFP or plasma membrane-associated RFP-NPH357#*A (ref. 2%)
(Fig. 3a). While Arabidopsis SAG101 localizes primarily to nuclei*’, a
small poolwas detected close to the plasma membrane in these assays
(Extended Data Fig. 8a, b). Using PBL31-GFP as donor confirmed its
association with SOBIR1, ADR1-L1-RFP and EDS1-RFP, but not with
ADRI1-RFP, ADR1-L2-RFP, PAD4-RFP, SAG101-RFP or RFP-NPH3%44*
(Extended DataFig. 8c). Co-expression of EDS1-haemagglutinin (HA)
alsoledtoreductionin FLT with the FRET pair PBL31-GFP + PAD4-RFP
(Extended DataFig. 8c), suggesting a close proximity of these proteins.

To monitor protein associations in Arabidopsis, we performed immu-
noprecipitations followed by tandem mass spectrometry (IP MS/MS)
using pad4sagl01 mutant lines stably expressing YFP-PAD4 or SAG101-
YFP under control of their native promoters, and awild-type Col-Oline
constitutively expressing p35S::YFP as control'®. Whereas RLCKs and
ADRI1 family members were not detected (Supplementary Tables 1,
2), SOBIR1 was enriched with YFP-PAD4 but not SAG101-YFP or YFP
alone in mock-treated and nlp20-treated tissues and at 10 minor 3 h
(Fig. 3b, Extended Data Fig. 9a-e). Together, the protein interaction
datasuggest that plasma membrane-resident LRR-RP-SOBIR1 recep-
tors form a constitutive complex with PBL31 and components of the
EDS1-PAD4-ADR1node for PTIsignalling.

LRR-RP and NLR genes are polymorphic

Having established that LRR-RPs and NLR immune receptors share
signalling components, we assessed whether they have similar evo-
lutionary patterns. Within species and populations, NLR genes have
diversified, with signatures of both rapid and balancing evolution®.
Arabidopsis LRR-RP-type immune receptors recognize widespread
microbial surface patterns?, but the encoding genes, like NLRs, often
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areprovidedin Extended DataFig.9a. The red dotsindicate enriched proteins
(llog,(YFP-PAD4/YFP)| >10r |log,(YFP-PAD4/SAG101-YFP)| >1usinga
permutation-based false discovery rate of 0.05). The two functional Col-0 EDS1
isoforms (EDS1aand EDS1b) were enriched in YFP-PAD4 samples, and EDS1a
was enriched in SAG101-YFP IPs, as found in ETI-triggered tissues'®. Samples
werecollectedin fourindependent experiments. ¢, The EDSI-PAD4-ADR1
node mediatesboth PTIand ETI. Uponligand perception, LRR-RK and LRR-RP
receptors dimerize with BAK1to activate PTI. The EDS1-PAD4-ADR1nodehasa
keyrolein LRR-RPsignalling (red arrows) and aless prominentrole in LRR-RK
signalling (faded arrow). Some PTloutputs do not require EDS1-PAD4-ADR1
(dashed lines). ETImediated by NLRsisdependent onthe EDS1-PAD4-ADR1
and/or SAG101-EDS1-NRG1 nodes or isindependent of either signalling node
(grey arrows). The RLCK-VII kinases BIK1, PBL31and PBL13 regulate LRR-RP and
LRR-RK signalling.

occur within gene clusters®. To gauge LRR-RP gene variation, reads
from 80 Arabidopsis accessions?*? were mapped onto the Col-0 refer-
ence genome. Genes were categorized as conserved, displaying com-
plex variation, or exhibiting presence or absence polymorphisms. This
within-species analysis revealed asimilar proportion of variable genes
inNLR and LRR-RP families, whereas LRR-RK genes had low variation,
comparable to the genomic background (Extended Data Fig. 10a).
LRR-RP genes encoding knownreceptors were foundin all three classes:
RLP23, RLP30 and RLP32 are conserved, RLP42 has a complex pat-
tern, and RLP1 has a presence or absence polymorphism (Extended
DataFig. 10b). We conclude that LRR-RP and NLR genes have similar
evolutionary dynamics in maintaining sequence diversity, whereas
LRR-RK-encoding genes are more constrained.

Discussion

Cell-surface LRR-type receptors share a dependence on the EDS1-
PAD4-ADRI1 node with cytoplasmic NLRs for activating plant
immunity (Fig. 3c). These signalling components are essential for
LRR-RP-mediated immunity, whereas LRR-RK-induced defences
rely partially on them (Fig. 2, Extended Data Figs. 4, 6). This finding,
together with differential involvement of RLCKs in LRR-RP-mediated
(PBL31and BIK1) and LRR-RK-mediated (BIK1and PBL13) PTI°* (Fig.1,
Extended Data Figs. 1-3), supports the concept of distinctimmune
pathways being activated through different receptor systems® (Fig. 3c).
Arequirement for EDS1-PAD4-ADR1 in cell-surface and intracellular
receptor-mediated immunity might explain similar defences upon
activation of ETl or PTI

We show that EDS1, PAD4, ADR1-type hNLRs and RLCK PBL31reside
in close proximity with transmembrane LRR-RP-SOBIR1 complexes
in resting and elicited states (Fig. 3a, b, Extended Data Figs. 7-9).
Thus, ligand-induced recruitment of the co-receptor BAK1 into



transmembrane complexes with LRR-RP-type receptors might initi-
ate PTIsignalling through a preformed SOBIR1-anchored platform at
the plasma membrane.

Cell-surface LRR-RPs and cytoplasmic NLRs emerge as two poly-
morphicimmune sensor classes (Extended Data Fig. 10). In contrast
to NLRs, the LRR-RP repertoire includes conserved sensors for wide-
spread microbial patterns>?, accession-specific polymorphicsensors
for common patterns® and sequence-divergent sensors for microbial
pathovar-specific effectors®. LRR-RPs confer partial (for example,
RLP23)*or full (for example, Cf proteins)® resistance to host-adapted
microbial pathovars. LRR-RPs thus qualify as sensors that mediate both
PTland ETI, which erodes the strict distinction between the two layers
of innate immunity>*,
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Methods

Plant material

All Arabidopsis mutants used in this study wereinthe A. thaliana Col-0
ecotype and arelisted in Supplementary Table 3. Complemented trans-
genic lines and their respective mutant backgrounds are described
in Supplementary Table 3. Arabidopsis plants were grown in soil in
climate chambers under short day conditions (8 h/16 h (light/dark),
150 pmol m~2 s white fluorescent light, 40-60% humidity, 22 °C).
N. benthamiana wild-type plants were grown in soil in either a green-
house or climate chambers under 12 h/12 hlight/dark cycle at 60-70%
humidity and 24-26 °C.

Elicitors used in this study

Flg22, elf18, nlp20 and pgl3(At) peptides were synthesized according to
the published sequences'">*"*2by Genscript, prepared as10 mMstock
solutions in DMSO and diluted in ddH,0 before use. Full-length IF1from
Escherichia coliwas synthesized by Genscript as a biotinylated fusion
proteinand resuspendedinddH,0 asalmMstock solution'?. The RLP1
elicitor eMax was originally identified in Xanthomonas®. We found that
eMaxisalso presentin other Proteobacteriaincluding Lysobacter. Here
we used eMax partially purified from the Lysobacter strain Root690
(ref.?*). Lysobacter was grown in SOB medium overnight at 28 °C with
shaking at 200 r.p.m. and collected by centrifugation. The pellet was
resuspended in 50 mM MES, pH 5.7, and 50 mM NaCl, and cells were
lysed by sonication, after which the supernatant was fractionated using
a HiTrapQ FF (Cytiva) anion-exchange column. An eMax-containing
fraction with high ethylene-inducing activity on fIs2 efr leaves, but
no activity on rlp1 leaves*was used for the RLCK-VII mutant screen as
shownin Extended Data Fig. 1a.

Measurement of ethylene production

Leaves of 6-week-old Arabidopsis plants were cut into pieces (about
0.5x0.5cm) and floated on H,0 overnight. For Extended Data Fig. 4c,
leaves were floated on either water or 100 nM thaxtomin A. Three
leaf pieces were incubated in a sealed 6.5-ml glass tube with 0.4 ml of
50 mM MES buffer, pHS5.7,and theindicated elicitor. Ethylene accumula-
tionwas measured after 4 h by gas chromatographic analysis (GC-14A;
Shimadzu) of 1mlof the air drawn from the closed tube with a syringe.

Measurement of ROS production

ROS assays were performed as previously described®-*, Leaves of
5-week-old Arabidopsis plants were cut into pieces of equal size and
floated on H,O overnight. One leaf piece per well was transferred to
a96-well plate containing 20 pM L-012 (Wako Pure Chemical Indus-
tries) and 2 pg ml™ peroxidase. Luminescence was measured over 1 h
following elicitation or mock treatment using a Mithras LB 940 lumi-
nometer (Berthold Technologies). Total relative light unit production
was determined by calculating the area under the scatter curve for 30
min post-elicitation.

Measurement of elicitor-induced callose deposition

Leaves of 5-week-old Arabidopsis plants were infiltrated with 500 nM
elicitor and incubated for 16 h. Leaves were bleached with 95% ethanol
and stained with aniline blue as described®. Images were collected at a
magnification of x64 onan AxioZoom.V16 microscope equipped with
an AxioCam503 colour camera (Zeiss) and a DAPI filter (excitation
filter:390 nM, emission filter: 460 nM) using ZenBlue software. Image
colours were inverted and converted to black and white. Black pixels
indicating callose were counted with Image]J.

MAPK activation

Arabidopsis leaves (4.5-6-week old) were infiltrated with water, 1 or
0.5 uM nlp20, or 1 uM flg22. At the indicated time points, leaves were
harvested and frozenin liquid nitrogen. MAPK activation was assessed

by blotting with a phospho-specific p44-p42 antibody (1:3,000; Cell
Signaling) as previously described®.

Seedling growthinhibition

Sterilized seeds were placed on V2 MS plates (1% sucrose, 0.8% agar).
After vernalization, seeds were incubated in a long day chamber
(16 h/8h (light/dark),150 pumol ms'white fluorescentlight, 22 °C). After
5d, seedlings were transferred to 2 MS with 1% sucrose, 10 mM NacCl,
0.01% BSA and 100 nM elf18 or flg22. After 7 d, seedlings were blotted
dry and fresh weight was measured. NIp20 does not cause seedling
growth inhibition and thus was not tested here®.

Quantitative reverse transcription PCR

Leaves from 6-week-old Arabidopsis plants were infiltrated with water
(mock) or the indicated elicitors. Total RNA was isolated from leaves
harvested at the indicated time point using the NucleoSpin RNA Plus
Kit (Macherey-Nagel). cDNA was synthesized from 2 pg of total RNA
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific).
Quantitative PCRs and measurements were performed witha CFX384
Real-Time PCR detection system or aniQ5 Multi-Colour Real-Time PCR
detection system (Bio-Rad) using the SYBR Green Fluorescein Mix
(Thermo Scientific) and the primers listed in Supplementary Table 4.
Transcript levels of target genes were normalized to the transcript
levels of the housekeeping genes EF1a or UBIQUITINS.

Pathogenicity assays

PstDC3000 inoculations were performed as described”. Forinduced
resistance assays, leaves of 4-6-week-old Arabidopsis plants were infil-
trated with1puM nlp20, 1 puM fIg22 or mock-treated 24 h before bacte-
rialinfection. Leaves were infiltrated with Pst DC3000 or Pst DC3000
AvrRPS4 at a density of 10* cell per ml and bacterial growth was quanti-
fied after3d.

Cloning of recombinant PBL31

PBL 31 and PBL31%?° were cloned into pDEST15 and transformed
into BL21-Al (Thermo Scientific). Cultures were grown at 37 °C to
ODyo=0.3and thentransferredto17 °C. Expression wasinduced with
0.2% L-arabinose when the culture reached OD,,,= 0.6 and incubated
overnight. The recombinant proteins were purified by immobilized
metalion affinity chromatography using a HisTrap HP column (Cytiva)
and thendialysed against 20 mM Tris, pH 8,and 100 mM NacCl. Proteins
werediluted to 0.25 mgml™and treated with 200 U ml™ calf intestinal
phosphatase (Sigma) or mock-treated for 3hat37 °Cin the presence of
1x calf intestinal phosphatase buffer (Sigma). Samples were analysed
by anti-His protein blot (Abcam).

N. benthamiana and Arabidopsis IPs and protein blotting

Leaves of N. benthamiana were transiently transformed with the indi-
cated constructs and harvested after 2-3 d. For the elicitor-treated
samples, leaves were infiltrated with water or 1M nlp2010 min before
harvesting. IPs were performed with 200-250 mg of tissue. Tagged
proteins wereimmunoprecipitated for 1h at4 °C using GFP-Trap beads
(ChromoTek) as previously described®®*’, Protein blotting was per-
formed using antibodies to GFP (1:4,000; Torrey Pines Biolabs), HA
(1:2,000; Sigma) or Myc (1:5,000; Sigma). For Extended Data Fig. 7b,
d, protein blotting was performed using antibodies to GFP (1:1,500;
Roche) and HA (1:2,000; Roche).

Immunoblotting was used to check the background levels of
FLS2 (1:2,000; Agrisera), BAK1 (1:10,000; Agrisera), MPK3 (1:5,000;
Sigma), MPK4 (1:1,000; Sigma) and MPK6 (1:1,000; Sigma) in
5-6-week-old Arabidopsis. For split luciferase (Luc) experiments, pro-
tein abundance was checked with Luc and CLuc antibodies (1:5,000;
Sigma). Arabidopsis plants (4.5-week old) containing p35S::Strepll-
3xHA-YFP (Col-0), pPAD4::YFP-PAD4 (pad4-1 sag101-3 background)
or pSAGI101::SAGI0I-YFP (pad4-1 sagl01-3 background) were



syringe-infiltrated with mock (DMSO) or 0.5 pM nlp20 and harvested
after 10 min or 3 h. Protein extraction and IP using anti-GFP agarose
beads (Chromotek) were performed as previously described™. Protein
quality ininputs was checked onimmunoblots (Extended Data Fig. 9c)
using antibodies to GFP (1:2,500; Roche).

Ratiometric bimolecular fluorescence complementation

The coding sequences of SOBIR1, ADR1, ADR1-L1and ADRI-L2 were
cloned into the 2in1 bimolecular fluorescence complementation CC
gateway-compatible destination vector*®*. Destination vectors were
transiently expressed in N. benthamiana, and complementation of YFP
was analysed at 24 h after infection with the confocal laser scanning
microscope LSM880 (Zeiss) using a x63 water-immersion objective.
Settings were as follows: YFP was excited using a 514-nm laser, collect-
ing emission between 516 and 556 nm; RFP was excited using a 561-nm
laser with an emission spectrum of 597-634 nm. Images were pro-
cessed with ZENblue software (Zeiss) for adjustment of brightness and
contrast.

Split Luc assays

Firefly Luc complementation assays were performed as previously
described*. In brief, the cDNA of indicated genes were amplified and
cloned into 35S-pCAMBIA1300-Nluc or 35S-pCAMBIA1300-Cluc. The
A. tumefaciens strain GV3101 carrying these plasmids was infiltrated
into N. benthamiana leaves. After 48 h of infiltration, leaf discs were
taken and incubated with 1 mM luciferin in a 96-well plate. The Luc
activity was measured by the EnSpire Multimode Plate Reader (Perkin
Elmer). Protein expression was detected by immunoblot against CLuc
and Luc (Sigma) (Extended Data Fig. 7f).

FRET-FLIM

For FRET-FLIM analysis, C-terminal GFP fusions of SOBIR1 (pSol2095)*
and PBL31 (in PGWBS (ref. **)) were used as donor constructs.
C-terminal RFP fusions of SOBIR1, PBL31, PAD4, EDS1, SAG101, ADR],
ADRI1-L1and ADRI1-L2 (in pB7RWG2 (ref. **)) were used as acceptors.
N-terminally tagged RFP-NPH3%*** (in pB7WGR2 (refs. 2%)) served
asaplasmamembrane-associated control; the S744A mutation blocks
light-triggered dissociation from the plasmamembrane?. EDS1-HA and
PAD4-HA were expressed from pGWB14 (ref. **). These binary vectors
and ap19-expressing construct as silencing inhibitor were transformed
intothe A. tumefaciens strain GV3101. For transformation of N. bentha-
mianaleaves, Agrobacterium cultures were adjusted toan OD,, 0f 0.2
ininfiltration medium, and a1:1:1(:1) mixture was infiltrated into leaves
of 3-4-week-old plants. FLIM measurements were performed, accord-
ing to amodified protocol of ref. *6, 26-48 h after infiltration on a SP8
confocal laser scanning microscope (Leica Microsystems) with Leica
Microsystems Application Suite software and a FastFLIM upgrade from
PicoQuant consisting of Sepia Multichannel Picosecond Diode Laser,
PicoQuant Timeharp 260, TCSPC Module and Picosecond Event Timer
(Picoquant). Imaging was done by using a x63/1.20 water-immersion
objective and focusing on the plasmamembrane of the abaxial epider-
mal cells. The presence of the fluorophores was shown by excitation
with 488 nm or 561 nm, and 500-550-nm or 600-650-nm detection
range for GFP or RFP, respectively. HA-tagged proteins were detected
by westernblot analysis. Colocalization was demonstrated by reading
out signal intensities over the plasma membrane. As laser power and
gainwerevaried, theintensities do not reflect the absolute expression
levels towards each other but validate the colocalization at the plasma
membrane. The GFP FLT t [ns] in cells co-expressing different con-
structs was determined by excitation with a pulsed laser with a470-nm
wavelength and a repetition rate of 40 MHz. The maximal count rate
was set to about 10,000 kCnts s and photons were collected until 500
photonsin the brightest pixel were reached ataresolution of256 x 256
pixels. Data processing was performed with SymPhoTime software. A
region of interest covering the plasma membrane was defined and FLT

[ns]was determined by biexponential curvefitting and a correction for
the instrument response function.

FRET-FLIM data are derived from at least three independent bio-
logical replicates with a total sample size of n > 11 per FRET pair or
donor-only control. All sample numbers and statistical analysis data
can be found in Supplementary Table 5. As cell death, which was a
problem in several co-expression combinations, correlates with high
A[2] values, samples were only included in the analysis when the A[1]
[kCnts]to A[2] [kCnts] ratio was above 1; the other measurements were
discarded. As datawere not equally distributed, a Wilcoxon or Kruskal-
Wallis test was performed, followed by a post-hoc test (Steel-Dwass
all-pairs comparison).

Preparation of peptides for LC-MS/MS, data acquisition and
dataanalyses

Proteins (from GFP-trap enrichment) were submitted to an on-bead
digestion. In brief, dry beads were re-dissolved in 25 pl digestion buffer
1(50 mM Tris, pH7.5,2M urea, 1mM DTT and 5 ng pl ™ trypsin) and incu-
bated for30 minat30 °Cina Thermomixer with400 r.p.m. Next, beads
were pelleted and the supernatant was transferred to afresh tube. Diges-
tion buffer 2 (50 mM Tris, pH 7.5, 2M urea and 5 mM CAA) was added to
the beads. After mixing, the beads were pelleted and supernatants were
collected. Combined supernatants were incubated overnight at 32 °C
ina Thermomixer with 400 r.p.m.; samples were protected from light
during incubation. The digestion was stopped by adding 1 pl TFA and
desalted with C18 Empore disc membranes according to the StageTip
protocol?. Dried peptides were re-dissolved in 2% ACN and 0.1% TFA
(10 ul) and diluted to 0.2 pg pl™ for analysis. Samples were analysed
using an EASY-nLC1000 (Thermo Fisher) coupled to a Q Exactive mass
spectrometer (Thermo Fisher). Peptides were separated on 16-cm frit-
less silica emitters (New Objective; with an inner diameter of 75 pm),
packed in-house with reversed-phase ReproSil-Pur C18 AQ 1.9 um resin
(Dr. Maisch). Peptides were loaded on the column and eluted for 115
min using a stepwise linear gradient of 5% to 95% solvent B (0-5 min,
0-5% B; 5-65 min, 5-20% B; 65-90 min, 20-35% B; 90-100 min,
35-55% B; 100-105 min, 55-95% B; 105-115 min, 95% B) (solvent A 0%
ACN and 0.1% FA; solvent B 80% ACN and 0.1% FA) at a flow rate of
300 nlmin™. Massspectrawere acquired in data-dependent acquisition
mode with a TOP15 method. MS spectra were acquired in the Orbitrap
analyser with a mass range of 300-1,750 m/z at a resolution of 70,000
FWHM and a target value of 3 x 10®ions. Precursors were selected with
anisolation window of 2.0 m/z. HCD fragmentation was performed at
anormalized collision energy of 25. MS/MS spectra were acquired with
atarget value of 10° ions at a resolution 0f 17,500 FWHM, a maximum
injection time of 55 ms and a fixed first mass of m/z100. Peptides with
acharge of +1, greater than 6 or with unassigned charge state were
excluded from fragmentation for MS2; dynamic exclusion for 30 s
prevented repeated selection of precursors. Raw data were processed
using MaxQuantsoftware (version1.6.3.4; http://www.maxquant.org/)*s
with label-free quantification (LFQ) and iBAQ enabled*. MS/MS
spectra were searched by the Andromeda search engine against a
combined database containing the sequences fromA. thaliana (TAIR10_
pep_20101214; https://www.arabidopsis.org/download/index-auto.
jsp?dir=%2Fdownload_files%2FProteins%2FTAIR10_protein_lists) and
sequences of 248 common contaminant proteins and decoy sequences.
Trypsinspecificity was required and amaximum of two missed cleavages
were allowed. The minimal peptide length was set to seven amino acids.
Carbamidomethylation of cysteine residues was set as fixed, and oxida-
tionof methionine and protein N-terminal acetylation were set as variable
modifications. Peptide spectrum matches and proteins were retained
ifthey were below a false discovery rate of 1%. Statistical analysis of the
MaxLFQ values was carried out using Perseus (version1.5.8.5; http://www.
maxquant.org/). Quantified proteins were filtered for reverse hits and
hits ‘identified by site’, and MaxLFQ values were log, transformed. After
grouping samples by condition, only those proteins that had three valid


http://www.maxquant.org/
https://www.arabidopsis.org/download/index-auto.jsp?dir=%2Fdownload_files%2FProteins%2FTAIR10_protein_lists
https://www.arabidopsis.org/download/index-auto.jsp?dir=%2Fdownload_files%2FProteins%2FTAIR10_protein_lists
http://www.maxquant.org/
http://www.maxquant.org/

Article

valuesin one of the conditions were retained for the subsequent analysis.
Two-sample t-tests were performed using a permutation-based false
discovery rate of 5%. Alternatively, quantified proteins were grouped
by condition and only those hits that had four valid values in one of the
conditions were retained. Missing values were imputed from a normal
distribution (1.8 downshift, separately for each column). Volcano plots
were generated in Perseus using a false discovery rate of 0.05 and an
S0 =1. The Perseus output was exported and further processed using
Excel (Supplementary Tables 1, 2). The MS proteomics data have been
deposited to the ProteomeXchange Consortium*® via the PRIDE™ partner
repository with the dataset identifier PXD026120.

Conservation analysis of LRR-RKs, LRR-RPs and NLRs in
Arabidopsis

Illumina reads from 80 Arabidopsis accessions from the first phase
study of the 1001 Genomes project?** were mapped to the reference
genome of Col-0 using version 0.7.15-r1140 of the BWA-backtrack
algorithm®? with parameters: k=1in bwa aln command; n=10,000;
with the maximal number of mismatches allowed being 1. Paired-end
information was discarded. The TAIR10 assembly of the Arabidopsis
Col-0 genome was used for the reference genome (https://arabidopsis.
org). The output mapped files were processed with samtools mpileup
version 1.9 (ref. %*); parameters: aa; d=10,000; Q = 0. A total list of
163 NLR genes was used in the analysis, which was based on 159 NLR
genes previously identified” and 4 additional, manually curated genes
(ATIG63860, AT1G72920, AT1G72930 and AT5G45230). The coding
sequence (CDS) portions of the genes were extracted, defined as the
unionof allthe CDS models of the gene based on the TAIR10 annotation.
Fractions of the CDS sequence with non-zero coverage were calculated
for each gene-accession combination (hereafter known as ‘coverage
fractions’). Genes were assigned into conserved, complex and pres-
ence/absence categories using a threshold-based approach. To define
thresholds, kmeansalgorithmwasinitiated with three centresat 0, 0.5
and1land applied to the coverage fractions, resulting in thresholds at
0.37 and 0.81. Coverage fractions were then discretized by applying
these thresholdsinto ‘absent’, ‘intermediate’ and ‘present’ categories,
from lowest to highest values. NLR genes were assigned as conserved
if there were no accessions with ‘absent’ coverage and at least 95% of
all accessions had high coverage. Genes with more than 5% of acces-
sions having ‘intermediate’ coverage values were assigned as complex,
and genes that were absent in at least one accession not classified as
complex, were assigned as presence/absence. This procedure was also
applied to LRR-RP-encoding genes* and LRR-RK-encoding genes®. The
conserved category does not necessarily imply functional or structural
conservation but is used in the genomic sense to indicate sequence
conservation, as measured by the presence of sub-sequences whose
identities are within the applied thresholds.

