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SUMMARY
Plant immunity and, in particular, immune responses induced by nucleotide-binding leucine-rich repeat re-
ceptors (NLRs) are often dampened above the optimal plant’s growth range, but the underlying molecular
mechanism remains elusive. N-terminal Toll/interleukin-1 receptor (TIR) domains are self-sufficient to
trigger immune signaling. We showed that the conditional activation of two well-characterized TIR-contain-
ing NLRs (TNLs) or their corresponding TIR domains alone induce the same signaling route at permissive
temperature (ENHANCEDDISEASE SUSCEPTIBLITY 1 [EDS1]/helper NLRs that display an RPW8-like N-ter-
minal CCR domain [RNL] requirement and activation of the salicylic acid sector) in Arabidopsis. Yet, this
signaling pathway is maintained under elevated temperatures (30�C) when induced by TIRs only but not
full-length TNLs. This work underlines the need to further study how NLRs are impacted by an increase in
temperature, which is particularly important to improve the resilience of plant disease resistance in a warm-
ing climate.
INTRODUCTION

A rise in temperature impacts the interaction between plants and

microbes, which can result in reduced plant immune responses

and increased disease severity.1–3 Understanding how the plant

immune system is impacted by heat stress is crucial to improving

the resilience of plant disease resistance in a warming climate.

Plants rely on two major types of immune receptors to fight

off pathogens efficiently.4 At the cell surface, pathogen-recog-

nition receptors (PRRs) recognize microbial- or damaged-

associated molecular patterns (MAMPs/DAMPs) and induce

pattern-triggered immunity (PTI). Intracellular receptors from

the nucleotide-binding (NB) leucine-rich repeat (LRR) receptor

(NLR) family recognize microbial effectors that are secreted in-

side the cell, which induces effector-triggered immunity (ETI).

PTI and ETI are closely interconnected and mutually potentiate

each other to mount a robust immune response that involves

massive transcriptional reprogramming, sometimes culmi-

nating in cell death to locally prevent pathogen progression.5

However, this sophisticated immune network is modulated by

temperature changes.6–14 Importantly, NLR-mediated immune

responses are often compromised at elevated temperatures

(above 28�C).2,3 Given the importance of NLRs in crop breeding

programs for disease resistance, this is highly concerning in the

context of global warming. However, the molecular mecha-

nisms involved remain poorly understood.
Cell Reports 44, 115326, M
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Canonical NLRs are modular proteins containing a C-terminal

LRR domain, a central NB domain, and an N-terminal signaling

domain, which often consists of a Toll/interleukin-1 receptor

(TIR) or coiled-coil (CC) domain.15–18 When TIR- and CC-con-

taining NLRs (TNLs and CNLs, respectively) sense, directly or

indirectly, the presence of pathogen effectors