Data analysis

No statistical methods were used to predetermine sample size. The
experiments were not randomized. The investigators were not blinded
toallocation during experiments and outcome assessment. Data were
plotted using R Studio (https://www.r-project.org/) or Microsoft Office
Excel. Datawere represented as the mean +s.e.m. or as box-and-whisker
plotsin which the centre line indicates the median, the bounds of the
box indicate the 25th and 75th percentiles, and the whiskers indicate
1.5 xtheinterquartile range between the 25th and the 75th percentile.
Statistical analyses were performed using R Studio/R or JMP (SAS).
Unless otherwise stated, graphs present data from a single experiment.
Data were tested for normal distribution with Shapiro-Wilk test and
equal variance with Fligner-Killeen (R) or Levene’s test (JMP). Data
with non-normal distribution were tested for significant differences
using two-sided Wilcoxon rank-sum test with continuity correction (for
two groups) or Kruskal-Wallis test with a post-hoc two-sided Steel-
Dwass test (for more than two groups). For Extended Data Fig. 1a, the

Steel-Dwass test revealed no significant differences between genotypes
as this test is very stringent with large group sizes and small sample
numbers (n). We therefore further performed two-sided Wilcoxon
rank-sum pairwise tests, which are not affected by group size. Data
with normal distribution were analysed with a two-sided Student’s
t-test or, if variances were unequal, a two-sided Welch'’s t-test. A sum-
mary of statistical analysesis provided in Supplementary Table 5. Data
and statistical analysis for MS analyses are provided in Supplementary
Tables1, 2.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Alldataareavailable within this article and its Supplementary Informa-
tion. Proteomics dataare available viathe ProteomeXchange Consor-
tium with the identifier PXD026120. MS data were searched against
a combined database containing protein sequences from A. thali-
ana TAIR10_pep_20101214 (https://www.arabidopsis.org/download/
index-auto.jsp?dir=%2Fdownload_files%2FProteins%2FTAIR10_protein_
lists). Genomics data from A. thaliana accessions were obtained from
the1001 Genomes project (https://1001genomes.org/data-center.html)
and mapped to the TAIR10 assembly of the genome (https://arabidopsis.
org). Original gel blots are shown in Supplementary Fig. 1. Statisti-
cal analyses for all quantitative data are provided in Supplementary
Tables1,2and 5. Source data are provided with this paper.
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Extended DataFig.1|LRR-RP-mediated ethyleneresponses aredependent
onRLCK-VII-7kinases PBL30 and PBL31. a, RLCK-VII mutant screen for
positive regulators of LRR-RP signalling. n > 6, each from 3 leaf pieces. Exact
nvalues areshowninthegraph. Dataare from 2independent experiments.
Two-sided Wilcoxon rank sum pairwise tests with continuity correction were
used to analyse significant differences between elicitor-treated Col-0 and the
indicated mutant (*P<0.05,**P<0.01). b, Elicitor-induced ethylene production
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in Col-0 and RLCK-VII-7 mutants. n =14, each from 3 leaf pieces. Dataare from
3independent experiments. Statistical differences between Col-0 and the
indicated mutants were analysed using a Kruskal-Wallis test with a post hoc
two-sided Steel-Dwass test (*P<0.05,**P<0.01, ***P<0.0001). Centreline:
median, bounds of box: 25" and 75" percentiles, whiskers: 1.5 *IQR (IQR: the
interquartile range between the 25" and the 75" percentile). Exact Pvalues for
allexperimentsare providedin Supplementary Table 5.
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Extended DataFig.2|PBL31activity in RLP23 signalling requiresits kinase
activity. a, Ethylene accumulation in pbl30 pb(31 pb[32 complemented with
wild-type PBL31-HA (PBL31) or the kinase-dead variant PBL31¥**'A-HA
(PBL31%*°'*), Bars indicate mean ethylene response +s.e.m. For PBL31¥**'* n=6;
forall others, n=9. Atwo-sided Welch’s t-test was used to analyse significant
differences between Col-0 and the indicated line for the given elicitor
treatment (**P<0.01,***P<0.0001). Exact Pvalues are provided in
Supplementary Table 5. The experiment was repeated 3 times with similar
results. b, PBL31 has autokinase activity that is abolished in the PBL31%**'*

mutant. Recombinant PBL31and PBL31%**'* were subjected to SDS-PAGE
followed by anti-His protein blot. PBL31%**'* runs near the predicted position
forthe tagged protein (57.4 kDa). The wild-type version migrates more slowly,
consistent withitbeingauto-phosphorylated. Phosphorylationofthe
wild-type PBL31was confirmed by treatment with calfintestinal phosphatase,
whichincreased the migration rate of PBL31 but not PBL31%**'*, The experiment
wasrepeated 2 times with similar results. ¢, Anti-HA protein blot with material
from plantsusedina. For gel source data, see Supplementary Fig. 1.
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Extended DataFig. 3 |See next page for caption.



Extended DataFig. 3 |Immuneresponses of RLCK-VII-7 mutants treated
withLRR-RP-recognized and LRR-RK-recognized elicitors. a, b, Elicitor-
induced ROS productionisimpairedin pbl30 pbl31pbl32.a, Total elicitor-
induced ROS production over 30 minin Col-0, pbl30 pbl31, and pbl30 pbl31
pbl32.n=48leaf pieces from3independent experiments. For all panels pb[30
pbl3lisinorange, pbl30 pbl31 pbl32isinpink.For a, c, h, statistical differences
between Col-0 and the indicated mutants were analysed using a Kruskal-Wallis
testwithaposthoctwo-sided Steel-Dwass test (*P<0.05,**P<0.01,
***P<0.0001). b, Mean ROS production over time. Solid line, mean; shaded
band, s.e.m.; n=16leaf pieces. ¢, NIp20-induced callose depositionin Col-O is
dependentonPBL30 and PBL31.n>12images from atleast 3 leaves; exactn
values areindicated onthe graph.d, NIp20-induced expression of PAD3,
CYP71A13,and FMOI isimpaired in pbl30 pbl31 pbl32plants. Barsindicate mean
expressionrelative to EF-Ia 6 h after mock or elicitor treatment determined by
qRT-PCR.n=8biological replicates from 3independent experiments. A two-
sided Wilcoxon rank sum test with continuity correction was used to analyse
significant differences between Col-0 and pbl30 pbl31 pbl32for the given
elicitortreatment (*P<0.05,**P<0.01). e, Relative fresh weight of 12 d-old
Col-0and pbl30 pbl31pbl32seedlings grownin the presence of flg22 or elf18.
Nosignificant differences were observed between Col-0 and pbl(30 pbl31 pb(32
growth for any treatment (P> 0.05, two-sided Wilcoxon rank sum test with

continuity correction). n=8biological replicates comprising 2 seedlings; for
pbl30pbl31pbl32treated withelf18,n=7.f, MAP kinase activationin Col-O and
pbl30 pbl31pbl32treated with nlp20 or flg22 was analysed by immunoblot
assay. Ponceau S-stained RUBISCO large subunit serves as aloading control.
For gelsource data, see Supplementary Fig.1.g, Elicitor-induced defence
againstinfectionisimpairedin pbl30 pbl31 and pbl30 pbl31 pbl32.Leaves were
infiltrated with the indicated elicitor and challenged with Ps¢t DC3000 infection
after 24 h. Bacterial colonization was assessed at Day 0 and Day 3.n=6 (Day 0)
or12(Day 3) biological replicates comprising 2 leaf discs. Bars with different
lettersindicate significant differences of P<0.05 (Kruskal-Wallis test with post
hoctwo-sided Steel-Dwass test). No statistical differences were observed for
Day 0. CFU, colony forming units. h, RLCK-VII-7 kinases are not required for an
ETIresponseto Pst DC3000 AvrRps4 or Pst DC3000 AvrRpt2.n=8 (Day 0) or12
(Day 3) biological replicates comprising 2 discs; for pb(30 pbl31 pbl32infected
with PstDC3000 AvrRpt2 (Day 3), n=10. Growth on edsI plants served as
control. Forbox plotsina, ¢, centre line: median, bounds of box: 25" and 75
percentiles, whiskers:1.5*IQR.Ford, e, g, hbarsindicate mean +s.e.m.
Experimentsinb, c,e-hwererepeated atleast three times with similar results.
Exact Pvalues for all quantitative experiments are provided in Supplementary
Table5.
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Extended DataFig.4|PTIresponsesare partially dependent on PAD4 and
EDSL. a, Elicitor-induced ethylene productionin pad4, eds1, sag101, EDS1and
EDS1"*Flines.n=14, each from 3 leaf pieces. Data are from 3independent
experiments. Statistical differences between Col-0 and the indicated mutants
were analysed using a Kruskal-Wallis test withapost hoc two-sided
Steel-Dwass test (*P<0.05,**P<0.01, ***P<0.0001). Centre line: median,
bounds ofbox: 25" and 75" percentiles, whiskers: 1.5*IQR. b, NIp20-induced
ethylene productionis not dependent on EDS1and PAD4 putative lipase
activity. The edsI pad4is complemented with wild-type proteins (EDS1PAD4)
orvariants harbouring mutationsin their putative o/B-hydrolase catalytic
residues (EDS1°" PAD4%)". n=4, each from 3 leaf pieces. Statistical differences
between Col-O and the indicated mutants were analysed by two-sided Welch’s
pairwisetests (**P<0.01). Forb-e, barsindicate mean +s.e.m.c, Thaxtomin A
pretreatment enhances nlp20-induced ethylene responses in Col-0O but notin
pad4or pbl30 pbl31 pbl32 mutants. n=4,each from 3 leaf pieces. Statistical
differences between water-and thaxtomin A-treated samples were analysed
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using aKruskal-Wallis test with a post hoc two-sided Steel-Dwass test
(*P<0.05).d, Expression of PAD3, CYP71A13 and FMO1 6 h after elicitor or mock
treatment, determined by qRT-PCR. n =8 biological replicates from3
independent experiments. Atwo-sided Wilcoxon rank sum test with continuity
correction was used to analyse significant differences between Col-0 and pad4
forthegivenelicitor treatment (*P<0.05,**P<0.01). e, Relative fresh weight of
12d-old Col-O and pad4seedlings grownin the presence of flg22 or elf18. No
significant differences were observed between Col-0 and pad4 growth for any
treatment (two-sided Wilcoxon rank sum test with continuity correction).n=8
biological replicates comprising 2 seedlings; for Col-O treated with elf18,n=7.
f, MAP kinase activationin Col-0 and eds1 pad4 sagl01 treated with nlp20 or
flg22 was analysed by immunoblot assay. Ponceau S-stained RUBISCO large
subunitserves as aloading control. For gel source data, see Supplementary
Fig.1.Experimentsinb-fwere performed atleast three times with similar
results. Exact Pvalues for all quantitative experiments are provided in
Supplementary Table 5.
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Extended DataFig. 5| Transcript and proteinlevels ofimmune-related
genesinCol-0 and pad4. a, Background levels of aset ofimmune-related
genesinnaive Col-0 and pad4. Relative expression was determined by
qRT-PCR.Expression was normalized to EF-Iatranscript and set relative to

Col-0.n=8biological replicates from 3independent experiments. Centre line:

median, bounds of box: 25" and 75" percentiles, whiskers:1.5*IQR. No
significant differences were identified between Col-0 and pad4 (P> 0.05,

two-sided Wilcoxon rank sum test with continuity correction). Exact Pvalues
areprovidedin Supplementary Table 5. b, Protein levels of FLS2, BAK1, MPK3,
MPK4, and MPK6 are similar in Col-0 and pad4 plants. Leaves were taken from
three 6-week-old plants (labelled 1-3) and endogenous protein levels were
evaluated by protein blot. Ponceau S-stained RUBISCO large subunit serves as a
loading control. For gel source data, see Supplementary Fig.1. The experiment
wasrepeated atleast three times with similar results.
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Extended DataFig.6|ADR1helper NLRs are positive regulators of LRR-RP
signalling. a, Elicitor-induced ethylene productionin helper NLR mutants.
n=13,eachfrom3leafpieces. Dataare from3independent experiments. Col-0
isgrey, adrl tripleis pink, nrgl doubleis orange, and helperlessis blue for all
panels. Fora-c, f, statistical differences between Col-0 and the indicated
mutant for the given elicitor treatment were analysed using a Kruskal-Wallis
testwith post hoc two-sided Steel-Dwass test (*P<0.05, **P<0.01,
***P<0.0001).b, Total elicitor-induced ROS production over 30 min. n=48leaf
discsfrom3independent experiments. ¢, NIp20-induced callose depositionis
reducedin adrl triple and helperless mutants. n>12images fromatleast 3
leaves. For Col-0 nlp20, n=14 images; for adrl triple mock, n=15; for all others
n=16.d,Representativeimmunoblot for MAP kinase activationin Col-0 and
helperlesstreated with nlp20 or flg22. Ponceau S-stained RUBISCO large
subunitservesas aloading control. For gel source data, see Supplementary
Fig.1. e, Relative freshweight of 12 d-old Col-0 and helperless seedlings grown

inthe presence of flg22 or elf18 (n =8 biological replicates comprising 2
seedlings). No statistical differences between Col-0 and helperless were
identified for each elicitor treatment (P> 0.05, two-sided student’s t-test).

f, Elicitor-induced defence againstinfection isimpaired in adr1 triple and
helperless mutants. Leaves were infiltrated with the indicated elicitor and
challenged with Ps¢t DC3000 24 h after infiltration. Bacterial colonization was
assessedat Day 0 and Day 3.n=6 (Day 0) or n=12 (Day 3) biological replicates
comprising 2 leaf discs. Bars with different letters indicate significant
differences of P<0.05 (Kruskal-Wallis test with post hoc two-sided
Steel-Dwass test). No statistical differences were observed for Day 0. CFU,
colony forming units. For box plotsina-c, centre line: median, bounds of box:
25" and 75" percentiles, whiskers: 1.5*IQR. For e, f, bars indicate mean +s.e.m.
Experimentsin c-fwere performed atleast three times with similar results.
Exact Pvalues for all quantitative experiments are provided in Supplementary
Table5.
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Extended DataFig.7| Co-immunoprecipitation, split-YFPand
split-luciferase complementation assays suggest that SOBIR1is associated
withmultiple downstreamsignalling components. a, PBL31, ADR1, EDS1, and
PAD4 associate withSOBIR1inanlp20-independent manner. The indicated
proteins were transiently expressed in Nicotiana benthamiana. Leaves treated
with nlp20 or water (mock) for 10 min were subjected to co-immunoprecipitation
with GFP-trap beads. The proteins were not co-immunoprecipitated witha
GFP-fused membrane protein (LTI6b%®). The experiment was performed twice
with similar results. b, Pull-down of GFP and SOBIR1-GFP transiently
co-expressed withADR1-HA, ADR1-L1-HA or ADR1-L2-HA. Plants transiently
expressing the different proteins were subjected to co-immunoprecipitation
using GFP-trap beads and subsequently analysed by proteinblot using
tag-specificantisera. ADR1-L1-HA and ADR1-L2-HA were co-immunoprecipitated

atleast three times with similar results; ADR1-HA was tested once. ¢, BiFC
between SOBIR1and the ADR1isoforms confirms constitutive interaction of
SOBIR1with ADRI-L1and ADR1-L2 at the plasmamembrane. Scale barindicates
20 pm. The experiment was performed at least three times with similar results.
d, Proteinlevels of the transiently expressed proteinsin BiFC experiments shown
inpanelc. e, Split luciferase complementation assays confirm the interaction of
SOBIR1and ADRI-L1.Barsindicate meanrelative luciferaseactivity +s.e.m.:n=8
leafdiscs from 4 leaves. The experiment was performed three times with similar
results. f, Protein levels of the transiently expressed proteinsinsplitluciferase
experiments shownin panele. Co-expression of the SOBIR1and PBL31
constructsledto celldeath and low protein abundance. The experiment was
performed twice withsimilar results. For gel source data, see Supplementary
Fig.1.
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Extended DataFig. 8| FRET-FLIM analysis demonstrates association of
PBL31-GFP with SOBIR1, ADR1-L1and EDSI1. a, b, Representative confocal
images show co-localization of (a) SOBIR1-GFP or (b) PBL31-GFP with RFP
fusions of ADR1, ADR1-L1, ADR1-L2, EDSI1, PAD4, SAG101, (a) PBL31, or (b)
SOBIR1atthe PMintransiently transformed N. benthamianaleaf cells. Plots
show the GFP and RFP fluorescence intensity distributionacross the PMin the
indicated regions (whitebars). Scale bars indicate 10 pm. This experiment was
repeated three times with similar results. ¢, FRET-FLIM reveals spatial
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Extended DataFig.9|SOBIR1specifically co-purifies with YFP-PAD4 in
Arabidopsisleavesinmock and nlp20-triggered conditions.
a,b,Arabidopsis pad4-1/sagl01-3 plants complemented with pPAD4::YFP-gPAD4
(YFP-PAD4) or pSAG101::gSAGIOI-YFP (SAG101-YFP) or 35S::YFP (YFP) in
wild-type Col-0 background were used forimmunoprecipitation (IP) assays.
Volcano plots show normalized abundances (LFQ, log2 scale) of proteins
detected in mass-spectrometry (MS) analyses after IP of total protein extracts
from4.5-week-old Arabidopsis pad4-1/sag101-3complementation lines or YFP
controllineinfiltrated with a, nlp20 for 10 min, (b, upper panels) DMSO (Mock)
for3h,and (b, lower panels) nlp20 for 3 h. Red dots indicate proteins enriched
inYFP-PAD4 vs YFP samples (log2(YFP-PAD4 vs YFP) 21, left) and YFP-PAD4 vs
SAG101-YFP samples (log2(YFP-PAD4 vs SAG101-YFP) > 1, right), using
permutation-based FDR=0.05. Graphs represent significantly enriched
peptides from fourindependent experiments (n=4 per genotype per
treatment). As shown for 10 min treatments (Fig. 3b), specific enrichment of
the two functional Col-0 EDS1isoforms (EDS1a and EDS1b) was detected inboth
YFP-PAD4 and SAG101-YFP samples, with EDS1b preferentially enriched
following YFP-PAD4 pull-down. ¢, Representative immunoblot analyses to
check test protein quality for IP quality in lines used for MS/MS analyses. Total
proteinextracts (IP inputs) from YFP-PAD4, SAG101-YFP and YFP lines

B mock

B nlp20

infiltrated with DMSO (mock) or nlp20 for 10 min. Inputs were subsequently
immunoprecipitated using GFP-trap agarose beads and analysed by mass
spectrometry. The analyses were repeated four times for both10 minand 3 h
treatments with similar results (n=8 per genotype per treatment).d, e, NIp20
treatment triggered immune responsesat early (10 min) and late (3 h) time
pointsinsamples used for IPMS/MS analyses. d, Total protein extracts from
Col-0, YFP-PAD4,SAG101-YFP and YFP lines infiltrated with DMSO (mock) and
nlp20 for 10 min were analysed onimmunoblots using an anti-p44/42-ERK
antibody. Theidentity of individual phosphorylated (p)-MAPKs, as determined
by their mobility, isindicated by arrows. The analysis was repeated four times
with similar results (n=4 samples per genotype per treatment). For gel source
data, see Supplementary Fig.1.e, PAD3transcript levels were determined by
qRT-PCRat 3 h after mock (DMSO) or nlp20 treatment of the indicated
genotypes. Relative expression was normalized to UBQS and set to Col-0 mock
samples. Barsindicate mean expression +s.e.m. (n=12biological replicates
from4independent experiments). Statistical differences between Col-0 and
theindicated genotypes were analysed using Kruskal-Wallis with post hoc
two-sided pairwise comparisons using Wilcoxon rank sum test witha
Benjamini-Hochberg correction (*P<0.05,**P<0.01). Exact Pvalues are
providedinSupplementary Table 5.
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distribution of large-scale polymorphisms across all accessions as inferred
fromstringent read mappings. Criteria for categorization are detailed in the
Methods. The numbers of genes falling into each category are provided in the
correspondingbars. b, LRR-RP genes classified asin a. Genes encoding known
immunereceptorsareindicatedinbold.

Extended DataFig.10 | Classification of LRR-RPs, LRR-RKs and NLRs
accordingto genetic conservationinArabidopsis accessions. a, Reads from
80 Arabidopsis accessions were mapped to the reference genome of Col-0.
Geneswere categorised as being conserved, having complex patterns of
variation or exhibiting presence/absence polymorphisms accordingto the
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reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available within this Article and its Supplementary Information. Proteomics data are available via the ProteomeXchange Consortium with the identifier
PXD026120. MS data were searched against a combined database containing protein sequences from A. thaliana TAIR10_pep_20101214; ftp://ftp.arabidopsis.org/
home/tair/Proteins/TAIR10_protein_lists/). Genomics data from A. thaliana accessions were obtained from the 1001 Genomes project (https://1001genomes.org/
data-center.html) and mapped to the TAIR10 assembly of the genome (https://arabidopsis.org). Original gel blots are shown in Supplementary Fig. 1. Statistical
analyses for all quantitative data are provided in Supplementary Tables 1,2, and 5. Source data are provided with this paper.
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[X Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined based on experimental trials and previously published studies. No statistical methods were used to predetermine
sample size. Previous publications considered to determine sample size include:

Ethylene production (Albert, I., et al. An RLP23-SOBIR1-BAK1 complex mediates NLP-triggered immunity. Nature Plants. 1, 15140 (2015))
ROS burst (Wan, W. L. et al. Comparing Arabidopsis receptor kinase and receptor protein-mediated immune signaling reveals BIK1-dependent
differences. New Phytol. 221, 2080-2095, (2019))

Callose quantification (Kim M.G., Mackey D. Measuring Cell-Wall-Based Defenses and Their Effect on Bacterial Growth in Arabidopsis. Innate
Immunity, 443-452, (2008))

Gene expression analysis (Wan, W. L. et al. Comparing Arabidopsis receptor kinase and receptor protein-mediated immune signaling reveals
BIK1-dependent differences. New Phytol. 221, 2080-2095, (2019))

Seedling growth inhibition (Bredow, M. et al. Pattern-Triggered Oxidative Burst and Seedling Growth Inhibition Assays in Arabidopsis thaliana.
J. Vis Exp. 147, 59437 (2019))

Induced resistances pathoassays (Bohm, H. et al. A conserved peptide pattern from a widespread microbial virulence factor triggers pattern-
induced immunity in Arabidopsis. PLoS Pathog. 10, €1004491, (2014))

FRET/FLIM (Holzwart E., et al. A mutant allele uncouples the brassinosteroid-dependent and independent functions of BRASSINOSTEROID
INSENSITIVE 1. Plant Physiol. 182:669-678 (2020))

Split luciferase (Chen, H. et al. Firefly luciferase complementation imaging assay for protein-protein interactions in plants. Plant Physiol. 146,
368-376, (2008))

IP-MS/MS (Sun, X. et al. Pathogen effector recognition-dependent association of NRG1 with EDS1 and SAG101 in TNL receptor immunity. Nat.
Comm. 12, 3335, (2021))

Data exclusions  No data were exluded from the analyses provided.

Replication Reproducibility of data was tested by multiple repetitions of the experiments described. All experiments were conducted at least 3 times on
different days using biological materials produced independently (biological replicates). At least 3 technical replicates were included in the
individual biological replicate experiments. Statistical evaluation was applied to all data sets obtained and is mentioned in figure legends when
applicable. All attempts at replication were successful.

Randomization  Allocation of test plants used in our study was random. There was no targeted selection of individual plants for specific treatments.

Blinding Blinding was not used in our study as it does not include clinical trials. The nature of the experiments conducted in our study requires that the
experimentator knows precisely what plants have received what treatment. In plant, biology blinded/double-blinded studies are uncommon.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used
anti-p44/42 (Erk1/2) Thr202/Tyr204 MAPK-Ab, Cell Signaling Technology Europe, Frankfurt, Germany, Cat.-No. 9102, Lot-No. 31
anti-AtMPK3, Sigma-Aldrich, St. Louis, Missouri, US, Cat.-No. M8318, Lot-No. 099M4825V
anti-AtMPK4, Sigma-Aldrich, St. Louis, Missouri, US, Cat.-No. A6979, Lot unknown
anti-AtMPK6, Sigma-Aldrich, St. Louis, Missouri, US, Cat.-No. A7104, Lot unknown
anti-FLS2, Agrisera, Vannas, Sweden, Cat.-No. AS121857, Lot 1511
anti-BAK1, Agrisera, Vannas, Sweden, Cat.-No. AS121858, Lot 1506
anti-Luc, Sigma-Aldrich, St. Louis, Missouri, US, Cat.-No. L0159
anti-CLuc, Sigma-Aldrich, St. Louis, Missouri, US, Cat.-No. L2164
anti-Myc, Sigma-Aldrich, St. Louis, Missouri, US, Cat.-No. C3956, Lot 094M4775V
anti-GFP, Torrey Pines Biolabs, Secaucus, New Jersey, US, Cat.-No. TP401, Lot 081211
anti-GFP, Roche, Basel, Switzerland, Cat.-No. 11814460001, Lot unknown
anti-HA, Sigma-Aldrich, St. Louis, Missouri, US, Cat.-No. H3663, Lot 066M4837V3
anti-HA, Roche, Basel, Switzerland, Cat.-No. 11867423001, Lot 42155800

Dilutions used:
p42/44 1:3000
MPK3 1:5000
MPK4 1:1000
MPK6 1:1000

FLS2 1:2000

BAK1 1:10000

Luc 1:5000

CLuc 1:5000

Myc 1:5000

GFP (Torrey Pines) 1:4000
GFP (Roche) 1:1500
HA (Sigma) 1:2000
HA (Roche) 1:2000

Validation Validation information and experiments can be obtained from the following websites:
p42/44 https://www.cellsignal.de//products/primary-antibodies/p44-42-mapk-erk1-2-antibody/9102
MPK3 https://www.sigmaaldrich.com/catalog/product/sigma/m8318?lang=de&region=DE
MPK4 https://www.sigmaaldrich.com/catalog/product/sigma/a6979?lang=de&region=DE
MPK6 https://www.sigmaaldrich.com/catalog/product/sigma/a7104?lang=de&region=DE
FLS2 https://www.agrisera.com/en/artiklar/fls2-flagellin-sensitive-2-.html
BAK1 https://www.agrisera.com/en/artiklar/bak1-bril-associated-receptor-kinase.html
Luc https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/280/065/12164dat.pdf
ClLuc https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/284/080/10159dat.pdf
Myc https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Datasheet/3/c3956dat.pdf
GFP (Torrey Pines) http://www.chemokine.com/Houston/rat&other/GFP.PDF
GFP (Roche) https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/294/951/11814460001bul.pdf
HA (Sigma) https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Datasheet/2/h3663dat.pdf
HA (Roche) https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/248/175/roahahabul.pdf
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Introduction

Summary

¢ Activation of nucleotide-binding leucine-rich repeat receptors (NLRs) results in immunity
and a localized cell death. NLR cell death activity requires oligomerization and in some cases
plasma membrane (PM) localization. The exact mechanisms underlying PM localization of
NLRs lacking predicted transmembrane domains or recognizable lipidation motifs remain elu-
sive.

¢ We used confocal microscopy, genetically encoded molecular tools and protein-lipid over-
lay assays to determine whether PM localization of members of the Arabidopsis Helo-/
RPW8-like domain ‘helper’ NLR (RNL) family is mediated by the interaction with negatively
charged phospholipids of the PM.

e Our results show that PM localization and stability of some RNLs and one CC-type
NLR (CNL) depend on the direct interaction with PM phospholipids. Depletion of
phosphatidylinositol-4-phosphate from the PM led to a mis-localization of the analysed NLRs
and consequently inhibited their cell death activity. We further demonstrate homo- and
hetero-association of members of the RNL family. Our results provide new insights into the
molecular mechanism of NLR localization and defines an important role of phospholipids for
CNL and RNL PM localization and consequently, for their function.

¢ We propose that RNLs interact with anionic PM phospholipids and that RNL-mediated cell
death and immune responses happen at the PM.

and cell death induction of many other NLRs, particularly TNLs,
and thus are also considered as ‘helper’ NLRs (Bonardi et af,

Plant intracellular immune receptors of the nucleotide-binding
leucine-rich repeat receptor (NLR) family mediate recognition of
pathogen-derived effector proteins and the induction of a strong
immune response. In many cases, NLR activation leads to the
hypersensitive response (HR), a type of programmed cell death
of the infected cells (Jones & Dangl, 2006; Monteiro &
Nishimura, 2018; Balint-Kurti, 2019). Based on their N-
terminal domain architecture, three classes of NLRs have been
described in plants: Toll/Interleukin-1 receptor (TIR) NLRs
(TNLs), coiled-coil (CC) NLRs (CNLs) and the HeLo/RPWS8-
like coiled-coil (CCg) domain NLRs (RNLs) (Monteiro &
Nishimura, 2018). In Arabidopsis thaliana (Arabidopsis) the
RNL subclass consists of two gene families, ACTIVATED
DISEASE RESISTANCE 1 (ADRI) and N REQUIREMENT
GENE 1 (NRGI), both being required for immune signalling

2440  New Phyologist (2021) 232: 2440-2456
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2011; Qi et al., 2018; Castel et al., 2019; Lapin et al., 2019; Wu
et al., 2019; Saile et al, 2020). CNLs, TNLs and most likely
RNLs might induce immune signalling and cell death by
oligomerization (Wang ez al., 2019a; Hu er al., 2020; Li er 4/,
2020; Ma et al., 2020; Martin et al., 2020; Bi ez al., 2021; Jacob
et al., 2021; Wu et al., 2021). CNL activation was speculated to
result in the formation of a pore-like or membrane disrupting
structure of the CC domains (a so-called resistosome) at the
plasma membrane (PM) (Collier er al, 2011; Burdett e al,
2019; Wang ez al., 2019a; Xiong et al., 2020; Bi er al., 2021).
Recently, it was demonstrated that the pentameric resisto-
some formed by CNL Arabidopsis HOPZ-ACTIVATED
RESISTANCE 1 (AtZAR1) forms a cation-selective and
calcium-permeable channel at the PM (Bi et 4/, 2021). Calcium
influx is known to trigger defence activation and cell death upon

© 2021 The Authors
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NLR activation (Yoshioka et al, 2006; Zhao et al., 2021). PM
localization is required for cell death and immune function of
many CNLs, including Arabidopsis RESISTANCE TO
PSEUDOMONAS SYRINGAE 5 (AtRPS5), RESISTANCE
TO PSEUDOMONAS SYRINGAE PV MACULICOLA 1
(AtRPM1) and AtZAR1 (Gao et al, 2011; Qi et al., 2012; El
Kasmi et al., 2017; Wang et al., 2019a, 2020a). By contrast, the
subcellular localization of RNLs has not yet been analysed in
detail. So far only the localization of AtNRGIs, but not of
AtADRIs, was described. ActNRG1s were found to display a par-
tial endoplasmic reticulum (ER) as well as a PM and cytosolic
localization (Lapin er al., 2019; Wu ez al., 2019; Jacob er al.,
2021). Remarkably, the autoactivated mutant AINRG1.1°Y was
observed to display an increased PM localization and additionally
localized to puncta on the PM, suggesting that also RNLs func-
tion at the PM (Jacob ez al., 2021). The expression of activated
AINRG1.1°Y and AtADRI resulted in an increase of the intra-
cellular calcium concentration and further electrophysiological
analysis revealed that RNLs can also act as potential PM-localized
calcium-permeable channels (Jacob ez al., 2021), similar as shown
for the CNL AtZARI (Bi et al, 2021). Interestingly, many PM-
localized CNLs and the RNLs have no predicted transmembrane
domain/sequence or N- or C-terminal lipidation motifs and the
mechanism that tethers them to the PM is unknown (Gao et 4/,
2011). Thus, the molecular determinants driving their localiza-
tion and cell death function at the membrane are not identified.

Homology modelling suggested that the CCr domains of
RNLs share structural similarities with the N-terminal 4-helix
bundle (HelLo domain) of mammalian MIXED-LINEAGE
KINASE DOMAIN-LIKE (MLKL) proteins and fungal HET-s/
HELL proteins (Daskalov ez al, 2016; Bentham ez al., 2018;
Jubic er al, 2019). X-ray crystal structures of two mutant
NRG1.1 CCy domains recently confirmed that AANRG1.1 CCg
resembles the MLKL 4-helix bundle (Jacob et al, 2021). Helo
domains mediate the cell death function of MLKL and HET-s/
HELL proteins and are proposed to oligomerize and disrupt or
permeabilize the PM (Hofmann, 2020; Murphy, 2020). PM
localization and hence, cell death function of MLKL proteins
requires the interaction of their HeLo domain with specific phos-
pholipids at the PM (Dondelinger ¢t al., 2014; Quarato et al.,
2016).

Negatively charged phospholipids are low abundant lipids that
mediate electrostatic interactions between membranes and pro-
teins that contain polybasic or basic hydrophobic domains or
clusters (McLaughlin & Murray, 2005; Heo ez al, 2006).
Anionic phospholipids, including phosphatidylinositol phos-
phates (PIPs), phosphatidic acid (PA) and phosphatidylserine
(PS), are particularly partitioned in membranes by type and
thereby, contribute to organelle identity (Noack & Jaillais,
2017). The PM is the most electronegative compartment across
eukaryotes (Yeung er al, 2006; Simon et al., 2016). In plants,
phosphatidylinositol-4-phosphate  (PI4P), PA and PS are
required for the generation of the high electrostatic field of the
PM (Simon ez al., 2016; Platre ez al., 2018). Especially, PI4P was
found to be the main driver of the plant PM electronegativity
(Simon er al, 2016). While phosphatidylinositol 4,5

© 2021 The Authors
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bisphosphate (PI(4,5)P,) can also be found at the plant PM, it
does not contribute to the PM surface charge (Simon ez al,
2016).

Expression of the PM-anchored catalytic domain of the yeast
phospholipid-phosphatase  Saclp protein, which specifically
dephosphorylates PM PI4P and therefore reduces PI4P levels and
the PM electronegativity (Simon et al, 2016; Gronnier et al.,
2017), can be used to determine whether a protein requires the
presence of PI4P (or a high electronegativity) for localization
and/or function at the PM. Depleting PI4P from the PM affects
the localization and function of several proteins, including the
auxin transport regulator PINOID or the BRASSINOSTEROID
INSENSITITVE 1 (BRI1) kinase inhibitor 1 (BKI1) (Simon
et al., 2016).

We show that decreasing PI4P abundance at the PM results in
the rapid degradation of the CNL AtRPM1 and the RNL family
members AtADRI-L1 and AtADRI-L2. We also show that
depleting PI4P from the PM causes a mis-localization of AtADRI1
and the AtADR1s CCgr domains. Mis-localized AtADR1 and
AtADR1s CCg domains were severely impaired in their cell death
activity, demonstrating that AtADRIs function at the PM.

Our results provide new insights into the molecular mecha-
nism of NLR PM localization and defines an important role of
the PM PI4P pool for the PM localization of AtRPM1 and
AtADRIs. Further, our work indicates that AtADRI1s deploy a
lipid—protein interaction similar to mammalian MLKL proteins
for PM localization, which is likely necessary for cell death execu-
tion at the PM. Our data also show that AtADRIs are capable of
both homo- and hetero-association, suggesting that they form at
least dimers or oligomeric complexes (resistosomes) for cell death
induction.

Materials and Methods

Plasmid construction

Plasmid construction was done using standard techniques,
including TOPO® cloning, GATEWAY™ cloning and Golden
Gate cloning. Details are provided in Supporting Information

Methods S1.

Transient expression in Nicotiana benthamiana

Agrobacterium rumefaciens overnight cultures were centrifuged and
resuspended in induction buffer (10 mM MgCl,, 10 mM MES pH
5.6, 150 uM acetosyringone). The optical density at 600 nm
(ODgpo) of all constructs was adjusted to 0.3 except of 358::P19
which was adjusted to 0.05. Samples were mixed as indicated.
Agrobacteria mixtures were infiltrated into leaves of 4 to 6-wk-old
N. benthamiana wild-type (WT) plants. SAC19*! and SAC1V" as
well as dOCRL (Drosophila melanogaster orthologue of human
oculocerebrorenal syndrome of Lowe 1) and dOCRL¥' co-
infiltrations were always done on the same leaf to avoid expression
differences that might arise from leaf-to-leaf variation. Nicotiana
benthamiana plants were grown on soil under 12h:12h,
light: dark cycles (24°C:22°C, 70% humidity). Induction of

New Phytologist (2021) 232: 2440-2456
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protein expression was done 24 h post-infiltration by spraying using
either 30 UM dexamethasone (Sigma-Aldrich, St Louis, MO, USA)
and 0.001% (v/v) Silwet L-77 or 20 uM estradiol (Sigma-Aldrich)
and 0.001% (v/v) Silwet L-77.

Chemical treatments

For protease inhibitor cocktail (PIC) and bortezomib (BTZ)
treatments, V. benthamiana leaves were infiltrated with induction
buffer only as Mock control or with induction buffer containing
2.5 uM BTZ (Santa Cruz Biotechnology, Dallas, TX, USA) or
1x Halt™ PIC (Thermo Fisher Scientific, Waltham, MA, USA)
at 23 h post-Agrobacteria infiltration (hpi), For ADR1, 20 uM
estradiol and 0.001% Silwet L-77 was infiltrated together with
the Mock solution or the inhibitors to induce ADRI expression.
Leaf samples were collected 4h (ADRI) or 5h (ADRI-L1,
ADRI1-12, RPM1) post-inhibitor/mock treatment.

Cell death assay

Indicated constructs were transiently expressed in N. benthami-
ana leaves and leaves were imaged for cell death as described in

Methods S1.

Confocal imaging

Protein localization was analysed at the indicated time points
with an inverse confocal laser scanning microscope LSM880
from Zeiss (Oberkochen, Germany) and an upright confocal
laser scanning microscope TCS SP8 from Leica (Wetzlar,
Germany) as described in Methods S1.

Western blot analysis of transiently expressed proteins

Frozen N. benthamiana leaf tissue was homogenized using a tissue
homogenizer (Mill Retsch MM400; Retsch GmbH, Haan, Ger-
many) and resuspended in grinding buffer (20 mM Tris-HCI pH
7, 150 mM NaCl, 1 mM EDTA pH 8, 1% (v/v) Triton X-100,
0.1% (w/v) SDS, 5mM DTT, 1x Halt"™ PIC (Thermo Fisher
Scientific)). Samples were incubated on ice for 10 min and then
centrifuged for 15 min at 16 000 g and 4°C. Then, 5x sodium
dodecyl sulphate (SDS) loading buffer (250 mM Tris-HCI pH
6.8, 50% (v/v) glycerol, 500 mM DTT, 10% (w/v) SDS, 0.005%
(w/v) bromophenol blue) was added to the supernatants, respec-
tively. Proteins were denatured by incubation at 95°C for 5 min.
SDS-PAGE (polyacrylamide gel electrophoresis), Western blotting
and immunodetection followed standard procedures. Details for
primary and secondary antibody dilutions are provided in Meth-
ods S1. Chemiluminescence was detected using an Amersham
IMAGEQUANT 800 (GE Healthcare, Chalfont St Giles, UK). Images
were processed with Adobe PHOTOSHOP CS2 (Adobe Inc., San
José, CA, USA) for adjustment of brightness and contrast. Protein
band intensities were determined by Western blot quantification
using IMAGE] as described by Hossein Davarinejad (heep://www.
yorku.ca/yisheng/Internal/Protocols/Image].pdf). The quantifica-

tion reflects the relative protein amounts as a ratio of the intensity
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of each protein band relative to the intensity of the lane’s loading
control (Rubisco band of the Ponceau stained membranes). Rela-
tive protein amounts were normalized to corresponding values

from relative protein amounts of SAC19*® or dOCRL**! co-
infiltrations, respectively.

Co-immunoprecipitation

Frozen N. benthamiana leaf tissue (c. 200 mg) was ground using
liquid nitrogen and resuspended in 2.5 ml of extraction buffer
(50 mM HEPES pH 7.5, 50 mM NaCl, 10 mM EDTA pH 8.0,
0.5% (v/v) Triton X-100, 5 mM DTT, 1x Halt™ PIC (Thermo
Fisher Scientific)). Samples were kept for 20 min on ice and
cleared by centrifugation at 16 000 g for 5 min and 16 000 g for
15 min at 4°C. Proteins were immunoprecipitated for 1 h using
green fluorescent protein (GFP) Trap Beads (ChromoTek,
Planegg-Martinsried, Germany). Further details are provided in
Methods S1.

Microsomal fractionation

Microsomal membrane fractions were prepared from transgenic
Arabidopsis plants expressing either pADRI-L2::ADRI-L2-HA or
PADRI-L2::ADRI-L2"V-HA (Roberts e al., 2013). Plant tissue
was ground in liquid nitrogen and sucrose buffer (20 mM Tris
pH 8.0, 0.33 M sucrose, ] mM EDTA, 5mM DTT and 1x
Halt™ PIC (Thermo Fisher Scientific)) was added in a ratio of
3:1. Samples were centrifuged at 2000 g for 10 min at 4°C to
remove debris. Supernatants were transferred to fresh tubes and
centrifuged again at 2000 g for 10 min at 4°C followed by an
ultra-centrifugation step at 100000 g for 45 min at 4°C. The
microsomal pellet was resuspended in 50 pl sucrose buffer. 20 pg
or 40 pg protein of each protein fraction (total, soluble, micro-
somes) was used for SDS-PAGE, respectively.

In vitro transcription and translation and PIP strip assay

ADR1 CCgr-HA (1-146 aa), ADRI-L1 CCg-HA (1-155 aa),
ADRI1-L2 CCgr-HA (1-153 aa), RPM1 CC-HA (1-156 aa) and
Citrine-HA were expressed iz vitro using the TnT® SP6 High-
Yield Wheat Germ DProtein Expression System (Promega,
Madison, WI, USA) according to the manufacturer’s instruc-
tions. A PCR-generated DNA fragment was used as template for
the transcription and translation reaction. Primers are listed in
Table S1. Protein synthesis was confirmed on Western blot using
an haemagglutinin (HA)-specific antibody. Lipid overlay assays
using PIP strips were performed according to the manufacturer’s
instructions (Echelon Biosciences, Salt Lake City, UT, USA) and
as described in Reuter ef /. (2021).

Transmembrane, lipidation and membrane binding sites
predictions

Predictions for transmembrane domains, lipidation motifs and
membrane binding sites were done using different online tools as

described in Methods S1.

© 2021 The Authors
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Results

AtADR1s localize to the plasma membrane in
N. benthamiana

The subcellular localization of two Arabidopsis full length RNLs,
AtNRGI.1 and AtNRGL1.2, was recently described. Both pro-
teins localize to ER membranes, partially to the PM and in the
cytosol when transiently expressed in N. benthamiana and anal-
ysed by confocal microscopy or subcellular fractionation experi-
ments (Lapin ez al., 2019; Wu ez al., 2019; Jacob ez al., 2021).
Their intracellular localization was not changed upon effector-
triggered and TNL-mediated activation (Qi ez 4/, 2018; Wu
et al., 2019). However, the autoactivated mutant of AtINRG1.1
displayed increased PM localization and additionally, localized in
puncta on or close to the PM (Jacob ez al., 2021). Information
on the localization of the other RNL subfamily, the AtADRIs, is
missing. To investigate the subcellular localization of the three
AtADR1 proteins pre- and post-activation, we transiently
expressed C-terminally EYFP- or Citrine-HA-tagged WT
AtADR1, AtADRI1-L1 and AtADRI-L2 in N. benthamiana
leaves under the control of an estradiol inducible or 35s promo-
tor (Figs 1a,d,g, Sla,c,e,g) and their native promotors (Fig. S2a—
c). We observed no difference in the localization pattern of the
AtADRLI proteins, regardless of the promotor used (Figs 1a,d,g,
Sla,ce,g, S2a—c). All three AtADR1 WT proteins co-localized
with the PM-localized receptor-like kinase BRI1-mRFP (Figs 1a,
d,g, Sla,e,g, S2a—) (Friedrichsen ez 4/, 2000). In contrast to
AtADRI1-L1 and AtADR1-L2 the localization of AtADRI1 was
not restricted to the PM. AtADRI additionally localized to (1)
the ER membrane, since we observed a co-localization with the
ER-resident plant V-ATPase assembly factor AcVMA12-RFP
(Fig. Slc) (Viotti et al., 2013) and to (2) puncta, some of which
might be PM and/or ER associated (Fig. Sla,c).

In order to confirm the membrane association of AtADR1s in
Arabidopsis, we performed subcellular fractionation experiments
of protein extracts prepared from Arabidopsis seedlings stably
expressing AtADR1-L2-HA under control of its native promoter.
AtADRI1-L2-HA was clearly enriched in the microsomal mem-
brane fraction compared to the soluble fraction, demonstrating
that also in Arabidopsis, AtADR1-L2 is mainly associated with
membranes (Fig. S2d). These results suggest that AtADRI pro-
teins might display a similar localization pattern in Arabidopsis
as observed in N. benthamiana and hence, might also primarily
be PM localized.

Since NLR localization might change once the receptor is acti-
vated (Wang er al, 2019a; Jacob er al, 2021), we generated
autoactive versions of AtADR1s by mutating a conserved aspartic
acid in the MHD motif to valine, referred to as DV (QHD to
QHYV in AtRNLs; cell death phenotype of autoactivated ActRNLs
shown in Figs 2a, S3) (Van Ooijen ¢t al., 2008; Williams ez al.,
2011; Roberts ez al., 2013). We also generated AtADR1 P-loop
mutants (GKT to AAA), referred to as AAA, to determine
whether loss of P-loop function, which was shown to affect the
canonical function of at least AtADR1-L2 (Roberts ez 2., 2013),
has an effect on AtADRIs localization. Confocal microscopy

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

Research 244

analyses revealed that all three AtADR1 P-loop mutant proteins
still localized to the PM, but also in the cytosol and/or to the ER
(Fig. 1b,e,h), similar as observed previously for AINRG1.1 loss
of cell death function mutants (Jacob ez al., 2021). By contrast,
autoactivated AtADRI proteins strongly resembled the localiza-
tion of ACAADR1 WT proteins and thus, were found to be local-
ized to the PM (AtADR1PY, AtADR1-L1PY, AtADR1-L2PY)
and ER (ADR1™Y) (Figs 1c i, S1b,d,E£h). We also noticed that
AtADR1PY and AtADRI1-L1"Y localized to BRI1-mRFP posi-
tive puncta (Figs 1cf, S1b,f), most likely endosomes and/or PM
nanodomains. This however was not observed for AtADRI-
L2°V (Figs 1i, S1h).

We performed subcellular fractionation experiments using
protein extracts prepared from transgenic Arabidopsis plants
expressing the auto-activated mutant AtADR1-L2°V-HA under
control of its endogenous promoter to validate the membrane
association of activated AtADRIs in Arabidopsis. AtADRI-
L2PY_-HA was enriched in the microsomal membrane fraction
compared to the soluble fraction, confirming that also in Ara-
bidopsis, ALADR1-L2°Y primarily is associated with membranes
(Fig. S2e).

These results demonstrate that the three members of the
AtADRI1 subfamily localize to the plant PM pre- and post-
activation and further suggest that AtADR1 WT (steady-state)
additionally localizes to ER membranes and ER-associated dot-
like structures, as observed for AINRG1.1 (Lapin ez al, 2019;
Wu et al., 2019; Jacob et al., 2021). Given the high similarity
(70-75%) of the protein sequence between the AtADRI family
members, the additional ER localization of AtADRI1 was unex-
pected. We speculate that differences in interaction partners of
the three AtADRIs are likely causal for this localization. How-
ever, the PM localization of all (auto-)activated AtADRIs sug-
gests that they also execute their immune (cell death) function at
the PM.

Homo- and hetero-association of AtADR1s

NLR function in plants and animals is proposed to require
oligomerization for proper induction of cell death and immunity
(Wang & Chai, 2020). Recently, it has been shown that autoac-
tive AtNRGI1.1PY forms high molecular weight complexes,
whereas inactive mutant AtNRG1.1 variants did not (Jacob et 4.,
2021). If the formation of the high molecular weight complexes
of AINRG1.1PV involves homo-oligomerization is not known,
but very likely, given that V. benthamiana NRG1 self-associates
(Qi et al, 2018). Likewise, AtADR1-L1 was found to self-
associate and this self-association was enhanced upon immune
activation (Wu ez 2/, 2021). On that basis, we tested, whether all
three AtADR1 proteins are capable of forming homo- and also
hetero-dimers and whether these associations are dependent on
their activation status. First, we analysed the capability of
AtADR1 WT and the autoactivated QHV mutant (DV) proteins
to induce a cell death response after transient over-expression in
N. benthamiana. We observed that over-expression of AtADRI,
AtADRI"Y and AtADRI-L1”Y induced a HR-like cell death,
whereas the over-expression of ADR1-L2”Y only resulted in a
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Fig. 1 AtADR1 proteins mainly localize to the plasma membrane (PM). Single plane secant views showing that AtADR1 proteins (ADR1, ADR1-L1, ADR1-
L2) and auto-activated QHD (DV) mutants localize mainly to the PM, whereas the AtADR1 P-loop (AAA) mutants additionally display cytosolic and
endoplasmic reticulum (ER) localization. The indicated ADR1 proteins fused to Citrine-HA or EYFP were transiently co-expressed with the PM-resident
protein BRI1-mRFP in Nicotiana benthamiana leaves and confocal imaging was done at4 h (a, b, ¢, f) or 5 h (i) post-estradiol induction or 2 d post-
infiltration (d, e, g, h). Localization of ADR1s is shown with the first column (Citrine/YFP, in yellow) and the co-localized PM-localized BRI1 is shown in the
second column (RFP, in magenta). Chloroplasts are shown in the third column (chlorophyll A, in cyan) and the merged images are shown in the fourth
column (merge). Fluorescence intensities were measured along the dotted line depicted in the merge images. Bars, 20 um; n, nucleus.
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Fig.2 Homo- hetero-association of AtADR1 proteins. Characterization of the wild-type (WT), P-loop (AAA) and QHD (DV) variants of AtADR1 proteins.
(a) Transient expression of steady-state (WT), P-loop mutant (AAA) or auto-activated mutant (DV) AtADR1s-Citrine-HA fusion proteins in Nicotiana
benthamiana. Photographs were taken under ultraviolet (UV) light at 23 h post-estradiol induction and 47 h post-infiltration. White/light grey areas
correspond to dead leaf tissue. Numbers represent the number of leaves showing cell death out of the number of leaves analysed. Asterisk indicates weak
cell death. Double-asterisk indicates very weak cell death. Images of the same leaves under normal light are shown in Supporting Information Fig. S3. (b)
Immunoblot analysis of the transiently expressed proteins (see (a)) using anti-GFP antibody. Equal loading of the proteins is indicated by the Rubisco band
from the Ponceau staining (PS). Proteins were extracted 3 h post-estradiol induction. (c, d) AtADR1 proteins form both homo-dimers (c) and hetero-dimers
(d). The indicated proteins were transiently co-expressed in N. benthamiana and leaf tissue was harvested 3 h post-estradiol induction. Total proteins were
immunoprecipitated with anti-GFP beads and immunoblotted with anti-GFP and anti-RFP antibody, respectively. Immunoblots using total proteins before
immunoprecipitation are shown as input (upper panel) and immunoprecipitated proteins are shown as IP (lower panel). Equal loading of the proteins is
indicated by the Rubisco band from the PS. Co-immunoprecipitation was repeated two times with similar results. For ADR1"T/ADR1-L1%T interaction,
ADR1WT-Cit-HA from the flow-through is shown as input since we were not able to detect it in the input fraction. ADR1°Y, ADR1P%¢"Y; ADR1-L17Y,
ADR1-L1P%3%Y; ADR1-L2PY, ADR1-L2P8%V; ADR1AM, ADR1212AAA214: ADR1-L1AM ADR1-L1212A%A214, ADR1-L2AMA, ADR1-122712A%214, |p,

immunoprecipitation.

very weak cell death response that was not reliably reproducible
(only 13 of 26 leaves showed mild or weak HR-like symptoms;
Figs 2a,b, $3). We also found that the AtADR1-induced HR-like
cell death occurred earlier in comparison to the cell death
response triggered by both AtADR1-L1°Y and AtADR1-L2"Y.
AtADRI-L1 and AtADR1-L2 WT proteins did not induce a cell
death response. The same applies to the catalytic P-loop mutant
(AAA) AtADR1-L1**, whereas ACADR1-L2*** did sometimes,
but not strongly and reliably induce a cell death response under
our conditions (Figs 2a,b, S3). By contrast, AtADR1* consis-
tently induced a strong cell death response in all our experiments,
suggesting that P-loop function is not required for at least
AtADRLI cell death activity. These observations suggest that some
RNLs may not require a functional P-loop for their immune

activity.
Our data indicate that WT AtADRI is already highly active
under steady-state conditions, whereas AtADRI-L1 and

AtADRI-L2 are kept inactive. However, exchange of D for V in
the QHD motif renders AADR1-L1°Y and AtADR1-L2"Y into

active proteins.

© 2021 The Authors
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We next analysed whether AtADR1s WT and mutant vari-
ants are capable of forming homo- and hetero-oligomers by
co-immunoprecipitation experiments. Therefore, differently
tagged AtADR1s WT and mutant proteins were transiently
co-expressed in N. benthamiana. Our co-immunoprecipitation
experiments revealed that all AtADR1 WT and mutant pro-
teins self-associated (Fig. 2c). While AtADR1 WT proteins
strongly self-associated, the capability of AtADRI-L1 and
AtADRI1-L2 WT proteins to homo-dimerize seems to be
reduced. Exchange of D for V in AtADRI and AtADRI-L1
clearly increased the amount of the co-immunoprecipitated
AtADRI and AtADRI-L1, respectively (Fig.2c). Interestingly,
the P-loop mutations (AAA) did not abolish self-association
capability. We even observed enhanced self-association, in par-
ticular of AAADRI-L1*** and AtADRI1-L2*** compared to
their WT proteins (Fig. 2¢). Likewise, we found that AtADR1
proteins are also capable of forming hetero-dimers and that
the hetero-association is positively affected by mutations in
both the P-loop regions and QHD motifs of all three
AtADRIs, respectively (Fig. 2d).
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Taken together, AtADRI1 proteins associate into homomeric
and heteromeric complexes, suggesting that they might exist as
dimers/oligomers when inducing cell death. However, homo-
and hetero-associations seemed to be stabilized by mutations in
both the P-loop region and the QHD motif. Mutations in both
regions might interfere with intramolecular interactions, resulting
in a conformational change that might favour, promote or stabi-
lize RNL-RNL interactions.

AtADR1s and CNL RPM1 localization and protein stability
require PM P14P

The PM localization of AtADR1, AtADR1-L1 and AtADR1-12
suggests that they execute their immune function at this cellular
compartment as observed for other NLRs, such as AtRPM1 or
AtZARI1 and the RNL AtNRG1.1 (Gao et al, 2011; Bi et al,
2021; Jacob et al, 2021). Interestingly, for both RNL families
and many PM-localized CNLs, including AtRPM1, no trans-
membrane region could be identified and thus, they are most
likely peripheral membrane proteins (Table S2) (Boyes et 4.,
1998). Given the structural homology of RNL CCg domains
with the phosphatidyl-inositol phosphate binding HeLo domain
of mammalian MLKL (Dondelinger et al., 2014; Jacob et al.,
2021), we investigated whether the presence of specific phos-
phoinositide species might be important for the PM localization
of AtADRIs and the CNL AtRPM1. Since PI4P is one of the
major phospholipids of the plant PM (Simon ez al., 2016), we
tested whether AtADRI1s and ActRPM1 PM localization require
PI4P. Transient expression of the catalytic domain of the PM-
localized PI4P-specific yeast phosphatase SAC1p can be used to
specifically decrease the PI4P pool at the PM and therefore, to
determine the requirement of PI4P for the PM localization and
function of proteins of interest (Simon ez al, 2016; Gronnier
et al., 2017; Doumane & Caillaud, 2020). We co-expressed the
three AtADR1s and AtRPM1 with SAC1 and determined their
subcellular localization and protein abundance by confocal
microscopy and Western blot analysis, respectively. The N-
terminally myristoylated and PM localized Arabidopsis CNL
AtRPS5 was included as a control NLR as AtRPS5 PM localiza-
tion (and function) was not expected to be affected by PM PI4P
reduction (Qi er al, 2012; Pottinger & Innes, 2020). Co-
expression with the WT SACI (SACYT), but not with the

New
Phytologist

catalytically inactive SAC1 (SAC19*Y), affected the PM localiza-
tion of all tested NLRs except AtRPS5 (Figs3a,ce,g, S4a).
Thus, the effect of SACI activity on the PM localization of
AtADRI1s and AtRPMI is specific and not of general nature.
Co-localization of AtADR1 with SAC1¥" at the PM was rarely
detectable and the majority of AtADRI was localized inside the
cell, likely at the ER and/or cytosol (Fig. 3a). However, no fluo-
rescence was observed for either AtADR1-L1 or AtRPM1, and
only a very weak fluorescence was detectable in the cell for
AtADRI-L2, after co-expression with SACIYT (Fig. 3c,e,g).
Western blot analysis of AtADRI1-L1, AtADRI1-L2 and
ARPMI1 confirmed a remarkable or even a complete loss of
NLR protein accumulation upon co-expression with SAC1Y"
(Fig. 3d,£h). By contrast, AtADRI displayed a slightly reduced
accumulation in Western blot analysis when co-expressed with
SACI¥T (Fig. 3b). These findings indicate that depleting the
PM PI4P pool severely affects the localization and consequently,
accumulation of AtADRI-L1, AtADRI-L2 and
AtRPMI1. A similar observation was previously reported for a
PS specific binding protein, which is unstable in the Arabidopsis
pss] mutant that is impaired in PS production (Platre ez al.,
2018). By contrast, though depletion of PI4P from the PM
severely affected the subcellular localization of AtADRI,
AtADRI protein abundance was only marginally reduced. 82%
of AtADRI was still detectable by protein blot analysis upon
co-expression with SAC1VT.

In order to test whether the reduced or complete loss of NLR
protein accumulation upon SAC1¥?' co-expression was due to

protein

degradation of the mis-localized proteins, we analysed protein
levels by Western blot in presence of both protease and protea-
some inhibitors. The specific inhibition of proteasomal degrada-
tion by BTZ had an observable effect on the accumulation of
AtADR1 and AtADRI1-L2 (Fig. S5a,c) and a weak effect on
AtADRI-L1 (Fig. S5b). This indicates that proteasomal degrada-
tion is, at least partially, responsible for the degradation of mis-
localized AtADRIs. By contrast, mis-localized AtRPM1 could
not be stabilized in the presence of BTZ (Fig. S5d), suggesting
that the proteasome plays no major role in AtRPM1 degradation.
This is consistent with previously published data (Gao ez al,
2011).

Together these results clearly demonstrate that all three
AtADR1s and AtRPMI1 PI4P  or a high

require

Fig. 3 Phosphatidylinositol-4-phosphate (P14P) depletion reduces plasma membrane (PM) localization and stability of AtADR1s and AtRPM1. Effects on
the localization and stability of AtADR1s (ADR1, ADR1-L1, ADR1-L2) and AtRPM1 after transient co-expression with SAC1¢¢24 (upper panel) or SAC1™T
(lower panel). (a) MAP-mCherry-SAC1"T co-expression affects ADR1-Citrine-HA PM localization but not its endoplasmic reticulum localization. (c, e, g)
ADR1-L1-, ADR1-L2- and RPM1-EYFP fluorescence is not (c, g) or only weakly (e) detectable when co-expressed with MAP-mCherry-SAC1"T. Fusion
proteins were transiently expressed in Nicotiana benthamiana leaves and confocal imaging was done at 4 h after estradiol induction (a), 2 d post-
infiltration (c, ) or 24 h post-infiltration (g). Localization of ADR1-Citrine-HA and ADR1-L1-, ADR1-L2- and RPM1-EYFP proteins is shown in the first
column (Citrine/YFP, in yellow) and MAP-mCherry-SAC1"T or MAP-mCherry-SAC19¢3 is shown in the second column (mCherry, in magenta).
Chloroplasts are shown in the third column (chlorophyll A, in cyan) and the merged images are shown in the fourth column. Images are single plane secant

views. Bar, 20 um. (b) Immunoblot analysis indicates a slightly reduced accumulation of ADR1-Citrine-HA after co-expression with MAP-mCherry-SAC

1WT

compared to co-expression with MAP-mCherry-SAC1de"d. (d, f, h) Co-expression of ADR1-L1 (d), ADR1-L2 (f) and RPM1 (h) -EYFP with MAP-mCherry-
SAC1T severely affects their stability. Inmunoblot analysis of the transiently expressed proteins (see (a), (c), (e), (g)) using anti-GFP and anti-RFP
antibody, respectively, are shown. Equal loading of the proteins is indicated by the Rubisco band from the Ponceau staining (PS). Numbers show
quantification of band intensities normalized to the Rubisco band from the PS. Protein samples were collected at 4 h after estradiol induction (b), 2 d post-

infiltration (d, f) or 24 h post-infiltration (h).

New Phytologist (2021) 232: 2440-2456
www.newphytologist.com

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation



New
Phytologist

Citrine

—_
)
~

ADRA1-Cit-HA
MAP-mCh-SAC1%*

ADR1-Cit-HA
MAP-mCh-SAC1""

—_
()

ADR1-L1-EYFP
MAPmCh-SAC1"“" ~

ADR1-L1-EYFP
MAP-mCh-SAC1""

—
()
-~

ADR1-L2-EYFP
MAP-mCh-SAC1%*

ADR1-L2-EYFP
MAP-mCh-SAC1""

—_
«Q
~

RPM1-EYFP
MAP-mCh-SAC1%*

RPM1-EYFP
MAP-mCh-SAC1""

teasome.

© 2021 The Authors

mCherry

New Phytologist © 2021 New Phytologist Foundation

Chlorophyll A

Chlorophyll A

mCherI Chor0|h| A

Chlorophyll A

electronegativity driven by PI4P at the PM for their proper
localization and that loss of PM localization severely affects
their protein stability. Degradation of the mis-localized NLRs
is, at least for the AtADRIs, partially mediated by the pro-
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Cell death function of PM-localized AtADR1s and CNL

AtRPM1 is PI14P dependent

Plasma membrane localization of several NLRs, including
AtRPM1, was shown to be important for their immune and cell
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death function (Gao et al, 2011; Qi ez al., 2012; El Kasmi et al.,
2017; Wang et al., 2019a, 2020a). The severe effect of PI4P
depletion from the PM on the localization and stability of the
AtADRI1s and AtRPM1, prompted us to analyse whether their
cell death function was also affected.

To examine this, we co-expressed SAC1V! or SAC19*! with
the cell death-inducing AAADR1 WT and AtADRI®Y mutant
(Fig. 4a,b). Co-expression with SACTVT, but not with SAC19,
suppressed the cell death response of both AtADR1 WT (Fig. 4a)
and AtADR1PY (Fig. 4b). We conclude that PI4P depletion
severely affects AtADRI cell death activity, most likely due to loss
or severe reduction of PM localization, as ADRI protein abun-
dance was not massively affected (Figs 3a,b, 4a).

AtRPM1 guards the immune regulatory protein RIN4 (RPM1
INTERACTING PROTEIN 4) and is activated by an effector-
triggered phosphorylation of RIN4 threonine 166 (Chung ez 4.,
2011; Liu et al, 2011). AtRPM1 activation can be reconstituted
in N. benthamiana by co-expression of AtRPM1 and a phospho-
mimic mutant of AtRIN4 (ARIN4T'°D) (Gao ez al, 2011;
Chung er al, 2014). The strong cell death response upon
AtRPMI1 activation by AtRIN4"'*" was completely inhibited
by SAC1VT co-expression, but not by SAC1dead (Fig. 4¢). Cell
death activity of effector-activated AtRPM1 was also severely
affected by SACIVT co-expression (Fig. S6b), suggesting that
AtRPM1-mediated cell death activity requires PM localization
and consequently, depends on the PM PI4P pool.

To demonstrate that the effect of decreasing the PM PI4P pool
on the cell death activity of AXADRIs and AtRPM1 is specific and
not of general nature, we analysed whether SAC1Y" activity affects
cell death mediated by the myristoylated and ‘constitutively’ PM
localized AtRPS5. Similar to the AtRPMI1-mediated cell death
response, the AtRPS5-mediated and effector-triggered cell death can
be reconstituted in transient expression assays in N. benthamiana
(Ade et al.,, 2007). Neither the expression of SACI¥T nor SACT14d
suppressed effector-triggered and AtRPS5-mediated cell death
(Fig. S4e). These results suggest that the effect of SACI activity on
cell death induction by the AtADR1s and AtRPM1 is specific.

Transient over-expression of the CCr domains of the AtRNLs
AtADRI1, AtADR1-L2 and A(NRGI.1 is sufficient to induce a
cell death response in N. benthamiana (Fig. 4d—f) (Collier et al.,
2011). CCR domain induced cell death activity was dramatically
diminished by SAC1™', but not SAC1%* co-expression
(Fig. 4d—f), similar as observed for full-length AtADRI. These
results suggest that the RNL CCg domains also induce cell death
at the PM and that their activity is affected by PM PI4P deple-
tion. Expression of the ACAADRI-L1 CCr domain did not induce
a visible cell death response in transient expression assays under
our conditions and hence, could not be tested for PI4P depen-
dency (Fig. S6a). Interestingly, in contrast to the measurable neg-
ative effect of SAC1™" activity on the accumulation of the full-
length NLR proteins (Fig. 3d,£h) we did not observe a similar
effect on the CCr domains (Fig. 4d—f). Altogether, PI4P deple-
tion does not affect CCr domain stability, but substantially
affects CCr domain-induced cell death.

Taken together, our results demonstrate that A(RNL and
AtRPM1 cell death activity is significantly affected by PI4P
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depletion from the PM and further suggest that cell death activity
of all AtRNLs, including the partially ER-localized AENRG1s
(Lapin er al., 2019; Wu ez al., 2019; Jacob ez al., 2021), takes
place at the PM.

P14P depletion affects PM localization of AtADRT,
AtADR1-L1 and AtADR1-L2 CCg domains

Cell death activity of the AtADRI and AtADRI-L2 CCy
domains was notably diminished by SAC1¥' co-expression
(Fig. 4d,e). However, unlike the full length AtADRTIs, the stabil-
ity of the AtADR1s CCgr-domains was not affected (Fig. 4d,e).
To test whether PI4P depletion affects AtADR1s CCp localiza-
tion and hence function, we co-expressed the CCr domains of all
three AtADRIs with SAC1¥" or SAC19*! and analysed their
localization by confocal microscopy. The AtADRIs CCg
domains showed a similar localization pattern as their ‘parental’
full-length proteins. All three CCr domains localized to the PM
in the presence of SAC1ded (Figs 5, S7). We also observed that
the AtADR1 CCgr domain localized to dot-like structures and to
ER membranes (Figs 5a, S7a). However, the PM localization of
all three AtADR1s CCg domains was affected by SAC1¥" co-
expression. Fluorescence of the CCr domains was detected at
intracellular puncta and also at ER membranes and/or the cytosol
(Figs 5, §7).

Taken together, PI4P depletion from the PM leads to a
reduced PM localization (and loss of cell death function) of the
AtADR1s CCr domains and potentially a (mis-)localization to
endosomal compartments and the ER or cytosol. Proteins that
are normally interacting with the PM in a PI4P- or
electronegativity-dependent manner have been shown to ‘adopt’
endosomal localization once the PM PI4P pool is depleted
(Simon et al., 2016; Platre et al., 2018).

AtADR1, AtADR1-L1, AtADR1-L2 CCg and AtRPM1 CC
domains specifically interact with anionic lipids in vitro

Reducing the abundance of PM PI4P levels negatively influ-
enced the function, localization and stability of the tested
AtADRI1s and AtRPMI. Thus, it is very likely that a direct
interaction of AtADR1s and AtRPM1 with PM PI4P or other
anionic lipids is causal for their PM localization. Given the
structural homology of the CCr domains with the N-terminal
HeLo domain of MLKL (Jacob er 4/, 2021) and the impor-
tance of the CC domain for cell death function of many CNLs
(Bentham ez al, 2018) we investigated whether the AtADRIs
CCg and the AtRPM1 CC domains bind to specific phospho-
lipids. We generated C-terminally HA-tagged CC domain pro-
teins 77 vitro and incubated the proteins on a lipid array (PIP
strip). As a negative control we included 77 vitro transcribed
and translated Citrine-HA. All three AtADR1s CCr domains
and the AtRPM1 CC domain directly interacted with phospho-
lipids carrying polyacidic headgroups and hence, bound to all
PIPs and PA (Fig. 6a—d). For the AtADRI1s CCgr domains we
additionally observed a weak interaction with the anionic and
low abundant PS (Fig. 6a—) (Colin & Jaillais, 2020). We also
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Fig.4 MAP-mCherry-SAC1 strongly affects AtADR1s and AtRPM1 cell death activity. Cell death activity of full-length AtADR1 and the autoactive
AtADR1®Y mutant, the phospho-mimic T7-RIN4T"¢6P activated RPM1 as well as the autoactive AtADR1s CCr domains (ADR1 CCg and ADR1-L2 CCg), is

suppressed by SAC1WT

co-expression. (a—f, upper panels) Transient expression of ADR1 (a), ADR1P¢™Y (b), phospho-mimic T7-RIN4T"¢6P (RIN4TP)-

activated RPM1 (c), ADR1 CCr (d), ADR1-L2 CCg (e) and NRG1.1 CCx (f) Citrine-HA- or EYFP-fusion proteins in Nicotiana benthamiana co-expressed
with MAP-mCherry-SACT™T or MAP-mCherry-SAC19%39, Images of leaves were taken under ultraviolet (UV) light at 8 h post-estradiol induction (a), 30 h
post-infiltration (hpi) (b), 24 hpi (c), 23 hpi (d), 26 hpi (e) and 28 hpi (f). Phospho-mimic T7-RIN4T6D was co-expressed to activate RPM1. White/light
grey areas on the leaves indicate dead tissue. Numbers represent the number of leaves showing cell death out of the number of leaves analysed. Asterisk
indicates weak cell death. (a—f, lower panels), Immunoblot analysis of the transiently expressed proteins (see upper panels) using anti-GFP and anti-RFP
antibody, respectively. Membranes were horizontally cut into two pieces and probed with anti-GFP or anti-RFP antibody, respectively (a—). Equal loading
of the proteins is indicated by the Rubisco band from the Ponceau staining (PS). Numbers show quantification of band intensities normalized to the Rubisco
band from the Ponceau staining. Protein samples were collected at 24 hpi (a), 4 h post-estradiol induction (b), 22 hpi (c) or 20 hpi (d-).
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Fig. 5 Phosphatidylinositol-4-phosphate (PI4P) depletion affects plasma membrane (PM) localization of AtADR1 CCg domains. Co-expression of SAC1WT
noticeably affects ADR1 CCr (a), ADR1-L1 CCg (b) and ADR1-L2 CCx (c) localization. (a—c) Citrine-HA tagged AtADR1 (ADR1, ADR1-L1, ADR1-L2) CCxr
domains were transiently co-expressed with MAP-mCherry-SAC193 (upper panels) or MAP-mCherry-SACTVT (lower panels) in Nicotiana benthamiana
leaves and confocal imaging was done at 3 h (a) or 4 h (b, ¢) post-estradiol induction. MAP-mCherry-SAC1"T induces ADR1 CCr, ADR1-L1 CCg and
ADR1-L2 CCq re-localization to intracellular puncta, most likely endosomes (white arrowheads in lower panels of a—c). Localization of ADR1 CCg-Cit-HA
domains is shown with the first column (Citrine, in yellow) and MAP-mCherry-SAC19%2 or MAP-mCherry-SAC1"T is shown in the second column
(mCherry, in magenta). Chloroplasts are shown in the third column (chlorophyll A, in cyan) and the merged images are shown in the fourth column
(merge). Images are single plane secant views. Bar, 20 um.

detected a very weak interaction of Citrine-HA to PIPs, but . : -
much weaker than observed for the AGADRIs CCy and P1(4,5)P, depletion has no impact on PM localization and

AtRPM1 CC domains (Fig. 6e). These results suggest a strong cell death function of AtADRTs and AtRPM1

binding of the AtADRIs and AtRPM1 CCr/CC domains to The strong effect of PI4P depletion at the PM on the function
negatively charged polyacidic phospholipids most likely via an  and localization of AtADR1s and AtRPM1 and the specific inter-
electrostatic interaction. action of their CCr/CC domains with anionic lipids (including
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Fig. 6 AtADR1s CCr and AtRPM1 CC interact in vitro with anionic lipids. Arabidopsis ADR1s CCr and RPM1 CC domains can directly bind to anionic lipids
in vitro. In vitro transcribed and translated AtADR1 CCg (a), AtADR1-L1 CCg (b), AtADR1-L2 CCg (c), AtRPM1 CC (d) domains and Citrine (e) fused with
a C-terminal single haemagglutinin (HA) tag were incubated with a commercial phosphatidylinositol phosphate (PIP) strip. Binding was analysed by
immunoblotting with anti-HA antibody. The analysed CCr domains bind strongly and the RPM1 CC domain binds weakly to PI(3)P, PI(4)P, PI(5)P, PI(3,4)
P2, PI(3,5)P2, PI(4,5)P2 and PI(3,4,5)P3. A weak interaction of the AtADR1s CCr domains was also detected with phosphatidic acid (PA) and
phosphatidylserine (PS). Citrine (negative control) showed a very weak association with PI(3)P, PI(4)P, PI(5)P, PI(3,5)P2, PI(4,5)P2 and PI(3,4,5)P3.

PI4P) in vitro, suggest that PI4P plays a major role for their inter-
action with and consequently, for their function at the PM. PI
(4,5)P, fulfils similar important cellular functions, is specifically
found at the plant PM, and is also required for the PM associa-
tion of many proteins (Doumane ez al., 2020), like the mam-
malian MLKL protein (Dondelinger ez al., 2014; Quarato et al.,
2016). However, PI(4,5)P, is not required for plant PM elec-
tronegativity (Simon ez al, 2016). Our observation of the

© 2021 The Authors
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additional direct binding of the AtADR1s CCg and AtRPM1
CC domains to PI(4,5)P, (Fig. 6), prompted us to test whether
PI(4,5)P, is also required for AtADR1s and ActRPM1 PM local-
ization and cell death function. We co-expressed the PM-
anchored WT PI(4,5)P, 5-phosphatase domain from the
Drosophila OCRL protein (dOCRLY™) that specifically depletes
the PI1(4,5)P, pool at the plant PM (Doumane et /., 2020) with
AtADRI, AtADRI-L1, AtADR1-L2, AtRPM1 and AtRPS5. As
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a control we co-expressed a phosphatase dead mutant version of
dOCRL (dOCRL**) that is catalytically inactive (Doumane
et al., 2020). Co-expression of dOCRLYT or dOCRLY** with
AtADR1s, AtRPM1 and AtRPS5 had no visible effect on their
(PM-) localization or protein accumulation (Figs S4c,d, S8). Co-
expression of dOCRLY", but not of the catalytically inactive
dOCRLY**, with the cell death-inducing CCr domains of
AtADR1, AtADRI-L2 and AtNRGI1.1 did not inhibit their
activity and a cell death induction was visible for all three CCg
domains (Fig. S9a—c). Similarly, depleting the PI(4,5)P, pool
from the PM did not affect ACADR1 and AtADR1°Y-induced
cell death responses (Fig. S9d,e). Further, we found no inhibition
of the cell death activity of AtRPM1 or AtRPS5 in either the
presence of dOCRLYT or dOCRL*! (Figs S4f, S6¢, S9f). Con-
sistent with the fact that PI(4,5)P, depletion does not affect
AtRNL and AtRPMI1-mediated cell death, we also did not
observe a negative effect on protein accumulation by PM PI1(4,5)
P, depletion (Figs S8, S9). This suggests that AtRNLs, AtRPM1
and AtRPS5 PM localization and their PM-coupled cell death
function is independent of P1(4,5)P,.

Collectively, this demonstrates that PI(4,5)P, is likely not a
major contributor for AtADRIs, AtRPM1 and AtRPS5 localiza-
tion and function at the PM.

Discussion

Upon effector-induced activation, the CNL AtZAR1 oligomer-
izes and translocates to the PM where it forms a pore-like struc-
ture via the alpha 1 helix of its CC domain that acts as a cation
selective channel to induce a cell death and immune response
(Wang et al., 2019a,b; Bi er al, 2021). PM or endomembrane
localization was shown to be necessary for the cell death and
immune function of many CNLs (Gao ez al., 2011; Engelhardt
et al., 2012). Some CNLs localize to membranes via N-terminal
myristoylation and/or palmitoylation, and the residues required
for this post-translational modification were demonstrated to be
important for the function of these CNLs (Qi et al, 2012;
Kawano et al., 2014). However, the molecular mechanism under-
lying the localization of nonacylated PM/membrane-localized
NLRs remains elusive. We present data that suggests a model in
which AtADRIs and the CNL AtRPM1 require PI4P at the PM
for proper localization that is required for protein stability and
cell death function upon (auto-)activation (Fig. 7). The localiza-
tion is most likely regulated by direct binding of their CC/CCg
domains to anionic lipids (including the very abundant PI4P),
possibly via positive charges in a basic hydrophobic stretch that
we found in all the CC/CCgr domains (Fig. $10). We, however,
cannot rule out the possibility that other mechanisms and/or
domains are also required, for example the interaction with other
(structural) lipids or integral membrane proteins. In this context,
it has recently been shown that AtADR s interact with a member
of the receptor-like kinase family (Pruitt ez 2/, 2021). However,
the strong effect of PI4P depletion from the PM on NLR local-
ization and function, suggests that PI4P contributes significantly
to AtADRI1s and AtRPM1 PM localization. By contrast, PI4P

does not or only marginally contribute to the PM localization of
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Fig. 7 Proposed model of AtADR1s and the CNL RPM1 localization and
cell death/resistance function at the plasma membrane (PM). Localization
of the RNLs AtADR1, AtADR1-L1 and AtADR1-L2 and nonacylated CNLs,
here shown for AtRPM1, to the PM is mediated by a direct interaction of
their CCr or CC domains with anionic lipids, of which phosphatidylinositol-
4-phosphate (P14P) is the most abundant at the plant PM. (a) Expression
of catalytically inactive and forced PM-localized MAP-SAC19¢29 does not
affect AtADR1s, myristoylated (AtRPS5) or nonacylated CNL (AtRPM1)
PM localization, and consequently also not their cell death activity upon
(auto-)activation. (b) MAP-SAC1"T-mediated PI4P depletion from the PM
severely affects AtADR1s and nonacylated CNL AtRPM1, but not
myristoylated CNL AtRPS5, localization. The decreased PI4P levels
strongly affect PM electronegativity and this leads to a loss of binding to
the PM and rapid degradation of AtADR1s and the nonacylated CNL
AtRPM1. The reduced accumulation of AtADR1s and AtRPM1 in the cell
consequently leads to loss of AtADR1s- and AtRPM1-mediated cell death
induction. (c) The localization of AtADR1s CCr domains (ADR1 CCg,
ADR1-L1 CCg, ADR1-L2 CCg) is not affected by MAP-SAC192
expression, similar to full-length AtADR1s. Thus, there is no observable
effect on CCr domain autoactivity (cell death induction). (d) PI4P
depletion by MAP-SAC1"T expression causes a re-localization of the
AtADR1s CCr domains to intracellular puncta, probably endosomal
compartments as their membranes might exhibit the highest
electronegativity when MAP-SAC1"T is expressed. This mis- or re-
localization of AtADR1s CCr domains does not lead to their degradation.
However, AtADR1s CCx cell death activity is severely reduced.

cell death

CNLs with myristoylation or acylation motifs, such as AtRPS5
(Fig. S4), and hence PI4P depletion does not affect their func-
tion.

Interestingly, recent studies demonstrated that there is a reduc-
tion in the PI4P levels and a specific enrichment of PI(4,5)P, on
interfacial membranes during successful infections, like the extra-
haustorial membrane (EHM) in Arabidopsis powdery mildew
infections, the extra-invasive hyphal membrane (EIHM) in Ara-
bidopsis Colletotrichum infections or at the potato (Solanum
tuberosum) Phytophthora infestans infection sites (Shimada er al,
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2019; Qin et al, 2020; Rausche et al, 2020). The PI(4,5)P,
enrichment at the EHM and EIHM is an essential susceptibility
factor, which is most likely pathogen-induced and requires the
function of the host phosphatidylinositol 4-phosphate 5-kinases
(PIP5K) (Shimada ez al, 2019; Qin et al., 2020). It is possible that
the depletion of PI4P and the simultaneous enrichment of PI(4,5)
P, at these host—pathogen interfaces result in a reduced accumula-
tion of immune-regulatory proteins, for example NLRs, by remov-
ing possible binding sites and/or enhancing endocytosis of
immune signalling components (Qin ez afl, 2020). Plants
however have evolved means to counteract this potentially
pathogen/effector-induced enrichment of P1(4,5)P, by downregu-
lating the activity of PIP5Ks or upregulating the activity of phos-
phoinositide 5-phosphatases upon pathogen perception by cell-
surface localized immune receptors (Menzel ez al, 2019; Rausche
et al., 2020). Recently, it was also shown that members of the
AtRPW8 protein family specifically localize to the EHM (Berkey
et al., 2017), and that the solanaceous helper NLR NRC4 (NLR
REQUIRED FOR CELL DEATH 4) dynamically associates with
the EHM during P. inféstans infection (Duggan ez al, 2021), indi-
cating that at least the RPW8/HR proteins and NRC4 may not
require PI4P for membrane localization. Thus, actively changing
or adjusting the lipid and protein composition and homeostasis of
the plant PM is part of the evolutionary arms race between the host
and the pathogen. This indicates the importance of the regula-
tion/manipulation of lipid homeostasis and the associated changes
in protein localization/stability in this battle.

Likewise, a correlation between the lipid composition of the
PM and immunity as well as NLR (CNL) function and stability
and an important function for phospholipase-dependent sig-
nalling in immunity was previously reported (Andersson ez al.,
2006; Bargmann & Munnik, 2006; Johansson ez /., 2014; Yuan
et al., 2018; Schloffel et al, 2020). Plant phospholipase families
C (PLCs) and D (PLDs) are involved in many aspects of abiotic
and biotic stress responses (Hong et al, 2016). However, the
exact mechanisms of how these enzymes and their product(s)
influence immunity are not well understood (Li & Wang, 2019).
Perception of pathogen-derived danger signals by NLRs and cell-
surface localized pathogen-recognition receptors (PRRs) lead to
the rapid activation and recruitment of PLDs and PLCs to
pathogen entry sites at the PM as well as a biphasic transient cal-
cium ion (Ca®") influx (Johansson ez al., 2014; Xing et al., 2019;
Schloffel et al., 2020; Bi et al., 2021; Jacob et al., 2021). PLDs
and PLCs induce the production of inositol polyphosphates, PA
and diacylglycerol (DAG), all of which can function as second
messengers during immunity as well as other stress responses (Li
& Wang, 2019). The PLC- and PLD-mediated generation of PA
is required for NLR-triggered reactive oxygen species (ROS) pro-
duction and HR-like cell death, and external application of PA is
sufficient to induce a cell death response and the transcriptional
activation of the pathogen-responsive PRI promoter (Andersson
et al, 2006). The cation (Ca®*")-channel forming capability of
some CNLs and RNLs at membranes is required for their cell
death activity and downstream immune signalling (Jubic ez 4/,
2019; Wang et al., 2020b; Bi ez al., 2021; Jacob et al., 2021). In
light of our results it is tempting to hypothesize that (1)
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AtADRTIs interact with PM/membrane anionic lipids, like PI4P,
and that activation might lead to oligomerization (or at least sta-
bilization of a higher order complex), and the formation of a
cation-permeable channel/pore that (2) results in a transient Ca*"
influx and subsequently, in the (3) activation of Ca2+—dependent
and probably NLR-interacting phospholipases that (4) in turn
produce lipid messengers, such as PA and DAG, which (5) might
participate in the activation of downstream signalling compo-
nents required for (6) NLR-mediated immune responses
(Fig. S11) (Andersson et al., 2006; Yuan et al., 2018; Jubic ez al.,
2019; Wang ez al., 2019a; Bi ez al., 2021; Jacob ez al., 2021).
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Supplementary Figure legends

Fig. S1 Subcellular localization of AtADRI1 proteins after transient over-expression in V.
benthamiana.

Maximum projection of Z-stack images clearly demonstrates that AtADRI1 proteins localize to
the plasma membrane after transient expression in N. benthamiana leaves. (a, b, e, f, g, h)
AtADRI proteins (ADR1, ADRI1-L1, ADR1-L2) localize mainly to the plasma membrane. The
indicated ADRI1 proteins fused to EYFP or Citrine-HA were transiently co-expressed with the
PM-resident BRI1-mRFP fusion-protein and confocal imaging was done at 4 hours (a, b, f) or
5 hours (h) post Estradiol induction or 2 days post infiltration (e, g). (¢, d) ADRI1 also localizes
to the endoplasmic reticulum (ER). Wildtype ADRI1 or the autoactivated mutant ADR1PY fused
to Citrine-HA was transiently co-expressed with the ER-localized AtVMA12-RFP fusion-
protein and confocal imaging was done at 3 hours (¢) and 4 hours (d) post Estradiol induction.
ADRI1, ADRIPY and ADRI-L1PY additionally localize to puncta indicated by white
arrowheads in a, b, ¢, d, f). Localization of EYFP and Citrine-HA tagged ADRI1 proteins is
shown with the first column (Citrine/YFP, in yellow) and the co-localized PM-localized BRI1-
mRFP or ER-localized VMAI12-RFP is shown in the second column (RFP, in magenta).
Chloroplasts are shown in the third column (Chlorophyll A, in cyan) and the merged images
are shown in the fourth column. Images shown here are a maximum projection of Z-stack

images. Scale bars, 20 um.
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Fig. S2 Subcellular localization of native promoter-driven AtADRI1 proteins.

(a-¢) Single plane secant views show that AtADR1 proteins (ADR1, ADRI1-L1, ADR1-L2)
localize to the plasma membrane (PM) when expressed under control of their native promoters.
The indicated ADRI proteins fused to YFP/EYFP were transiently co-expressed with the PM-
resident protein BRI1-mRFP in N. benthamiana leaves and confocal imaging was done 3 days
post infiltration (dpi; a) or 2 dpi (b, ¢). Localization of ADR1s is shown with the first column
(YFP, in yellow) and the co-localized PM-resident BRI1 is shown in the second column (RFP,
in magenta). Chloroplasts are shown in the third column (Chlorophyll A, in cyan) and the
merged images are shown in the fourth column (merge). Fluorescence intensities were
measured along the dotted line depicted in the merge images. Scale bars, 20 um. (d, e)
Subcellular fractionation experiments of protein extracts prepared from 7-day old A. thaliana
seedlings stably expressing AtADR1-L2-HA under control of its native promoter (d) or from
6-week-old 4. thaliana plants stably expressing AtADR1-L2PV-HA under control of its native
promoter (e) reveal a strong membrane association of AtADR1-L2-HA (d) and ADR1-L2PY
(e). Shown are immunoblots of ADR1-L2-HA (d) and ADR1-L2PV-HA (e) and the cytosolic
marker UDP-glucose pyrophosphorylase (UGPase) using anti-HA or anti-UGPase antibody,
respectively. 20 pg (d) or 40 pg (e) protein of each protein fraction (total, soluble, microsomes)
was used for SDS-PAGE. Numbers show quantification of band intensities normalized to the
band of the total protein fractions, respectively. T: total extract, S: soluble protein fraction, M:

microsomal protein fraction.
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Fig. S3 Characterization of the cell death activity of WT, P-loop and QHD variants of
AtADRIs.

Transient expression of AtADRI1s steady-state (WT), P-loop mutant (AAA) or QHD mutant
(DV) Citrine-HA fusion proteins in N. benthamiana. ADR1, ADR1444 and ADRIPY induce a
strong HR-like cell death, whereas ADR1-L1PV triggers a weak and ADR1-L2PY a very weak
HR-like cell death. Photos were taken under normal light at 23 hours post Estradiol induction
and 47 hours post infiltration. Numbers represent the number of leaves showing cell death out
of the number of leaves analysed. Asterisk indicates weak cell death, double-asterisk indicates

very weak cell death.
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Fig. S4 AtRPSS plasma membrane localization and its cell death activity are not affected
by MAP-SAC1 or MAP-dOCRL co-expression.

(a) Plasma membrane localization of AtRPS5-EYFP is not affected by co-expression of MAP-
mCherry-SAC19 (upper panel) or MAP-mCherry-SAC1WT (lower panel). (¢) Co-expression
of MAP-mCherry-dOCRL%* (upper panel) or MAP-mCherry-dOCRL™T (lower panel) does
not affect RPS5-EYFP PM localization. Indicated proteins were transiently expressed in N.
benthamiana leaves and confocal imaging was done at 24 hours post infiltration. Localization
of RPS5-EYFP is shown with the first column (YFP, in yellow) and MAP-mCherry-SAC1VT,
MAP-mCherry-SAC19% MAP-mCherry-dOCRL* and MAP-mCherry-dOCRLYT are
shown in the second column (mCherry, in magenta). Chloroplasts are shown in the third
column (Chlorophyll A, in cyan) and the merged images are shown in the fourth column
(merge). Images are single plane secant views. Scale bars, 20 pm. (b, d) Immunoblot analysis
of the transiently expressed proteins (see (a, ¢)) using anti-GFP and anti-RFP antibody,
respectively. Equal loading of the proteins is indicated by the Rubisco band from the Ponceau
staining (PS). Numbers show quantification of band intensities normalized to the Rubisco band
from the Ponceau staining. Samples were collected 24 hours post infiltration. (e, f) Effector
(AvrPphB)-triggered and RPS5-EYFP mediated cell death is not suppressed by MAP-
mCherry-SACIVT (e) or MAP-mCherry-dOCRLWYT (f) co-expression in N. benthamiana. Leaf
images showing cell death induction by activated RPS5-EYFP (upper panels). Transient
expression of the Dexamethasone-inducible effector AvrPphB-MYC and the guardee protein
PBS1-HA with constitutively expressed RPS5-EYFP, MAP-mCherry-SACIVT or MAP-
mCherry-SAC1%% (e) or MAP-mCherry-dOCRL% and MAP-mCherry-dOCRLYT (f). Leaf
images were taken under UV light at 24 hours post Dexamethasone induction, which
corresponds to 2 days post infiltration (e, f). AvriPphB-MYC and PBS1-HA expression was
induced with 30 uM Dexamethasone to activate RPS5-EYFP. White/light grey areas indicate
dead leaf tissue. Numbers represent the number of leaves showing cell death out of the number
of leaves analysed. Immunoblot analysis (lower panels) of the transiently expressed proteins
(see upper panels) using anti-GFP and anti-RFP antibody, respectively. Equal loading of the
proteins is indicated by the Rubisco band from the Ponceau staining (PS). Numbers show
quantification of band intensities normalized to the Rubisco band from the Ponceau staining.
Protein samples were collected at 6 hours post Dexamethasone induction, which corresponds

to 28 hours post infiltration.
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Fig. S5 Degradation of mis-localized AtRPM1 and AtADRI1 proteins is not or only
partially blocked by proteasome inhibitors.

(a-c) Treatment of a 1x Protease Inhibitor Cocktail (PIC) or 2.5 uM Bortezomib (BTZ) fully
(a) or partially (b, ¢) inhibit the degradation of mis-localized AtADRI proteins. (d) Mis-
localized AtRPM1 protein degradation can partially be blocked by a PIC treatment, however
not by BTZ. Shown are anti-GFP immunoblots of AtADR1 (a), AtADRI1-L1 (b), AtADRI1-L2
(¢) and AtRPM1 (d) Citrine-HA or EYFP fusion proteins that were transiently co-expressed
with MAP-mCherry-SAC1%T or MAP-mCherry-SAC1%% in N. benthamiana. Equal loading
of the proteins is indicated by the Rubisco band from the Ponceau staining (PS). Numbers show
quantification of band intensities normalized to the Rubisco band from the Ponceau staining.
Samples were collected 4 hours (a) or 5 hours (b-d) post inhibitor and Estradiol (a) treatments,

which corresponds to 27 (a) and 25 hours (b-d) post infiltration.
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Fig. S6 Effector-triggered AtRPM1-mediated cell death response is diminished by PI4P
depletion.

(a, upper panel) CCr domain of AtADR1-L1 induces no visible cell death symptoms and thus
no effect of MAP-mCherry-SAC1WT co-expression on AtADR1-L1 CCr activity is observable.
Transient co-expression of ADR1-L1 CCr-EYFP, MAP-mCherry-SAC1%YT or MAP-mCherry-

SAC1%d in N. benthamiana leaves. (b, upper panel) mCherry-SACIWT

co-expression
noticeably reduced cell death activity of AvrRpml-HA activated RPM1-EYFP. Transient
expression of RPM1-EYFP, AvrRPM1-HA, T7-RIN4 and MAP-mCherry-SACIWV! or MAP-
mCherry-SAC1%% in N. benthamiana leaves. (¢, upper panel) Cell death activity of AvrRpm1-
HA activated RPM1-EYFP was not blocked by co-expression of MAP-mCherry-dOCRL%¢ or
MAP-mCherry-dOCRLYT. Transient expression of RPM1-EYFP, AviRPMI1-HA, T7-RIN4
and MAP-mCherry-dOCRLY** or MAP-mCherry-dOCRLYT in N. benthamiana leaves.
AvrRPM1-HA expression was induced with 30 uM Dexamethasone 20 hours post infiltration.
Leaf images were taken under UV light at 24 hours post infiltration (a) or 24 hours post
Dexamethasone induction (b, ¢). The effector AvrRpm1 and the guardee protein RIN4 was co-
expressed to activate RPM1. White/light grey areas indicate dead leave tissue. Numbers
represent the number of leaves showing cell death out of the number of leaves analysed.
Asterisk in (b) indicates weak cell death. (a-¢, lower panels) Immunoblot analysis of the
proteins transiently expressed in leaves (see upper panels) using anti-GFP and anti-RFP
antibody, respectively. Equal loading of the proteins is indicated by the Rubisco band from the
Ponceau staining (PS). Numbers show quantification of band intensities normalized to the
Rubisco band from the Ponceau staining. Protein samples were collected at 20 hours post
infiltration (a) and 6 hours post Dexamethasone induction, which corresponds to 26 hours post

infiltration (b, c¢).



Figure S6

.| - AvrRPM1 AvrRPM1
ADR1-L1 CC, ADR1-L1 CC, Av};ﬁ/w A\QE“F;'I;/H v RPM1
SAC1 SACH1 RIN4 wr RIN4
0/6 0/6 RIN4 RIN4A_~ dOCRL dOCRL%*
SACHYT SACH 15/15 15/15
12*/20 20/20
SAC1** dOCRL™
0/6 docrL"
015 0/15
ADRI1-L1 CC, AvTREM?
0/6
RIN4
20/20
+ + + - - RPMI-EYFP + + + - - RPMI-EYFP
+ + + - -  T7RIN + + + - -  TI-RIN4
+ + + - - ADR1-L1CC.EYFP + o+ o+ - AVIRPM1-HA + 4+ + - - AVRPM1-HA
- - %+ -+ MAP-mCh-SAC1% - -+ -+ MAP-mCh-SACT®* - -+ - + MAP-mCh-dOCRL™
Da -+ - 4+ - MAP-mCh-SACI"_ =~ - + - + - MAP-mCh-SAC1L, - + - + -  MAP-mCh-dOCRL"
48—‘ Rl e — ao-GFP 135-‘ - — a-GFP 1357 . — a-GFP
181 039 1.0 00 00 085 062 10 00 0.0 083 109 10 00 0.0
81 039 1.0 00 O. _ ps
100 - e e a-RFP ‘"-’-‘PS ‘ ‘
75— - —
00 039 1.0 1.81 2.29 100~ & a-RFP
‘ — - v |PS 75- . a-RFP 00 080 10 423 422
00 252 10 3.03 7.86 a - - - - ‘ Ps

| av s e e v |ps ‘




144
145
146
147
148
149
150
151
152
153
154
155
156
157

Fig. S7 PI4P depletion affects the PM localization of AtADR1 CCr domains.

Co-expression with SACIVT affects AtADR1 CCr (a), AtADR1-L1 CCr (b) and AtADR1-L2
CCkr (¢) localization. C-terminally Citrine-HA tagged AtADR1 (ADR1, ADRI1-L1, ADR1-L2)
CCr domains were transiently co-expressed with MAP-mCherry-SAC19% (a-¢, upper panel)
or MAP-mCherry-SAC1IVT (a-c, lower panel) in N. benthamiana leaves. Confocal imaging
was done at 3 hours (a) or 4 hours after Estradiol induction (b, ¢). AtADR1 CCgr, AtADRI1-L1
CCr and AtADRI-L2 CCr domains re-localize to intracellular puncta (white arrow heads),
potentially endosomes. Localization of AtADR1 CCr-Citrine-HA domains is shown with the
first column (Citrine, in yellow) and MAP-mCherry-SAC1™T or MAP-mCherry-SAC19%% is
shown in the second column (mCherry, in magenta). Chloroplasts are shown in the third
column (Chlorophyll A, in cyan) and the merged images are shown in the fourth column

(merge). Images shown here are a maximum projection of Z-stack images. Scale bars, 20 um.
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Fig. S8 PI(4,5)P: is not required for the PM localization and stability of AtADRI1s and
AtRPMI.

(a, c, e, g) Plasma membrane localization of AtADR1s (ADR1-Citrine-HA, ADR1-L1-EYFP,
ADRI1-L2-EYFP) and AtRPMI1-EYFP is not altered when dOCRL* (upper panel) or
dOCRLW™T (lower panel) is co-expressed. Proteins were transiently expressed in N.
benthamiana leaves and confocal imaging was done 3 hours post Estradiol induction (a), 2
days post infiltration (¢, e) or 24 hours post infiltration (g). Localization of Citrine-HA/-EYFP
tagged ADR1s and RPM1-EYFP is shown with the first column (Citrine/YFP, in yellow) and
MAP-mCherry-dOCRLYT or MAP-mCherry-dOCRL** is shown in the second column
(mCherry, in magenta). Chloroplasts are shown in the third column (Chlorophyll A, in cyan)
and the merged images are shown in the fourth column (merge). Images are single plane secant
views. Scale bars, 20 um. (b, d, f, h) Inmunoblot analysis of transiently expressed proteins
(see (a), (¢), (e), (g)) using anti-GFP and anti-RFP antibody, respectively, show no effect on
NLR stability by dOCRLWYT or JOCRL%%¢ co-expression. Equal loading of proteins is indicated
by the Rubisco band from the Ponceau staining (PS). Numbers show quantification of band
intensities normalized to the Rubisco band from the Ponceau staining. Samples were collected

at 4 hours post Estradiol induction (b), 2 days post infiltration (d, f) or 24 hours post infiltration
(h).
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Fig. S9 AtADRI1s and AtRPMI1 cell death activity is not affected by depletion of P1(4,5)P2
from the plasma membrane via MAP-dOCRL co-expression.

dOCRLW! co-expression does not affect the cell death induced by AtADR1 CCr (a), AtADR1-
L2 CCr (b), AtNRGI.1 CCr (c¢) domains, full-length AtADRI1 (d), autoactive mutant
AtADRIPY (e) or activated AtRPM1 (f). (a-f, upper panels) Transient expression of Citrine-
HA or EYFP tagged ADR1 (d), autoactive ADR1P*!Y mutant (e) and phospho-mimic T7-
RIN4TI6D activated RPM1 (f) co-expressed with MAP-mCherry-dOCRLWT or MAP-
mCherry-dOCRLY* in N. benthamiana. Leaf images were taken under UV light at 24 hours
post infiltration (hpi) (a), 26 hpi (b), 28 hpi (¢), 9 hours post Estradiol induction (d), 30 hpi (e)
and 24 hpi (f). Phospho-mimic T7-RIN4T16D (RIN4™P) was co-expressed to activate RPMI.
White/light grey areas in leaves indicate dead tissue. Numbers represent the number of leaves
showing cell death out of the number of leaves analysed. Asterisk indicates weak HR. (a-f,
lower panels) Immunoblot analysis of transiently expressed proteins (see upper panels) using
anti-GFP and anti-RFP antibody, respectively. Equal loading of proteins is indicated by the
Rubisco band from the Ponceau staining (PS). Numbers show quantification of band intensities
normalized to the Rubisco band from the Ponceau staining. Samples were collected at 20 hpi

(a-c), 24 hpi (d), 4 hours post Estradiol induction (e) or 22 hpi (f).
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Fig. S10 Basic-hydrophobic (BH) profile analysis of CC/CCr domains.

In silico analysis to identify potential basic-hydrophobic stretches in the CC/CCr domains of
three Arabidopsis CNLs and the whole RNL family. (a) BH score profile (window size 19) of
AtADRI1, AtADRI1-L1, AtADR1-L2, AtRPM1, AtZAR1, AtNRGI.1, AtNRG1.2 and AtRPS5
CC/CCr domains (amino acids 1-160/170). Potential BH-stretches are represented as peaks
above the 0.6 BH score threshold shown as a green line. Isoelectric point (pl) of each CC/CCr
domain is shown in parentheses behind the protein names and indicates that all but two (RPM1
and ZAR1) CC and CCr domains may have an overall positive charge in the cytosolic
environment (pH ~7.2). (b) Amino acid sequences of CC and CCr domains as in (a) with the
putative BH-stretch indicated by italic, underlined letters and highlighted in yellow. Positively

charged lysine (K) and arginine (R) residues in the BH-stretch are shown in bold and red letters.
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MGGCFSVSLPCDQVVSQFSQLLCVRGSYIHNLSKNL
ASLQKAMRMLKARQYDVIRRLETEEFTGRQQRLSQV
QVWLTSVLIQNQFNDLLRSNEVELQRLCLCGFCSKD
LKLSYRYGKRVIMMLKEVESLSSQGFFDVVSEATPFA
DVDEIPFQPTIVGQ
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Fig. S11 Proposed model of AtADR1 family members localization, oligomerization and
function during immunity.

Arabidopsis ADR1s constitutively localize at the plasma membrane through the interaction of
their CCr domains with anionic lipids, including PI4P. AtADRI1 activation, either by pathogen
infection or autoactivating mutations, leads to (1) conformational changes inducing or
strengthening oligomerization andthe formation of a transient Ca**-permeable cation channel
that results in (2) Ca?" influx and in the (3) subsequent recruitment or activation of calcium
dependent and probably NLR-interacting phospholipases that (4) in turn produce lipid
messengers, such as PA and DAG, which (5) might activate downstream signalling
components required for NLR-mediated (6) immunity. The lipase-like protein AtEDSI
(ENHANCED DISEASE SUSCEPTIBLE 1) and its sequence-related direct partner AtPAD4
(PHYTOALEXIN DEFICIENT 4) are key immune regulators of AtADRIs-mediated
immunity, but also of basal resistance, and may be part of an ADRI1s immune-signalling

complex.
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226  Table S1. Primer list.

Primer

sequence

purpose

FEK 1014

GACGCAACACGtTGTTTTGAGAGACCTAG

ADR1 D461V
(site-directed

mutagenesis)

FEK_1015

CTAGGTCTCTCAAAACAaCGTGTTGCGTC

ADR1 D461V
(site-directed

mutagenesis)

FEK 1012

GTGACACAGCATGtTGTTCTGCGAGAC

ADRI1-L1 D489V
(site-directed

mutagenesis)

FEK 1013

GTCTCGCAGAACAaCATGCTGTGTCAC

ADRI1-L1 D489V
(site-directed

mutagenesis)

FEK_948

GTCACGCAGCATGITGTTCTAAGAGATG

ADR1-L2 D484V
(site-directed

mutagenesis)

FEK_949

CATCTCTTAGAACAaCATGCTGCGTGAC

ADRI1-L2 D484V
(site-directed

mutagenesis)

FEK 1002

GAATGAGCGGTTCAGcGgcAgCCACTCTTG

ADR1 198AAA200
(site-directed

mutagenesis)

FEK_1003

CAAGAGTGGcTgecCgCTGAACCGCTCATTC

ADR1 198AAA200
(site-directed

mutagenesis)

FEK_1000

GAATGGGCGGTGTTGcTgcAgCCACTCTTGCC

ADRI-L1
212AAA214 (site-
directed

mutagenesis)

FEK_ 1001

GGCAAGAGTGGcTgcAgCAACACCGCCCATTC

ADRI1-L1
212AAA214 (site-
directed

mutagenesis)

FEK_973

GGATGAGTGGTTCAGcGgcAgCCACTCTTG

ADRI1-L2
212AAA214 (site-
directed

mutagenesis)

FEK_974

CAAGAGTGGcTgecCgCTGAACCACTCATCC

ADRI1-L2
212AAA214 (site-
directed

mutagenesis)

FEK_1475

gtGGTCTCaGCGGGCTAACTTATGTTGACTTCACGA

ADRI1 promoter
with Bsal site and
GCGG overhang
(GG)

FEK 1476

atGGTCTCaCAGACGAGACCGATCTTGGAGTGTAAG

ADRI1 promoter

with Bsal site and

13



GCGG overhang
(GG)

FEK_1477

gtGGTCTCaTCTGATGGCTTCGTTCATAGATCTTTTCG

ADR1 CDS with
Bsal site and TCTG
overhang (GG)

FEK 1478

atGGTCTCaCCTTATCGTCAAGCCAATCCACGGTGAAGC

ADR1 CDS with
Bsal site and CCTT
overhang and w/o

stop (GG)

FEK_1420

GGGGACAAGTTTGTACAAAAAAGCAGGCTTActccactcatggcagceaatact

ADRI1-L1 promoter
with attB1 site
(GW)

FEK 1421

GGTGATGGCCATtggataccaccaagtcaagtc

ADRI-L1 promoter
with ADR1-L1
CDS overhang

FEK 1422

gteggtatccaATGGCCATCACCGATTTTITTCG

ADRI-L1 CDS
with ADR1-L1

promoter overhang

FEK 1423

GGGGACCACTTTGTACAAGAAAGCTGGGTGTTCGTCAAGCCAGTCTAGG

ADRI1-L1 CDS
with attB2 site

PMNLR_01
3

GGGGACAAGTTTGTACAAAAAAGCAGGCTtaATGGGAGGTTGTTTCTCTGTTTCATTG
CcC

RPSS5 forward
primer for
pDONOR gateway
cloning

PMNLR_01
4

GGGGACCACTTTGTACAAGAAAGCTGGGTtTGTTTCTCTCCACCGCCACCTGGATGA
AGG

RPSS5 reward
primer for
pDONOR gateway
cloning

FEK 1311

cgtagatctatttaggtgacactatagaacagaccacc ATGGCTTCGGCTACTGTTGATTTT

SP6 RPMI CC 1-
156 (TnT)

FEK 1312

cgtagatcCTAAGCGTAATCTGGAACGTCATATGGATACTTTGCATCGCCATCATCAAT

1xHA rev for
RPMI1 CC 1-156
(TnT)

FEK 1329

cgtagatctatttaggtgacactatagaacagaccacc ATGGCTTCGTTCATAGATC

SP6 ADR1 CC 1-
146 (TnT)

FEK_1330

cgtagatct CTAAGCGTAATCTGGAACGTCATATGGATAATCATTCCGCTCAGTCAAC

1xHA rev for
ADRI1 CC 1-146
(TnT)

FEK 1331

cgtagatctatttaggtgacactatagaacagaccaccATGGCCATCACCGATTTTITTCG

SP6 ADRI-L1 CC
1-155 (TnT)

FEK 1332

cgtagatcCTAAGCGTAATCTGGAACGTCATATGGATATCCCCCAATTTTCATGGAAC

1xHA rev for
ADRI1-L1 CC 1-
155 (TnT)

FEK 1313

cgtagatctatttaggtgacactatagaacagaccacc ATGGCAGATATAATCGGCG

SP6 ADRI-L2 CC
1-153 (TnT)

FEK 1314

cgtagatcCTAAGCGTAATCTGGAACGTCATATGGATATCCCCTGAGTTTCATAGAACC

1xHA rev for
ADRI1-L2 CC 1-
153 (TnT)

FEK_1425

cgtagatctatttaggtgacactatagaacagaccaccATGGTGAGCAAGGGCGAG

SP6 Citrine (TnT)

14
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229
230
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232

233

234

235

FEK 1426 cgtagatcTCAGGCATAGTCTGGGACGTCATATGGATACTTG

1xHA rev for
Citrine (TnT)

Sphos catcatactcctttgectgetgeegetgecgetatggtgageaagggegaggagg

5' phosphorylated
primers for MAP-
mCherrynoSTOP/
pDONR207

cloning

5phos_R TCGACTTCTACTGCAGAGTAAGCCCATGGTAGCCTGCTTTTTTGTACAAACTTGGC

5' phosphorylated
primers for MAP-
mCherrynoSTOP/
pDONR207

cloning

Table S2. Transmembrane domain and lipidation prediction summary for Arabidopsis

thaliana RNLs and the CNLs RPM1 and RPSS.

TMD prediction* Lipidation prediction*
NLR (type)
Tool result Tool # of sites  position in protein
TMHMM2.0 no = NBA-Palm 0
AtRPM1 (CNL)
CCTOP no GPS-Palm 3 438,567,704
At3g07040
PredictProtein no ExPASy Myristoylator 0
TMHMM2.0 no | NBA-Palm 0
AtRPSS5 (CNL)
CCTOP no | GPS-Palm 4 4,103,106,463
Atl1g12220 . . . .
PredictProtein no | ExPASy Myristoylator 1 N-terminus
TMHMM2.0 no NBA-Palm 0
AtADR1 (RNL)
CCTOP no = GPS-Palm 1 661
At1g33560 . . .
PredictProtein no = ExPASy Myristoylator 0
TMHMM2.0 no | NBA-Palm 0
AtADR1-L1 (RNL)
CCTOP no | GPS-Palm 4 301,347,638,690
At4g33300
PredictProtein no | ExPASy Myristoylator 0
TMHMM2.0 no NBA-Palm 0
AtADRI1-L2 (RNL)
CCTOP no  GPS-Palm 2 73,685
At5g04720 . . .
PredictProtein no = ExPASy Myristoylator 0
TMHMM2.0 no | NBA-Palm 0
AtNRG1.1 (RNL)
CCTOP no | GPS-Palm 5 198,592,683,705,731
At5g66900
PredictProtein no | ExPASy Myristoylator 0
TMHMM2.0 no NBA-Palm 0
AtNRG1.2 (RNL)
CCTOP no = GPS-Palm 6 200,598,689,711,737,764
At5g66910 . . .
PredictProtein no = ExPASy Myristoylator 0

* web-pages of the used prediction tools are listed in the Material and Methods section.
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Methods S1. Protocols for the experiments used in this work.
Plasmid construction

The CDS from ADRI and RPM1 were cloned into pENTR/D-TOPO via TOPO® cloning
(Thermo Fisher Scientific; Waltham, USA), while the CDS from ADRI-L1, ADRI-L2, ADRI
CCr(1-146 aa), ADRI-L1 CCg (1-155 aa) and ADRI-L2 CCr (1-153 aa) were cloned into the
GATEWAY™ compatible vector pDONR221 by GATEWAY™ cloning (Thermo Fisher
Scientific, Waltham, USA) generating pEntry clones. The corresponding point mutations for
the QHV mutants ADRIP*"", ADRI-L1P***" and ADRI-L2°***" as well as the mutations for
the P-loop mutants ADR 93444200 4DR | -], 1712444214 and ADR1-12%1?44421% were introduced by
site-directed mutagenesis PCR using primers listed in Table S2. The PCR products were
digested with Dpnl (NEB; Ipswich, USA) overnight and subsequently transformed into
Escherichia coli DH5a.

For the assembly of pADRI1::ADRI-YFP, a 1822 bp ADR1 promoter fragment (Wu et al., 2020)
and the ADRI CDS were amplified with Golden Gate-compatible Bsal overhangs from either
Col-0 genomic DNA or plasmid DNA using the Phusion polymerase (NEB; Ipswich, USA)
and the primers listed in Table S2 (Binder ef al., 2014). PCR products were gel-purified using
the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel; Diiren, Germany) and sub-
cloned into the pGEM-T Easy vector (Promega; Fitchburg, USA), resulting in the Level I
vectors LI A-B pADRI1 and LI B-D ADRI, respectively. The obtained LI vectors were
assembled into a functional expression vector as described in (Binder et al., 2014) using the
BB10 backbone via Bsal cut-ligation in the following order: LI A-B pADRI, LI B-D ADR1
CDS, LI D-E YFP (Binder et al., 2014), LI E-F nos terminator (Binder et al., 2014), LI F-G
pFAST (gift of A. Gust).

For the generation of pADRI-L1::ADRI-LI-EYFP, a 2036 bp ADRI-L1 promoter fragment
(Wuet al., 2020) was PCR-amplified from Col-0 genomic DNA and the CDS of ADRI-L1 was
amplified from plasmid DNA using the Phusion polymerase (NEB; Ipswich, USA) and the
primers listed in Table S2. ADRI-L1 promoter and CDS PCR products were gel-purified and
equimolar amounts of both products were further used in the overlap extension PCR reaction
using the Q5 Polymerase (NEB; Ipswich, USA). Overlap PCR and the following final fusion
gene PCR amplification were performed as described in (Hilgarth & Lanigan, 2020). The
resulting PCR product was gel-purified and directly used for cloning into the GATEWAY "
compatible vector pDONR207 via the GATEWAY"™ cloning technology (Thermo Fisher
Scientific, Waltham, USA).
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Cloning of pADRI-L2::ADRI-L2 that contains a 500 bp upstream region of the start codon of
ADRI-L2 was described before (Roberts et al., 2013).

The CDS of RPS5 was amplified from Col-0 cDNA and introduced into the GATEWAY
compatible vector pDONR207 via GATEWAY " cloning technology (Thermo Fisher
Scientific, Waltham, USA). The NRG1.1 CCr (1-180 aa) CDS was synthesized with 5* and 3’
GATEWAY™ attachment sites into the pUC57Kan vector (Genescript, Piscataway NJ, USA).
LR reactions (GATEWAY™ Cloning Technology, Thermo Fisher Scientific, Waltham, USA)
were performed to introduce specific CDS or promoter-CDS fusions into a modified Estradiol-
inducible destination vector pMDC7-Citrine-HA (Curtis & Grossniklaus, 2003), the Estradiol-
inducible destination vector pABindmCherry (Bleckmann et al., 2010), the 35s-driven
destination vector pGWB641 (Nakamura et al., 2010) or the promoterless destination vector
pGWB640 (Nakamura ef al., 2010) as indicated.

The 36 first amino acid of AtGPA1 (i.e. MAP sequence) were added to mCHERRYnoSTOP
in pPDONR207 (Jaillais et al., 2011) to generate MAP-mCHERRYnoSTOP in pDONR207.
2x35Sprom/pDONRP4-P1R (Marques-Bueno et al., 2016), MAP-mCHERRYnoSTOP in
pDONR207 and SAClin pDONR-P2R-P3 (or SACldead in pPDONR-P2RP3) (Simon ef al.,
2016) were recombined using LR reaction into pH7m34GW (Karimi et al., 2007) to generate
2x35Sprom::MAP-mCHERRY-SACI1 in pH7m34GW (or 2x35Sprom::MAP-mCHERRY-
SACldead in pH7m34GW). 2x35Sprom in pDONRP4-P1R (Marques-Bueno et al., 2016),
MAP-mCHERRYnoSTOP in pDONR207 and the P1(4,5)P2 phosphatase dOCRL (Drosophila
melanogaster ortholog of human oculocerebrorenal syndrome of Lowe 1) in pDONR-P2R-P3
(or dOCRLdead in pDONR-P2RP3) (Doumane et al., 2020) were recombined using LR
reaction into pH7m34GW (Karimi ef al., 2007) to generate 2x35Sprom::MAP-mCHERRY -
dOCRL in pH7m34GW (or 2x35Sprom::MAP-mCHERRY-dOCRLdead in pH7m34GW).
Constructs were verified by sequencing and transformed into Agrobacterium tumefaciens strain

GV3101/pMP90 and used for transient expression in Nicotiana benthamiana.

Cell Death Assay

Nicotiana benthamiana leaves were imaged for cell death at the indicated time points. Cell
death images were taken under normal light using a Canon 80D (Canon; Ota, Japan) or under
UV light using the Amersham ImageQuant 800 Western blot imaging system and an integrated
CyS5 filter (GE Healthcare; Chalfont St. Giles, UK). Images were processed with Adobe
Photoshop CS2 (Adobe Inc.; San José, USA) or Corel PAINT (Corel Corporation; Ottawa,
Canada) for adjustment of brightness and contrast. Note, since 35s::MAP-mCh-SAC1"T often
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induces tissue collapse at around 52 hours post infiltration, cell death imaging had to be done

at earlier timepoints.

Confocal imaging

Confocal imaging was done using a 40x or 63x water-immersion objective and the ZEN black
software. EYFP and Citrine were excited using a 514 nm laser with a detected emission
between 516-556 nm; RFP and mCherry were excited using a 561 nm laser with a detected
emission spectrum of 597-634 nm, Chlorophyll A was excited with a 561 nm laser and the
emission spectrum was 661-682 nm. Focal plane images were processed with the ZEN blue
software (Zeiss) for adjustment of brightness and contrast. Maximum Z-projection images were

processed with ImageJ.

Western blot analysis of transiently expressed proteins

Primary and secondary antibody dilutions were as follows: a-GFP 1:1,500 (Roche Diagnostics;
Basel, Switzerland), o-RFP 1:1,000 (ChromoTek; Planegg-Martinsried, Germany), a-Myc
1:1000 (ChromoTek; Planegg-Martinsried, Germany), a-HA 1:2,000 (Roche Diagnostics;
Basel, Switzerland), a-UGPase 1:2,000 (Agrisera; Vinnis, Sweden), a-T7 Tag HRP conjugate
1:10,000 (Merck, Darmstadt, Germany), a-mouse HRP-conjugated 1:10,000 (Sigma-Aldrich;
St. Louis, USA), a-rat HRP-conjugated 1:10,000 (Thermo Fisher Scientific; Waltham, USA),
a-rabbit HRP-conjugated 1:10,000 (Sigma-Aldrich; St. Louis, USA).

Co-immunoprecipitation

After immunoprecipitation, samples were captured by centrifugation at 2,400 g at 4°C and
washed two times with 1 ml of wash buffer (50 mM HEPES buffer pH 7.5, 150 mM NacCl, 10
mM EDTA pH 8.0, 0.2% [v/v] Triton X-100, 5 mM DTT, 1x Halt™ Protease Inhibitor Cocktail
(Thermo Fisher Scientific; Waltham, USA)) by incubating the extracts for 5 min on a rotating
wheel at 4°C and two additional times by inverting the tube six times. Bound proteins were
eluted in 120 pl 2x SDS loading buffer (100 mM Tris-HCI pH 6.8, 20% [v/v] glycerol, 200
mM DTT, 4% [w/v] SDS, 0.002% [w/v] bromophenol blue) and denatured by boiling the

proteins at 95°C for 5 min.

Transmembrane, lipidation and membrane binding sites predictions
Full length protein sequences of Arabidopsis RPM1, RPS5, ADR1, ADR1-L1, ADRI-L2,
NRGI.1 and NRG1.2 were used for prediction of potential transmembrane domains (TMDs)

18



337
338
339
340
341
342
343
344
345
346
347
348
349
350
351

352

353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

with three online tools: TMHMM?2.0 (http://www.cbs.dtu.dk/services/TMHMM/)
(Sonnhammer et al., 1998), CCTOP (http://cctop.enzim.ttk.mta.hu/? ) and PredictProtein

(https://predictprotein.org/) (Yachdav et al., 2014), and for lipidation with the online tools:
NBA-Palm  (http://nbapalm.biocuckoo.org/) (Xue et al, 2006), GPS-Palm
(http://gpspalm.biocuckoo.cn/) (Ning et al, 2020) and ExPASy Myristoylator

(https://web.expasy.org/myristoylator/). CC domain sequences (amino acid 1-160) of
Arabidopsis RPM1, RPS5, ADRI1, ADRI-L1, ADRI1-L2, NRGI.1 and NRGI1.2 were used to

identify basic hydrophobic stretches as potential membrane binding sites using the BH-search

tool (https://hpcwebapps.cit.nih.gov/bhsearch/) (Brzeska et al., 2010) with a window size of 19

for residue averaging and BH parameters. Analysis of the isoelectric point (pI) for all CC and
CCr domains was done with the ExPASy online tool (https://web.expasy.org/cgi-
bin/compute pi/pi_tool).
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Abstract

Nucleotide-binding leucine-rich repeat (NLR) proteins serve as intracellular immune receptors
that sense pathogen-derived effector molecules and consequently, induce effector-triggered
immunity (ETI). Members of the ACTIVATED DISEASE RESISTANCE 1 (ADR1) family have
been shown to act as helper NLRs and are required for ETI mediated by multiple sensor NLRs.
Despite their important role in plant innate immunity, the molecular mechanisms by which
ADR1s are controlled remain poorly defined. In Arabidopsis thaliana, the expression of the
autoactivated mutant allele ADR1-LIKE 2PV (ADR1-L2P%4V) |eads to an autoimmune
phenotype characterized by stunted plant growth, constitutively high SA levels and increased
disease resistance. A forward genetic screen identified the mutant suppressor of ADR1-L.2P484Y
2 (sadr2) based on the suppression of the reduced plant size normally caused by the
expression of ADR1-L2°*4V We could reveal that sadr2 carries a point-mutation in the leucine-
rich repeat (LRR) receptor-like kinase (RLK) BAK1-LIKE 1 (BKK1). Our genetic data
demonstrate that BKK1 is likely a specific regulator of ADR1-L2P%84V, As BKK1 does not control
ADR1-L2P%4 homeostasis, BKK1 might regulate ADR1-L2P*4V activity or downstream
signaling. Here, we show that BKK1 constitutively associates with ADR1-L2 in N. benthamiana,
suggesting that both proteins exist in a pre-formed complex. We further demonstrate that
ADR1-L2P%84V  autoactivity induces many typical PTI responses, however, BKK1-
independently. Thus, the exact molecular mechanism by which BKK1 regulates ADR1-L2P484V

autoactivity remains to be fully clarified.



Introduction

In order to defend themselves against invading pathogens, plants employ two major types of
immune receptors, plasma-membrane (PM)-localized pattern recognition receptors (PRRS)
and intracellular nucleotide-binding leucine-rich repeat receptors (NLRs) (Albert et al. 2020; El
Kasmi 2021). Recognition of conserved pathogen-associated molecular patterns (PAMPS) or
host released damage-associated molecular patterns (DAMPs) by PRRs results in pattern-
triggered immunity (PTI) (Gomez-Gomez & Boller 2000; Huffaker et al. 2006; Zipfel et al. 2006;
Miya et al. 2007; Boller & Felix 2009). The activation of PTI is accompanied by a plethora of
reactions, including the production of reactive oxygen species (ROS), calcium influxes,
phosphorylation of mitogen-activated protein kinases (MAPKs) and induction of defense gene
expression (Doke 1983; Blume et al. 2000; Tao et al. 2003; Zipfel et al. 2004; Boudsocq et al.
2010; Jeworutzki et al. 2010; Ranf et al. 2011; Nomura et al. 2012). In summary, activation of
PTI results in broad-spectrum resistance. PRRs include receptor-like kinases (RLKs) and
receptor-like proteins (RLPs) (Macho & Zipfel 2014). Unlike RLKs, RLPs lack a cytoplasmic
kinase domain and thus, transduce defense activation through adaptor kinases, like the
leucine-rich repeat (LRR)-RLK SUPPRESSOR OF BIR1 (SOBIR1) (Gust & Felix 2014;
Liebrand et al. 2014). However, upon ligand binding, both RLKs and RLPs interact with a co-
receptor to initiate defense activation. The LRR-RLK BRI1-ASSOCIATED RECEPTOR
KINASE 1 (BAK1) and BAKI1-LIKE 1 (BKK1) serve as common co-receptors of PRRs
(Chinchilla et al. 2007; Roux et al. 2011; Gust & Felix 2014; Albert et al. 2015; Postma et al.
2016). BAK1 and BKK1 belong to the small SOMATIC EMBRYOGENESIS RECEPTOR-LIKE
KINASE (SERK) family that comprises 5 members in Arabidopsis (Albrecht et al. 2008). Apart
from their roles in PTI, BAK1 and BKK1 also act in an unequally redundant manner in
brassinosteroid (BR) and cell death signaling (He et al. 2007; Heese et al. 2007; Roux et al.
2011), suggesting that they might function as integration points of multiple RLK-induced
signaling pathways.

Adapted pathogens, however, can overcome PTI by secreting or delivering virulence factors
(effector molecules) into plant cells that target PTI key components and consequently,
suppress PTI (Boller & Felix 2009). For example, BAK1 and BKK1 are targeted by multiple
effector molecules to dampen PTI signaling (Shan et al. 2008; Cheng et al. 2011a; Zhou et al.
2014; Li et al. 2016). To combat adapted pathogens, plants employ NLRs that induce effector-
triggered immunity (ETI) following the perception of pathogen-derived effector molecules
(Dangl & Jones 2001; El Kasmi 2021). The induction of ETI leads to similar immune responses
as elicited by PRRs, though the duration and amplitude of ETI responses are often larger than
those of PTI responses (Peng et al. 2018). Interestingly, however, full ETI requires the

activation of PTI (Ngou et al. 2021; Yuan et al. 2021). In contrast to PTI, ETI is typically



associated with a programmed cell death at the infection site, termed hypersensitive response
(HR) (Coll et al. 2011; Balint-Kurti 2019).

NLRs are classified into three groups depending on their N-terminal domains: Toll-
like/Interleukin 1 receptor (TIR)-type NLRs (TNLs), coiled-coil (CC)-type NLRs (CNLs) and
RESISTANCE TO POWDERY MILDEW 8 (RPW8)-like coiled-coil (CCg)-type NLRs (RNLS)
(El Kasmi 2021). In Arabidopsis thaliana (hereafter Arabidopsis) the RNL subclass consists of
two gene families, ACTIVATED DISEASE RESISTANCE 1 (ADR1) and N REQUIREMENT
GENE 1 (NRGL1), both acting as helper NLRs in immune signaling and cell death induction of
several NLRs, mainly TNLs (Bonardi et al. 2011; Castel et al. 2019; Wu et al. 2019; Saile et al.
2020; Schulze et al. 2021). Interestingly, the ADR1 subfamily has recently been linked to RLP-
and to a lesser extent to LRR-RLK-mediated PTI (Pruitt et al. 2021; Tian et al. 2021),
suggesting that ADR1s might represent a node of convergence of PRR- and NLR-mediated
immune signaling pathways. Despite their important functions in plant innate immunity, the
molecular mechanisms underlying the strict regulation of ADR1s remain largely unknown.
The autoactivated mutant allele ADR1-LIKE 2P*%V (ADR1-L2P*%") carries a gain-of-function
mutation caused by the substitution of the aspartic acid (D) by valine (V) in the conserved QHD
motif of ADR1-L2. Expression of ADR1-L2°*%*V-HA under the control of the ADR1-L2 promoter
in the adrl-L2-4 mutant background leads to an autoimmune phenotype coupled with
constitutively activated immune responses, stunted growth and curled leaves (Roberts et al.
2013). This conspicuous phenotype makes plants expressing ADR1-L2P*¥4V a practical tool for
forward genetic screens. To obtain insights into the signaling events of ADR1-L2P4%4V-mediated
autoimmunity and thus, to learn more about the regulatory mechanisms of RNL helper NLRs,
we performed an EMS suppressor screen targeted to identify positive regulators of ADR1-
L2P484V In this screen, we identified the LRR-RLK BKK1 as being required for ADR1-L2P484V.
induced autoimmunity. Our genetic data suggest that BKK1 is specifically required for the
autoactivity of ADR1-L2P484V_ Further, our biochemical analyses indicate that BKK1 and ADR1-
L2 exist in a pre-formed complex. However, the molecular mechanism by which BKK1

regulates the autoactivity of ADR1-L2P4%4V has yet to be determined.

Results

Identification of genes regulating ADR1-L2P4V autoactivity

In order to identify positive regulators of ADR1-L2P%4V autoactivity in Arabidopsis, we
performed an EMS mutagenesis screen aimed at identifying suppressors of the ADR1-L2P48Y
(sadr) phenotype (Jacob et al., unpublished). Sadr2 was one of the isolated mutants that
strongly suppressed the ADR1-L2P*%V phenotype. Genetic mapping by whole-genome
sequencing revealed that the sadr2 mutant carried a point mutation in the first exon of
AT2G13790 which encodes the LRR-RLK BKK1, also known as SERK4 (Fig. 1 e). The
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mutation in sadr2 leads to exchange of arginine (R) 9 to lysine (K) and is located in the signal
peptide of BKK1. To confirm that loss-of-function of BKK1 suppresses the autoimmune
phenotype of ADR1-L2°%V we crossed the bkk1-1 T-DNA insertion mutant (Fig. 1 e) with
ADR1-L2P%%" adr1-L2-4. While bkk1-1 fully suppressed the dwarfism of ADR1-L2%4%4V adri-
L2-4 (Fig. 1 a, b), trypan blue and DAB staining showed that ADR1-L2P*8V-triggered cell death
and H>O, accumulation were not suppressed (Fig. 1 a). Further, bkk1-1 suppressed, although
not fully, the expression of the defense-related gene PATHOGENESIS-RELATED 1 (PR1)
which is strongly induced in ADR1-L2P%" adr1-L2-4 (Fig. 1 c). Despite still having elevated
PR1 expression in ADR1-L2P*%" adr1-L2-4 bkk1-1, enhanced disease resistance against the
virulent bacterial pathogen Pseudomonas syringae (Pst) DC3000 in ADR1-L2°4 adr1-L2-4
plants was completely suppressed by bkk1-1 (Fig. 1 d). This demonstrates that some, but not
all, of the ADR1-L2P*®*-induced autoimmune responses require the presence of BKK1.
Remarkably, when expressed under control of its native promoter, the ADR1-L2P44V-HA
protein level was not altered in adrl1-L2-4 bkk1-1 compared to adrl1-L2-4 (Fig. 1 ¢). These data
clearly show that ADR1-L2P*®V stability is not regulated by BKK1 and suggest that BKK1
regulates ADR1-L2P484V autoactivity or the downstream signaling, and not its homeostasis.
The kinase activity of the BKK1 paralog BAK1 is required for its function during PTI
(Schwessinger et al. 2011). To determine whether BKK1 requires kinase activity for ADR1-
L2P484_induced autoimmunity and to confirm that loss of BKK1 is the cause of the suppression
of the ADR1-L2P*4V qutoimmune phenotype, we introduced WT BKK1-Myc and a kinase dead
version of BKK1 (BKK1%*?%)-Myc under control of its native promoter into ADR1-L2°*4V-HA
adrl-L2-4 bkk1-1 plants, respectively. However, expression of BKK1-Myc did not restore the
morphology of ADR1-L2P484V plants, similar to the expression of BKK13226-Myc (Fig. S1, S2).
As C-terminal tags have been shown to strongly impair the immune function of BAK1
(Ntoukakis et al. 2011), we assume that the C-terminal Myc tag might similarly affect BKK1
function. Collectively, our genetic data suggest that BKK1 is required for some of the ADR1-

L2P484V.induced autoimmune responses.

BKK1 is not a general regulator of NLR-mediated (auto-) immunity

To test whether BKK1 is required for the autoimmune phenotypes mediated by other
autoactivated NLRs, we crossed the bkkl-1 T-DNA mutant with additional autoimmune
mutants, including the mutant suppressor of nprl-1 constitutive 1 (sncl) (Li et al. 2001; Zhang
et al. 2003) and nrg1.1-1 mutant plants expressing the autoactivated NRG1.1°%V-HA that is
under control of its endogenous promoter (NRG1.1°*%*" nrg1.1-1) (Wu et al. 2019). Although
the ADR1 subfamily has been linked previously to sncl-caused autoimmunity (Dong et al.
2016), bkk1-1 did not suppress the sncl autoimmune phenotype (Fig. S3). Accordingly,

homozygous bkk1l-1 sncl double mutants remained dwarf in morphology (Fig. S3 a, b),
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displayed increased PR1 expression (Fig. S3 c) and enhanced resistance against the virulent
pathogen Pst DC3000 (Fig. S3 d). Apart from the ADR1s, NRG1s constitute the other RNL
subfamily that is involved in NLR-mediated immune signaling (Castel et al. 2019; Wu et al.
2019; Saile et al. 2020; Schulze et al. 2021). Interestingly, bkk1l-1 did not suppress the
NRG1.1P4V-mediated autoimmune phenotype (Fig. S4). Taken together, bkk1l-1 does not
suppress the autoimmune phenotypes caused by sncl and NRG1.1P*%  suggesting that
BKK1 might be specifically required for the activity of ADR1-L2P*8V or the ADR1 subfamily.

ADR1-L2 has two close homologs, ADR1 and ADR1-L1 that share 76% and 75% amino acid
sequence similarity with ADR1-L2. Since mutations in BKK1 suppressed the autoactivity of
ADRI1-L2P484V we tested whether BKK1 also regulates the function of the other two ADR1
family members. As ADR1s act redundantly downstream of several NLRs during ETI (Bonardi
et al. 2011; Saile et al. 2020), we analysed whether bkk1-1 is impaired in ADR1s-mediated ETI
responses. We therefore challenged Col-0, adrl triple, bkk1-1 and adrl triple bkk1-1 mutants
with Pst DC3000 carrying either the effector AvrRpt2 or AvrRps4, that induce ETI via the CNL
RPS2 or the TNL pair RPS4/RRS1, respectively (Kunkel et al. 1993; Hinsch & Staskawicz
1996; Gassmann et al. 1999). RPS2 and RPS4/RRS1 signal through the ADR1 subfamily to
trigger resistance against Pst DC3000 (Saile et al. 2020). The bkk1-1 mutant showed similar
bacterial growth compared to Col-0 after infection with either Pst DC3000 AvrRpt2 or Pst
DC3000 AvrRps4, whereas adrl triple bkk1l-1 was as susceptible as adrl triple (Fig. S5).
These data suggest that BKK1 might be specifically required for ADR1-L2 functions, though
further experiments are needed to prove this conclusion (see conclusion and perspectives

section).

ADR1-L2 might constitutively associate with BKK1

We have recently shown that ADR1-L2 is localized at the PM (Saile et al. 2021) where it
interacts with the LRR-RLK SOBIR1 and the receptor-like cytoplasmic kinase PBL31 (Pruitt et
al. 2021). As BKK1 is an LRR-RLK with predicted PM localization that acts as a co-receptor of
the PM-localized PRRs FLAGELLIN-SENSITIVE 2 (FLS2), EF-Tu Receptor (EFR) and
Perception of the Arabidopsis Danger Signal Peptide 1 or 2 (PEPR1/2) (Roux et al. 2011), we
tested whether ADR1-L2 associates with BKK1. Physical interaction was examined by co-
immunoprecipitation (Co-IP) experiments using the transient expression system in Nicotiana
benthamiana (hereafter N. benthamiana). Both ADR1-L2-HA and ADR1-L2P**V-HA co-
immunoprecipitated with BKK1-Myc (Fig. 2 a), suggesting that ADR1-L2 forms a constitutive
complex with BKK1, independent of the ADR1-L2 activation state. Interestingly, we noted an
upward shifted band of ADR1-L2-HA and ADR1-L2P%4V-HA that co-immunoprecipitated with
BKK1-Myc. These results suggest that BKK1 might phosphorylate wildtype and autoactivated
ADR1-L2P%8%V To prove this hypothesis, we co-expressed ADR1-L2-HA and ADR1-L2P%84V-HA



with the kinase inactive allele of BKK1, BKK1X%22E-Myc, in N. benthamiana and performed Co-
IP experiments. Again, wildtype and autoactivated ADR1-L2-HA co-immunoprecipitated with
BKK1X322E.Myc (Fig. 2 a). However, we still observed an upward shifted band of ADR1-L2-HA
and ADR1-L2P*8%_HA co-immunoprecipitating with the kinase inactive BKK1%¥22E-Myc. This
indicates that either BKK1 might not phosphorylate ADR1-L2 or that the upper band might
represent another post-translational modification of ADR1-L2. The latter hypothesis is further
supported by the fact that treatment with A-protein phosphatase did not abolish the appearance
of the higher migrating band (Fig. S6). Although wildtype and autoactivated ADR1-L2 clearly
associated with BKK1 in Co-IP experiments in N. benthamiana, we were not able to validate
this interaction by bimolecular fluorescence complementation (BiFC) (Fig. 2 b, c). As we
observed that BKK1-EYFP was strongly localized at the ER after transient expression in N.
benthamiana (Fig. S7), we propose that the fused fluorophore might cause the retention of
BKK1 at the ER. Consequently, BKK1-nYFP might be in insufficient proximity with the PM-
localized ADR1-L2-cYFP and ADR1-L2P44V-cYFP and hence, this might explain the negative
BiFC results. Taken together, our results suggest that BKK1 constitutively interacts with ADR1-
L2 irrespective of the activation state of ADR1-L2, and that this interaction does not require the
kinase activity of BKK1.

The Arabidopsis genome encodes 5 SERKSs that mediate plant immunity and developmental
processes (Albrecht et al. 2008). The interaction between BKK1 (SERK4) and ADRI1-
L2/ADR1-L2P*4V prompted us to test whether ADR1-L2 can also interact with other members
of the SERK family. Indeed, our Co-IP experiments revealed that wildtype and autoactivated
ADR1-L2 interact with all SERK proteins after transient overexpression in N. benthamiana (Fig.
S8). Collectively, although BAK1 and BKK1 have been shown to be recruited to the LRR-RLKs
FLS2, EFR and BRI1 following ligand binding (Chinchilla et al. 2007; Schulze et al. 2010; Roux
et al. 2011), our data suggest that ADR1-L2 and the SERKSs exist in a pre-formed complex.
However, it remains to be investigated whether ADR1-L2 constitutively interacts with SERK

proteins in Arabidopsis when expressed at native levels.

BKK1 is not required for the membrane association of ADR1-L2P484V

Arabidopsis ADR1s function at the plasma membrane to initiate cell death (Jacob et al. 2021;
Saile et al. 2021). Although ADR1s have been demonstrated to localize to the PM by the
interaction of their CCr domains with negatively charged phospholipids (Saile et al. 2021), it is
likely that there are additional mechanisms contributing to the PM localization of ADR1s. Many
peripheral membrane proteins for example require protein-protein interactions to localize to
the PM (Marmagne et al. 2004; Tang et al. 2008). To test whether BKK1 is required for
tethering ADR1-L2P%84 to the PM, we performed subcellular fractionation experiments with

protein extracts from transgenic Arabidopsis plants expressing ADR1-L2P*4V-HA in either the



adrl-L2-4 or adrl-L2-4 bkk1-1 background. ADR1-L2P484V-HA was enriched in the microsomal
membrane fraction prepared from both adrl-L2-4 and adrl-L2-4 bkk1-1 transgenic plants (Fig.
S9), demonstrating that bkk1-1 does not per se affect the membrane association of ADR1-
L2P484%V_HA_ These results suggest that BKK1 might not be required for the general membrane
localization of ADR1-L2P*4V albeit the used method does not allow for distinguishing PM from

organelle membranes.

ADR1-L2P*V.induced activation of PTI does not depend on BKK1

BKK1 and other PRR co-receptors, including BAK1 and CHITIN ELICITOR RECEPTOR
KINASE 1 (CERK1), have been shown to be required for NLR-mediated ETI responses during
bacterial infections (Yuan et al. 2021). Activation of NLR-mediated ETI was revealed to
potentiate the output of PTI key components that is needed to provide resistance against
avirulent pathogens (Ngou et al. 2021; Yuan et al. 2021). Based on these recent findings we
hypothesized that PTI might also be activated in NLR autoimmune mutants in the absence of
pathogens and that BKK1 might be involved in ADR1-L2P**V-triggered PTI potentiation that
could be required for the observed autoimmune phenotype. The lack of HR- or severe cell
death symptoms in ADR1-L2P**V adr1-L2-4 (Fig. 1 a) is reminiscent of PRR-induced immune
responses and hence, would support such an idea. To prove this hypothesis, we first analysed
the protein levels of the PTI key components BOTRYTIS-INDUCED KINASE 1 (BIK1) and
SOBIR1 in NLR autoimmune mutants, including ADR1-L2P**V-HA adr1-L2-4 (Roberts et al.
2013), NRG1.1P*8V-HA nrg1.1-1 (Wu et al. 2019), RPM1°*%" rpm1 rps2 (Gao et al. 2011) and
sncl (Li et al. 2001; Zhang et al. 2003). BIK1 and SOBIR1 were induced in all analysed
autoimmune mutants, but not in Col-0 or the ADR1-L2-HA adrl-L2-4 line (Fig. S10 a). This
suggests that the expression of autoactivated NLRs might induce the activation of PTI in the
absence of pathogen attacks. Indeed, we found a strong phosphorylation and activation of
MAPKs (Fig. S10 c) as well as the upregulation of several PTl-associated genes, including
FLG22-INDUCED RECEPTOR-LIKE 1 (FRK1) and NDR1/HIN1-LIKE 10 (NHL10) in the
autoimmune mutant ADR1-L2°%* adr1-L2-4 (Fig. S10 d). These data demonstrate that PTI is
indeed activated in ADR1-L2°%%* adr1-L2-4. However, BKK1 was not required for the ADR1-
L2044 induced activation of PTI, as induced expression of PTI key components, MAPKs
activation and upregulation of PTl-associated genes were similarly induced or activated in
ADR1-L2°*% adr1-L2-4 bkk1l-1 compared to ADR1-L2P%* adr1-L2-4 (Fig. S10 b, c, d). In
summary, the expression of ADR1-L2P*4V and other autoactivated NLRs results in the
activation of PTI. BKK1, however, is not required for the ADR1-L2P*#-induced PTI

potentiation.



Overexpression of SOBIR1 in Arabidopsis triggers the constitutive activation of immune
responses (Gao et al. 2009). Since SOBIR1 was specifically up-regulated in ADR1-L2P484V
adrl-L2-4, we hypothesized that overactivated SOBIR1 might boost autoimmunity in ADR1-
L2D484 adr1-L2-4. To prove this hypothesis, we crossed the sobirl-12 T-DNA mutant with
ADR1-L2P44V adr1-L2-4. Homozygous ADR1-L2P*%" adr1-L2-4 sobirl-12 plants resembled
the morphology of ADR1-L2P*% adr1-L2-4 (Fig. S11 a, b) and retained increased PR1
expression (Fig. S11 c). These results suggest that ADR1-L2P48V functions independently or
downstream of SOBIR1. The latter hypothesis is supported by the recent findings
demonstrating that ADR1s are required for RLP23-mediated PTI responses (Pruitt et al. 2021).

Conclusion and Perspectives

NLRs constitute crucial surveillance components that induce a robust immune response
following the detection of pathogen-derived effector molecules (El Kasmi 2021). Helper NLRs
of the ADR1 subfamily have been shown to be required for several NLRs to mediate a proper
ETI response (Bonardi et al. 2011; Saile et al. 2020). While plants that lack the ADR1 subfamily
are susceptible against certain pathogens (Bonardi et al. 2011; Saile et al. 2020), the
overexpression of ADR1s results in the constitutive activation of immune responses (Grant et
al. 2003; Wu et al. 2020). Likewise, the expression of the autoactivated mutant ADR1-L2P*84V
causes autoimmunity in Arabidopsis (Roberts et al. 2013). As the induction of immune
responses is an energetically demanding process that negatively impacts plant fitness (Tian
et al. 2003), NLRs are tightly regulated on transcriptional, post-transcriptional and protein level
(Richard et al. 2018). Apart from epigenetic modifications such as DNA methylation and
histone modifications (Palma et al. 2010; Xia et al. 2013), NLR transcription can also be
modulated by an SA-dependent feedback regulation (Yang & Hua 2004; Venugopal et al.
2009). On post-transcriptional level, NLR expression is regulated by small RNAs and by the
MRNA control machinery nonsense mediated mMRNA decay (NMD) (Li et al. 2012; Shivaprasad
et al. 2012; Gloggnitzer et al. 2014). In contrast, NLR stability and/or activity can be modulated
by post-translational modifications (PTMs) and/or interactions with proteins, including
chaperones or effectors/effector host targets (Kadota et al. 2010; Cheng et al. 2011b; Kadota
& Shirasu 2012; He et al. 2017). PTMs as well as protein-protein interactions can affect protein
activity by modulating protein conformation, subcellular localization, stability or other protein-
protein-interactions. Together, NLR homeostasis and activity are tightly controlled at multiple
levels in order to avoid the ectopic activation of defense responses associated with severe
fithess costs. Although ADR1s represent important players involved plant immunity (Bonardi
et al. 2011; Saile et al. 2020; Pruitt et al. 2021; Tian et al. 2021) it is poorly understood how
they are regulated. Genetic analyses showed that ADR1-L2 can be regulated on a

transcriptional level partially by an SA-dependent feedback loop (Roberts et al. 2013) and on
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the post-transcriptional level by NMD (Nasim et al. 2020). How exactly ADR1s are regulated
on the protein level is however largely unknown, as the autoactivity of ADR1 CCr and ADR1-
L2P484% was shown to be (largely) independent of the co-chaperones SUPPRESSOR OF G2
ALLELE OF SKP 1 (SGT1) or REQUIRED FOR MLA12 RESISTANCE 1 (RARL1), respectively
(Collier et al. 2011; Roberts et al. 2013).

Our work revealed that the LRR-RLK BKK1 is a positive regulator of ADR1-L2P%%4V-mediated
autoimmunity (Fig. 1). Interestingly, SERKs have been linked before to NLR-mediated
autoimmune signaling, as resistance mediated by the autoactivated CNL Mi-1.2 was found to
require SISERK1 in tomato (Mantelin et al. 2011). However, since bkk1-1 did not suppress the
autoimmune phenotypes caused by sncl and NRG1.1°**V (Fig. S3, S4), we propose that
BKK1 is likely a specific regulator of ADR1-L2P%%4V activity. As bkk1-1 was not impaired in
ADR1s-dependend ETI responses (Fig. S5), it could be possible (i) that BKK1 is not required
for the activity of ADR1 and/or ADR1-L1, as they act redundantly during ETI (Bonardi et al.
2011) or (ii) that BKK1 is not needed for the non-canonical “helper” function of ADR1-L2 and
hence, might constitute a specific regulator of ADR1-L2s’ canonical functions. To prove these
hypotheses, one could analyse RPS2- and RPS4/RRS1-mediated bacterial growth restriction
in adrl-1 adrl-L1-1 bkkl1-1. If BKK1 is needed in general for the activity and/or function of
ADR1-L2, one would expect the adrl-1 adr1-L1-1 bkk1-1 mutant to phenocopy adrl triple. In
contrast, if BKK1 is specifically required for the autoactivity/canonical functions of ADR1-L2,
adrl-1 adrl-L1-1 bkk1-1 would show WT-like growth of Pst DC3000 AvrRpt2 and Pst DC3000
AvrRps4. In case BKK1 acts as a general regulator of ADR1-L2 activity, the generation of
additional combinatorial triple mutants, including adrl-1 adrl-L2-4 bkk1-1 and adrl-L1-1 adrl-
L2-4 bkk1-1 would help to reveal whether BKK1 regulates apart from ADR1-L2 also the other
ADR1 family members. Additionally, one could cross the ADR1 overexpression line (Grant et
al. 2003) that shows an autoimmune phenotype with bkkl1l-1. Suppression of the ADR1
autoimmune phenotype would demonstrate that BKK1 is also required for the activity of ADR1.
In summary, these experiments would help to clarify whether BKK1 is required for the activity
of ADR1-L2 in general or rather acts as a specific regulator of its autoactivity. In the latter case,
BKK1 would bridge a gap between how the different activation modes/functions of ADR1-L2
are achieved. Further, the proposed experiments would provide insights into the specificity
underlying the regulation of the ADR1 family members and might help to explain differences
in their biochemical properties.

As the ADR1-L2P%4V protein abundance was not affected in bkk1-1 (Fig. 1 c), BKK1 does not
regulate ADR1-L2P*4V autoactivity by modulating ADR1-L2 abundance, but rather by
regulating its activity/signaling function. NLR activity can be regulated for example by affecting
NLR conformation or localization most likely by protein-protein interactions. Indeed, using Co-

IP experiments we found that BKK1 interacts with both wildtype and autoactivated ADR1-



L2P484V (Fig. 2 a), suggesting that ADR1-L2 and BKK1 exist in a pre-formed complex which
might be required to induce immune signaling upon (auto-) activation of ADR1-L2. In addition,
we observed that ADR1-L2 constitutively interacts with all SERK family members after
transient overexpression in N. benthamiana (Fig. S8). Yet, the constitutive interactions remain
to be confirmed in Arabidopsis. Further, it needs to be determined whether other SERK
proteins are also required for ADR1-L2P48V autoactivity. Interestingly, SISERK1, which is
required for CNL Mi-1.2 autoactivity (Mantelin et al. 2011), was also shown to constitutively
associate with Mi-1.2 in Co-IP experiments, irrespective of the activation state of Mi-1.2 (Peng
et al. 2016). Effector-triggered activation of Mi-1.2 was proposed to result in conformational
changes of the pre-formed complex, as SISERK1-Mi-1.2 interaction in BiFC experiments was
only observed in presence of effector molecules (Peng et al. 2016). It is possible that the
(auto-) activation of ADR1-L2 might also cause structural rearrangements within the pre-
formed complex. How ADR1-L2P*®*V-induced signaling is regulated by BKK1 is, however, still
unclear. In order to uncover the molecular mechanisms underlying the BKK1-dependent
regulation of ADR1-L2P%%4V autoactivity, it would be important to test whether BKK1 requires
its kinase activity or whether it rather plays a structural role. BKK1 has an intracellular,
catalytically active kinase domain that regulates BR signaling (He et al. 2007). As BAK1
requires its kinase activity for its function in BR- and PTI-signhaling (Wang et al. 2008;
Schwessinger et al. 2011) as well as in cell death control (Wu et al. 2020), it is likely that BKK1
might also induce diverse signaling pathways via phosphorylation of downstream clients. Thus,
it is possible that BKK1 might require kinase activity to regulate ADR1-L2P%%4V autoactivity.
Expression of the kinase-dead mutant allele BKK1*3%%F in ADR1-L2P***V-HA adr1-L2-4 bkk1-1
could provide insights into whether the kinase activity of BKK1 is required for ADR1-L2P484V
autoactivity. If the expression of BKK1¥%??F in ADR1-L2P*3*V-HA adr1-L2-4 bkk1-1 plants does
not result in the reversion of the ADR1-L2P*' autoimmune phenotype (and plants still show
the suppressor phenotype), BKK1 kinase activity would be required for ADR1-L2P44V
autoactivity. Vice versa, if complementation of ADR1-L2°*%" adr1-L2-4 bkk1-1 with BKK1%3?%&
results in the reversion of the ADR1-L2°** autoimmune phenotype, BKK1 kinase activity
would be dispensable for ADR1-L2P*4V autoactivity.

If the kinase activity of BKK1 is indispensable for the autoimmune phenotype induced by the
expression of ADR1-L2P*#V one could test whether ADR1-L2/ADR1-L2P*%V js a substrate of
BKK1 and hence, is phosphorylated by BKK1 in vitro and in vivo. In mice, the helper NLR NLR
family CARD domain-containing protein 4 (NLRC4) was found be phosphorylated in a
stimulus-dependent manner and NLRC4 phosphorylation was shown to promote pyroptosis, a
form of programmed cell death, by assembling an inflammasome complex (Qu et al. 2012).
As ADR1s also likely signal though oligomerization (Jacob et al. 2021; Wu et al. 2021), it could

be possible that activation-dependent phosphorylation of ADR1-L2 might induce structural
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rearrangements within the pre-formed complex into a signaling-competent state. In agreement
with this idea, we have previously shown that ADR1-L2 self-associates irrespectively of its
activation state (Saile et al. 2021) and thus, induced structural changes within the pre-formed
complex are likely needed to activate immune signaling.

In contrast, if the kinase activity of BKK1 is not required for the ADR1-L2P*4V-induced
autoimmune phenotype, BKK1 might likely play a structural role in regulating ADR1-L2P484V
autoactivity, yet the underlying mechanism remains again a matter of speculation. One idea is
that BKK1 might act as scaffold to recruit ADR1-L2P*4V to specific sites within the PM. ADR1s
require PM localization for their cell death (signaling) function in N. benthamiana (Saile et al.
2021). Using subcellular fractionation experiments we found that BKK1 does not regulate per
se the membrane-association of ADR1-L2P*4V (Fig. S9). As immune and growth receptors
have been shown to localize to distinct PM nanodomains, which is essential for signal
transduction (Bucherl et al. 2017), it might be tempting to speculate that activated ADR1-
L2484V |ocalizes to PM nanodomains and that BKK1 might regulate ADR1-L2P4%V pPM
nanodomain organization. If BKK1 itself is organized in PM nanodomains is not established
yet, but very likely, given the distribution of BAK1, its close paralog, in PM nanoclusters (Hutten
et al. 2017). Thus, by using high-resolution microscopy techniques, one could analyse the
dynamics of ADR1-L2 and ADR1-L2P%4V within the PM in both adrl-L2-4 and adr1-L2-4 bkk1-
1 in future.

Together, the proposed experiments could shed light on how BKK1 regulates the (auto-)
activity of ADR1-L2 and might lead to a better understanding of plant innate immunity.
Nonetheless, the presented data provide evidence for a novel function of the LRR-RLK BKK1
in plant innate immunity. While BKK1 has a well-established role as a negative regulator of
plant cell death (He et al. 2007), we could clearly show that BKK1 does also have a positive
function in promoting NLR-induced autoimmunity (Fig. 1). Thus far however, BKK1 functions
were only observed in the absence of its close paralog BAK1, as they act in an unequally
redundant manner in cell death control and PTI signaling (He et al. 2007; Kemmerling et al.
2007; Roux et al. 2011). While PRRs seem to favour the co-receptor BAK1 over BKK1 to
initiate immune signaling, activated ADR1-L2 might favour BKK1 over BAK1 to induce
autoimmunity. We observed that ADR1-L2 also constitutively associates with BAK1 after
transient overexpression in N. benthamiana (Fig. S8). However, whether this interaction is of
biological relevance for the (auto-) activity ADR1-L2P%%4V has yet to be determined. Based on
the finding that loss-of-function of BKK1 suppresses the ADR1-L2P*¥*V autoimmune phenotype
(Fig. 1), BAK1 and BKK1 do not have redundant but rather might have additive functions in
regulating ADR1-L2P%4V autoactivity. Thus, the generation of transgenic plants expressing
ADR1-L2P*®*_HA in either adrl-L2-4 bakl or adr1-L2-4 bkk1-1 bakl mutant backgrounds is

eagerly awaited. Interestingly, just recently the ADR1s have been identified for being required
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for the bak1 bkk1-induced cell death phenotype, with ADR1-L2 being the most important player
(Wu et al. 2020). Hence, there is an important mutual relationship between ADR1-L2-
dependent bakl bkkil-induced autoimmunity and BKK1-dependent ADR1-L2P%4V-induced
autoimmunity, suggesting a cross-regulation between ADR1-L2 and BKK1.

In conclusion, our work shows that BKK1 is a positive regulator of ADR1-L2P**V-mediated
autoimmunity in Arabidopsis. It will be interesting to uncover the molecular mechanism

underlying this regulation in future.

Material and Methods

Plant material, growth conditions and generation of transgenic lines

ADR1-L2°%#% adr1-L2-4 (Roberts et al. 2013), adrl triple (adrl-1 adrl-L1-1 adrl-L2-4)
(Bonardi et al. 2011), bkk1-1 (He et al. 2007), sobirl-12 (Gao et al. 2009), NRG1.1°%V nrg1.1-
1 (Wu et al. 2019), rrsla/b (Saucet et al. 2015), rps2-101C (Venugopal et al. 2009), RPM1P%%V
rpml rps2 rind (Gao et al. 2011) and sncl (Li et al. 2001) have been described previously.
Plants were grown under short day conditions (8-hour light/16-hour dark cycle) at 21°/18°C
and 45% humidity.

In this study, transgenic plants expressing ADR1-L2°®*V-HA in adr1-L2-4 bkk1-1 and adr1-L2-
4 sobirl-12 mutant background were generated by crossing ADR1-L2P*%V-HA adr1-L2-4 with
the corresponding T-DNA mutant, respectively. Transgenic plants expressing NRG1.1P*8%V-HA
in the nrgl.1-1 bkk1-1 mutant background were generated by crossing NRG1.1P%%V-HA
nrgl.1-1 with the bkk1l-1 T-DNA mutant. The double mutant bkk1-1 sncl was generated by
crossing both T-DNA insertion lines and the quadruple mutant adrl-1 adrl-L1-1 adrl-L2-4
bkk1-1 was generated by crossing adrl triple with bkk1-1.

Transgenic plants expressing pBKK1::BKK1 CDS-4xMyc (PGWB16) and
pBKK1::BKK1¥%??E CDS-4xMyc (pGWB16) were generated using Agrobacterium (GV3101)-
mediated floral dip transformation (Clough & Bent 1998). Transformants were selected on %2

MS agar medium containing 20 pg/ml hygromycin.

Plasmid construction

The generation of ADR1-L2 (CDS) and ADR1-L2°*% (CDS) pDONR221 (Thermo Fisher
Scientific, Waltham, USA) entry constructs was described previously (Saile et al. 2021). ADR1-
L2 constructs were cloned into pGWB614 or pGWB660 (Nakamura et al. 2010) by
GATEWAY™ cloning (Thermo Fisher Scientific, Waltham, USA).

For complementation studies, the CDS of BKK1 and BKK1%*?%® (without stop codon) including
its native promoter (2065 bp) was synthesized with 5" attL1 and 3’ attL2 sites into the standard
vector pUC57 (Baseclear, Netherlands). Subsequently, BKK1 and BKK1%%?%E were cloned into
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the GATEWAY ™-compatible pPGWB16 (hygromycin resistant) vector (Nakamura et al. 2010)
by GATEWAY LR CLONASE II mix reaction (Thermo Fisher Scientific; Waltham, USA).

The CDS of BKK1 in pENTR/D-TOPO was provided by Cyril Zipfel (Roux et al. 2011). The
corresponding point mutation in BKK1%??€ pENTR/D-TOPO was introduced by site-directed
mutagenesis PCR using primers listed in Table S1. The PCR products were digested with Dpnl
(NEB, Massachusetts, USA) overnight, purified and transformed into Escherichia coli strain
DH10B. The introduction of the mutations was confirmed by sequencing. Verified constructs
were cloned into pGWB641 and pGWB17 (Nakamura et al. 2010) using GATEWAY LR
CLONASE Il enzyme mix reaction (Thermo Fisher Scientific; Waltham, USA).

For BiFC 2in1 vector cloning, BKK1 CDS and ADR1-L2 or ADR1-L2°%V CDS were amplified
with attB3 attB2 and attB1 attB4 sites from existing entry plasmids (Roux et al. 2011; Saile et
al. 2021) using primers listed in Table S1. PCR products were cloned into pPDONR221_P3P2
and pDONR221_P1P4, respectively and combined into the 2in1 BiFC CC destination vector
by gateway cloning (Grefen & Blatt 2012; Mehlhorn et al. 2018). The resulting constructs were
verified by restriction analyses.

All confirmed plasmids were transformed into Agrobacterium tumefaciens strain GV3101.

Transient expression in N. benthamiana

Agrobacterium tumefaciens containing the indicated constructs were grown overnight at 28°C
in LB media containing the appropriate antibiotics. Overnight cultures were spun down (4,000
g for 8 min) and pellets were resuspended in 2 mL induction buffer (10 mM MgCl;, 10 mM MES
pH 5.6, 150 pM acetosyringone). ODsoo was adjusted to 0.05 (35s::P19) and 0.3
(SERKs/ADR1-L2). Agrobacteria mixtures were infiltrated into 4-5-week-old N. benthamiana
leaves using a needleless syringe. Leaves were harvested for protein extraction, co-
immunoprecipitation or confocal imaging at the indicated timepoints. N. benthamiana plants

were grown on soil under 12-hour light / 12-hour dark cycles (24°C/22°C) at 70% humidity.

Protein extraction and western blot analyses

For protein extraction 4 leaf discs of 5 mm diameter (from N. benthamiana) or 2 leaves (from
Arabidopsis) were frozen in liquid nitrogen and ground using a tissue homogenizer (Retsch
GmbH; Haan, Germany). Plant material was solubilised in 190 pul grinding buffer (20 mM Tris-
HCl pH 7, 150 mM NaCl, 1 mM EDTA pH 8, 1% [v/v] Triton X-100, 0.1% [w/v] SDS, 5 mM DTT,
1x Halt™ Protease Inhibitor Cocktail (Thermo Fisher Scientific; Waltham, USA). For protein
extraction used for the detection of PTI-involved key components, plant material was
resuspended in 190 pl extraction buffer (50mM HEPES pH 7.5, 50 mM NaCl, 10 mM EDTA
pH 8.0, 0.5% [v/v] Triton X-100, 5 mM DTT, 1x Halt™ Protease Inhibitor Cocktail (Thermo

Fisher Scientific; Waltham, USA)). Protein extracts were spun down for 15 min at 16,000 g and
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4°C, and 5x SDS loading buffer (250 mM Tris-HCI pH 6.8, 50% [v/v] glycerol, 500 mM DTT,
10% [w/v] SDS, 0.005% [w/v] bromophenol blue) was added to the supernatants. Proteins
were denatured at 95°C for 5 min. Proteins were resolved by electrophoresis on 8-10% SDS-
PAGE gels and blotted onto nitrocellulose membranes (GE Healthcare; Chalfont St. Giles,
UK). Membranes were blocked in 5% [w/v] milk in TBS-Tween (0.1% [v/V]) for 1 h. Primary
antibody incubations were done for 1 h 30 min at RT (a-Myc, a-HA) or overnight at 4°C (a-
SOBIR1, a-BIK1, a-PR1). Primary and secondary antibody dilutions were as follows: a-Myc
1:1000 (ChromoTek; Planegg-Martinsried, Germany), a-HA 1:2000 (Roche Diagnostics;
Basel, Switzerland), a-SOBIR1 1:1000 (Agrisera; Vannas, Sweden), a-BIK1 (1:3000)
(Agrisera; Vannas, Sweden), a-PR1 1:2500 (Agrisera; Vannas, Sweden), a-UGPase 1:2,000
(Agrisera; Vannas, Sweden), a-Histone H3 1:5,000 (Agrisera; Vannas, Sweden), a-rat HRP-
conjugated 1:10.000 (Thermo Fisher Scientific, Waltham, USA), a-mouse HRP-conjugated
1:10.000 (Sigma-Aldrich; St. Louis, USA) and a-rabbit HRP-conjugated 1:10.000 (Sigma-
Aldrich; St. Louis, USA). Chemiluminescence was detected using an ImageQuant 800 (GE
Healthcare; Chalfont St Giles, UK).

Co-immunoprecipitation

N. benthamiana leaf tissue was homogenized with a mortar and pestle using liquid nitrogen.
The fine plant powder was resuspended in 2.5 mL of extraction buffer (50mM HEPES pH 7.5,
50 mM NaCl, 10 mM EDTA pH 8.0, 0.5% [v/v] Triton X-100, 5 mM DTT, 1x Halt™ Protease
Inhibitor Cocktail (Thermo Fisher Scientific; Waltham, USA)). Samples were incubated on ice
for 10-30 min and then cleared by centrifugation at 16,000 g for 5 min and 16,000 g for 15 min
at 4°C. IP was performed in the cold room for 1h with 1.5 mL of protein extracts and 20 pl Myc
trap (ChromoTek; Planegg-Martinsried, Germany). Samples were centrifuged at 2,400 g at
4°C and washed two times with 1 mL and two times with 500 pl of wash buffer (50 mM HEPES
pH 7.5, 150 mM NaCl, 10 mM EDTA pH 8.0, 0.2% [v/v] Triton X-100) by inverting the tubes six
times, respectively. Bound proteins were eluted in 120 pl 2x SDS loading buffer (100 mM Tris-
HCI pH 6.8, 20% [v/v] glycerol, 200 mM DTT, 4% [w/v] SDS, 0.002% [w/v] bromophenol blue)

and denatured by incubating the samples at 95°C for 5 min.

Phosphatase treatment

Phosphatase treatment was performed on immunoprecipitated proteins. After the washing
steps (see co-immunoprecipitation), beads were washed twice with wash buffer 2 (50mM
HEPES pH 7.5, 50 mM NaCl). Treatment with protein Lambda Protein Phosphatase (NEB,
Massachusetts, USA) was done according to the manufacturers’ instructions. In short, 40 ul
protein sample (beads resuspended in wash buffer 2) was added to 5 pl 10x NEBuffer for

Protein MetalloPhosphatases and 5 pl of 20 mM MnCl,. 1 pl Lambda Protein Phosphatase or
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1 pl wash buffer 2 was added and mixtures were incubated on ice (4°C) or at 30°C for 30 min.
Beads were centrifuged at 2,300 g for 2 min. Supernatant was removed and bound proteins
were eluted in 70 ul 2x SDS loading buffer (100 mM Tris-HCI pH 6.8, 20% [v/v] glycerol, 200
mM DTT, 4% [w/v] SDS, 0.002% [w/v] bromophenol blue) and denatured by boiling the

samples at 95°C for 5 min.

MAP Kinase Assay

Proteins were extracted from 6-week-old plants. Plant material was frozen in liquid nitrogen,
homogenized using a tissue homogenizer (Retsch GmbH; Haan, Germany) and resuspended
in extraction buffer (50 mM Tris pH 7.5, 200 mM NaCl, 1ImM EDTA pH 8.0, 10% [v/v] glycerol,
0.1% [v/v] Tween20, 1ImM DTT, 1x Halt™ Protease Inhibitor Cocktail (Thermo Fisher Scientific;
Waltham, USA), 1x Phosphatase-Inhibitor-Mix 11 (SERVA electrophoresis GmbH; Heidelberg,
Germany)). Samples were solubilized for 10 min on ice and spun down by centrifugation at
16,000 g for 30 min at 4°C. 30 ug total protein was diluted with 5x SDS loading buffer (250 mM
Tris-HCI pH 6.8, 50% [v/v] glycerol, 500 mM DTT, 10% [w/v] SDS, 0.005% [w/v] bromophenol
blue) boiled at 95°C for 5 min and subsequently subjected to SDS-PAGE. Membranes were
blocked by incubation in 2% [w/v] BSA in 1x TBS-Tween (0.01%) for 1h. Activated MAP
kinases were detected by overnight incubation with anti-p42/p44 MAPK primary antibody
diluted in 2% [w/v] BSA in 1x TBS-T (1:2500; Cell Signaling Technology; Cambridge, UK),
followed by incubation with anti-rabbit-HRP secondary antibody also diluted in 2% [w/v] BSA
in 1x TBS-T (1:10.000; Sigma-Aldrich; St. Louis, USA).

Subcellular fractionation

Subcellular fractionation experiments were done from 1g of 6-week old Arabidopsis plants
expressing pADR1-L2::ADR1-L2P**V-HA in either adr1-L2-4 or adr1-L2-4 bkk1-1. Plants were
grown on soil under short day conditions. Plant tissue was homogenized using mortar, pestle
and liquid nitrogen, and 3 mL of sucrose buffer (20 mM Tris pH 8.0, 0.33 M sucrose, 1 mM
EDTA, 5 mM DTT and 1x Halt™ Protease Inhibitor Cocktail (Thermo Fisher Scientific;
Waltham, USA)) was added. Samples were spun down at 2,000 g for 10 min at 4°C to remove
debris. After transferring the supernatants to new tubes, samples were spun down again at
2,000 g for 10 min at 4°C, followed by an ultra-centrifugation step at 100,000 g for 45 min at
4°C. The microsomal pellet was resuspended in 150 pl sucrose buffer and subjected to another
ultra-centrifugation step at 100,000 g for 15 min. Pellets were resuspended in 100 ul sucrose
buffer, respectively and 40 g protein of each protein fraction (total, soluble, microsomes) was

loaded onto SDS-gel, respectively.
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Confocal imaging

For subcellular localization and BiFC studies, constructs were transiently expressed in N.
benthamiana. 45-48 hours post infiltration, samples were imaged with the confocal laser
scanning microscope LSM880 (Zeiss; Oberkochen, Germany) by using the 63x water-
immersion objective. YFP was excited using a 514 nm laser, collecting emission between 516-
556 nm; RFP was excited using a 561 nm laser with an emission spectrum of 597-634 nm.
Images were processed with the ZEN blue software (Zeiss; Oberkochen, Germany) for

adjustment of brightness and contrast.

RNA isolation, cDNA synthesis and RT-PCR

Total RNA was isolated from leaves of 6-week-old plants that were grown on soil under short
day conditions. RNA was extracted from ~100 mg ground plant material using the RNeasy®
Plant Mini Kit (QIAGEN; Hilden, Germany) according to the manufacturers’ protocol. RNA
samples were treated with DNase (Thermo Fisher Scientific, Waltham, USA) in a total volume
of 50 pl, following the manufacturers’ instructions. 1 pg total RNA was reverse transcribed with
oligo-dT primer using the components of the RevertAid RT Kit (Thermo Fisher Scientific,
Waltham, USA). cDNA was amplified by standard PCR using primers listed in Table S1.

Trypan blue staining

Arabidopsis leaves of 6-week-old plants were transferred into a 6-well plate containing 3 mL
trypan blue staining solution (8% [v/V] lactic acid, 8% [v/v] glycerol, 8% [v/v] phenol, 67% [v/V]
ethanol absolute, 0.27% [w/v] trypan blue) and boiled in a 100°C water bath for 5 min. Leaves
were transferred into fresh wells containing 1 mg/ml chloralhydrate dissolved in distilled water
and incubated overnight under mild shaking. The chloralhydrate solution was replaced by a
fresh chloralhydrate solution and incubated for at least 4 h. Destained leaves were immersed
in 20% [v/v] glycerol and imaged using the Axiocam stereomicroscope (Zeiss; Oberkochen,

Germany).

DAB staining

Arabidopsis leaves of 6-week-old plants were transferred into a 6-well plate containing 3 mL
freshly prepared DAB staining solution (1 mg/ml 3,3-diaminobenzidine-HCI pH 3.8) and
wrapped completely with aluminium foil. Leaves were incubated in the dark overnight at room
temperature with mild agitation. The DAB staining solution was removed and leaves were
rinsed with distilled H,O to remove excess staining solution. Water was replaced by absolute
ethanol and incubated in a water bath at 65°C for 2 h to clear the chlorophyll. Absolute ethanol
was replaced by 75% ethanol and incubated for 1 h at RT with mild agitation. 75% ethanol was

replaced by 50% ethanol and incubated at RT with mild agitation until the leaves had lost their

16



green coloration. Destained leaves were immersed in 20% [v/v] glycerol and imaged using the

Axiocam stereomicroscope (Zeiss; Oberkochen, Germany).

Bacterial growth curves

Pst DC3000 (AvrRpt2 or AvrRps4) were grown on KB plates supplemented with the
appropriate antibiotics and resuspended in 10 mM MgCl. to a final concentration of 5 x 10°
colony-forming units (cfu)/mL (ODsoo 0.001). Bacterial suspensions were syringe-infiltrated into
leaves of 5-week-old plants. At 0 and 3 dpi, leaf discs were taken and homogenized using a
tissue lyser (Retsch GmbH; Haan, Germany). Dilution series were prepared and dropped on
KB plates containing the appropriate antibiotics. Cfu were counted after 2 days of growth.
Statistical analysis from 4 technical replicates was done by one-way ANOVA Tukey’s test using
GraphPad Prism 8.0.2. Experiments were repeated 2 times with similar results.

Pst DC3000 (EV) was grown on KB plates containing appropriate antibiotics and resuspended
in 10 mM MgCl. to a final concentration of 2.5 x 10° cfu/mL (ODsoo 0.0005). Silwet L-77 was
added at a final concentration of 200 pl/L. 21-day old seedlings were dip-inoculated by
submerging the pot in the bacterial solution for 10 sec as described in (Tornero & Dangl 2001).
After the inoculation, plants were covered with a lid for 1 h. 1 h after the dip inoculation (O dpi)
as well as at 3 dpi, three seedlings were taken and homogenized using a tissue lyser (Retsch

GmbH; Haan, Germany). Dilution series were prepared and plated on KB plates with

appropriate antibiotics and cfu were counted 2 dpi. Statistical analysis from 4 technical
replicates was done by one-way ANOVA Tukey’s test using GraphPad Prism 8.0.2.

Experiments were repeated 2-3 times with similar results.
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Figure 1: bkk1-1 partially suppresses the autoimmune phenotypes of ADR1-L2P484V adr1-
L2-4. a, Upper panel: Morphology of 6.5-week-old Col-0, bkk1-1, adrl-L2-4, ADR1-L2-HA
adr1-L2-4, ADR1-L2P*®*_HA adrl-L2-4 and ADR1-L2P*®%-HA adrl-L2-4 bkkl-1 plants.
Expression of ADR1-L2-HA and ADR1-L2P48V-HA is driven by its native promoter. Plants were
grown on soil under short-day conditions. Scale, 2 cm. Middle/lower panels: Leaves from plants
in (upper panel) were stained with trypan blue (middle panel) or with DAB (lower panel) to
visualize cell death or H>.O, accumulation, respectively. b, Quantification of fresh weights of
plants in (a). Statistical significance is indicated by different letters following ANOVA with
Tukey’s test (p < 0.05). Box limit represents upper and lower quartile, maximum and minimum
values are displayed in whiskers. The middle line shows the median, the cross indicates the
mean FW. Dots represent biological replicates (plants) in one experiment. ¢, Expression of
PR1 and ADR1-L2-HA/ADR1-L2P4V-HA in plants shown in (a). Numbers show quantification
of band intensities normalized to the Rubisco band from the Ponceau staining, respectively. d,
21-day old seedlings were dip-inoculated with Pst DC3000 EV (ODsoo = 0.0005) and bacterial
growth was assessed on the day of inoculation (0 dpi) and 3 days after inoculation (3 dpi).
Experiment was done 3 times with similar results. Bars represent means of four technical
replicates + SD. Letters indicate statistically significant differences following ANOVA with
Tukey’s test (p < 0.05). e, Gene structure of BKK1. Black boxes indicate exons, white boxes
represent untranslated regions (UTRS). Introns are marked with lines, the T-DNA insertion site

is labelled with a triangle.
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Figure 2: Analyses of BKK1-ADR1-L2 interactions. a, BKK1-Myc wildtype (WT) or the kinase
inactive allele (K322E) were transiently co-expressed in N. benthamiana with either ADR1-L2-HA or
ADR1-L2°*"-HA, respectively. Expression of transgenes was under control of the 35S promoter. Leaf
tissue was harvested 2 days post infiltration. Total proteins were subjected to immunoprecipitation (IP)
with anti-Myc beads and immunoblotted with anti-Myc and anti-HA antibody, respectively. Immunoblots
using total proteins prior to immunoprecipitation are shown as input (upper panel) and
immunoprecipitated proteins are shown as IP (lower panel). Equal loading of the proteins is indicated
by the Rubisco band from the Ponceau staining (PS). Co-immunoprecipitation was repeated three
times with similar results. b, BiFC analysis of BKK1 with ADR1-L2 and ADR1-L2"*", respectively.
Displayed are representative images of transiently transfected N. benthamiana leaves. The
experiment was performed two times with similar results. ¢, Immunoblot analysis of the transiently
expressed proteins in (b) using anti-HA and anti-Myc antibody, respectively. Equal loading of the
proteins is indicated by the Rubsico band from the Ponceau staining (PS).
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Figure S1: Complementation of ADR1-L2°**-HA adr1-L2-4 bkk1-1 by BKK1-Myc. a, Morphology
of 7-week-old Col-0, ADR1-L2°*"-HA adr1-L2-4, ADR1-L2°**-HA adr1-L2-4 bkk1-1 and six
independent T2 plants (ADR1-L2°*"-HA BKK1-Myc adr1-L2-4 bkk1-1) grown under short day
conditions for 2 weeks on 2 MS plates supplemented with 20 pyg/ml hygromycin and afterwards
transferred to soil (short day conditions). Expression of ADR1-L2°**"-HA and BKK1-Myc is under
control of their native promoters, respectively. b, Quantification of fresh weights of plants in (a).
Statistical significance is indicated by different letters following ANOVAwith Tukey's test (p < 0.05). Box
limit represents upper and lower quartile, maximum and minimum values are displayed in whiskers.
The middle line shows the median, the cross indicates the mean FW. Dots represent biological
replicates (plants) in one experiment. ¢, Immunoblot analysis of BKK1-Myc of plants shown in (a) using
anti-Myc antibody. Equal loading is indicated by the Rubsico band from the Ponceau staining (PS).
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Figure S2: Complementation of ADR1-L2°*"-HA adr1-L2-4 bkk1-1 by BKK1“**-Myc. a,
Morphology of 7-week-old Col-0, ADR1-L2°*"-HA adr1-L2-4, ADR1-L2°**"-HA adr1-L2-4 bkk1-1 and
five independent T2 plants (ADR1-L2°*"-HA BKK1“**-Myc adr1-L2-4 bkk1-1) under short day
conditions for 2 weeks on 2 MS plates supplemented with 20 ug/ml hygromycin and afterwards
transferred to soil (short day conditions). Expression of ADR1-L2°***-HA and BKK1***-Myc is under
control of their native promoters, respectively. b, Quantification of fresh weights of plants in (a).
Statistical significance is indicated by different letters following ANOVA with Tukey's test (p < 0.05). Box
limit represents upper and lower quartile, maximum and minimum values are displayed in whiskers.
The middle line shows the median, the cross indicates the mean FW. Dots represent biological
replicates (plants) in one experiment. ¢, Immunoblot analysis of BKK1°**-Myc of plants shown in (a)
using anti-Myc antibody. Equal loading is indicated by the Rubsico band from the Ponceau staining
(PS).
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Figure S3: bkk1-1 does not suppress the autoimmune phenotype of snc1. a, Morphology of 6-
week-old Col-0, bkk1-1, snc1 and bkk1-1 snc1 plants. Plants were grown on soil under short-day
conditions. Scale, 2 cm. b, Quantification of fresh weights of plants in (a). Statistical significance is
indicated by different letters following ANOVA with Tukey's test (p < 0.05). Box limit represents upper
and lower quartile, maximum and minimum values are displayed in whiskers. The middle line shows
the median, the cross indicates the mean FW. Dots represent biological replicates (plants) in one
experiment. ¢, Expression of PR1 in plants shown in (a). d, 21-day old seedlings were dip-inoculated
with Pst DC3000 EV (OD,,, = 0.0005) and bacterial growth was assessed on the day of inoculation (0
dpi) and 3 days after inoculation (3 dpi). Letters indicate statistically significant differences following
ANOVA with Tukey's test (p < 0.05). Experiment was done twice with similar results. Bars represent
means of four technical replicates + SD.
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Figure S4: bkk1-1 does not suppress the autoimmune phenotype of NRG1.1°**'. Morphology of
4-week-old Col-0, bkk1-1, NRG1.1°*"-HA nrg1.1-1 and NRG1.1°**"-HA nrg1.1-1 plants. Plants were

grown on soil under long-day conditions. Expression of NRG1.1°*"-HA is driven by its endogenous
promoter. Scale, 2 cm.
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Figure S5: Resistance against adapted Pseudomonas strains is not affected in bkk1-1. a, b, 5-
week-old plants of indicated genotypes were hand-infiltrated with either Pst DC3000 AvrRpt2 (a) or Pst
DC3000 AvrRps4 (b). Bacterial growth was assessed at 0 and 3 dpi. Bars represent means of four
technical replicates + SD. Letters indicate statistically significant differences following ANOVA with
Tukey's test (p < 0.05). Experiment was done twice with similar results.
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Figure S6: ADR1-L2-HA and ADR1-L2°**-HA might not be phosphorylated. Wildtype (WT) BKK1-
Myc or the kinase inactive allele (K322E) were transiently co-expressed in N. benthamiana with either
ADR1-L2-HA or ADR1-L2**"-HA, respectively. Expression of transgenes was under control of the 35S
promoter, respectively. Leaf tissue was harvested 2 days post infiltration. BKK1-Myc proteins were
immunoprecipitated (IP) with anti-Myc beads. Immunoprecipitated proteins were treated with lambda
protein phosphatase (A-PP) or with A-PP buffer only at 4°C or 30°C. Proteins were processed for
immunoblot using anti-Myc and anti-HA antibody, respectively.
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Figure S7: Subcellular localization of BKK1 after transient in N. benthamiana. BKK1-EYFP was
transiently expressed or co-expressed with either the PM-localized ADR1-L2°**'-tRFP or the ER-
localized VMA12-RFP. Expression of all transgenes was driven by the 35S promoter. Confocal imaging
was done 45-48 hours post infiltration. Displayed are representative maximum projections of Z-stack
images. Scale, 20 um.
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Figure S8: Analyses of SERKs-ADR1-L2 interactions. C-terminal Myc-tagged SERK1 to 5 were
transiently co-expressed in N. benthamiana with either ADR1-L2-HA or ADR1-L2°**-HA, respectively.

Expression of transgenes was under control of the 35S promoter. Leaf tissue was harvested 2 days

post infiltration. SERK-Myc proteins in total protein extracts were immunoprecipitated (IP) with anti-

Myc beads and precipitates were immunoblotted with anti-Myc and anti-HA antibody, respectively.

Immunoblots using total proteins prior to immunoprecipitation are shown as input (upper panel) and

immunoprecipitated proteins are shown as IP (lower panel). Equal loading of the proteins is indicated

by the Rubisco band from the Ponceau staining (PS). Co-immunoprecipitation was repeated twice with

similar results.
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Figure S9: bkk1-1 does not affect the
membrane-association of ADR1-L2°*,
Subcellular fractionation experiments of
protein extracts prepared from 6-week-old
Arabidopsis plants stably expressing ADR1-
L2°***"-HA under control of its native
promoter. Shown are immunoblots of ADR1-
L2°***-HA, the cytosolic marker UDP-
glucose pyrophosphorylase (UGPase) and
the nuclear marker histone H3 using anti-
HA, anti-UGPase or anti-Histone H3
antibody, respectively. 40 ug protein of each
fraction (total, soluble, microsomes) was
used for SDS-PAGE. T: total extract, S:
soluble protein fraction, M: microsomal
protein fraction. Note: The left part of the blot
showing the fractionation of ADR1-L2™*
adr1-L2-4 is identical to Figure S2 e from

(Saile etal. 2021).
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Figure S10: ADR1-L2"**"-induced activation of PTl is BKK1 independent. a, Inmunoblot analysis
of the PTI key components SOBIR1 and BIK1 using anti-SOBIR1 and anti-BIK1 antibody on total
protein extracts of Col-0, ADR1-L2-HA adr1-L2-4 and the autoimmune mutants ADR1-L2°**-HA adr1-
L2-4, NRG1.1°*"-HA nrg1.1-1, RPM1°*" rom1 rps2 rin4 and snc1. Expression of all transgenes was
under control of their endogenous promoters. Total protein extracts were prepared from 4-week-old
Arabidopsis plants that were grown under short day conditions. Equal loading of the proteins is
indicated by the Rubisco band from the Ponceau staining (PS). b, Immunoblot analysis of the PTI key
components SOBIR1 an BIK1 using anti-SOBIR1 and anti-BIK1 antibody, respectively on total protein
extracts of Col-0, bkk1-1, adr1-L2-4, ADR1-L2°*"-HA adr1-L2-4 and ADR1-L2°**"-HA adr1-L2-4 bkk1-
1. Expression of ADR1-L2°**-HA was driven by its native promoter. Total protein extracts were
prepared from 6-week-old Arabidopsis plants that were grown under short day conditions. Equal
loading of the proteins is indicated by the Rubisco band from the Ponceau staining (PS). ¢, MAPK
activation/phosphorylation in Col-0, bkk1-1, adr1-L2-4, ADR1-L2°**-HA adr1-L2-4, ADR1-L2°**"-HA
adr1-L2-4 bkk1-1 as shown by immunoblot analysis using anti-p44/p42 antibody. Bands of the
individual MAPKs are indicated by arrows. Total protein extracts were prepared from 6-week-old
Arabidopsis plants that were grown under short day conditions. Equal loading of the proteins is
indicated by the Rubisco band from the Ponceau staining (PS). d, Expression of the PTl-induced
marker genes FRK1 and NHL10 in the indicated genotypes was analysed by RT-PCR. RNA was
isolated from 6-week-old plants that were grown under short day conditions. ACTIN2 was used as a
loading/reference control. The following number of PCR cycles were used: ACTINZ2, 25 cycles, NHL10,
30 cycles, FRK1,40 cycles.
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Figure S11: sobir1-12 does not suppress the autoimmune phenotypes of ADR1-L2
Morphology of 7-week-old Col-0, sobir1-12, ADR1-L2°*"-HA adr1-L2-4 and ADR1-L2°*"-HA adr1-L2-
4 sobir1-12 plants. Plants were grown on soil under short-day conditions. Scale, 2 cm. b, Quantification
of fresh weights of plants in (a). Statistical significance is indicated by different letters following ANOVA
with Tukey's test (p < 0.05). Box limit represents upper and lower quartile, maximum and minimum
values are displayed in whiskers. The middle line shows the median, the cross indicates the mean FW.
Dots represent biological replicates (plants) in one experiment. ¢, Expression of PR1 of plants shown in

(a).



Table S1: Primer list.

Sequence (5'-3') orientation usage
CTAGTGGCTGTCgAAAGGCTAAAAGAAG fwd SDM BKK1
K322E
CTTCTTTTAGCCTTTcGACAGCCACTAG rev SDM BKK1
K322E
GGGGACAAGTTTGTACAAAAAAGCAGGCTtaATGGCAGATATAATCGGC | fwd BiFC ADR1-
GG L2 attB1
GGGGACAACTTTGTATAGAAAAGTTGGGTgATCGTCGAGCCAATCCCTG | rev BiFC ADR1-
C L2 attB4
GGGGACAACTTTGTATAATAAAGTTGGAATGACAAGTTCAAAAATGGA | fwd BiFC BKK1
attB3
GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTTGGACCCGAGGGGTA | rev BiFC BKK1
AT attB2
GCTCTTCTGTTCTTTCTTGTTCATG fwd RT-
PCR_FRK1
GAAATTGATCGACAGTGAGAGATG rev RT-
PCR_FRK1
CTGAACAACCTCTCAATGGC fwd RT-
PCR_NHL10
CCCTCGTAGTAGGCATGAGC rev RT-
PCR_NHL10
TCCAAGCTGTTCTCTCCTTG fwd RT-
PCR_ACTIN2
GAGGGCTGGAACAAGACTTC rev RT-

PCR_ACTIN2




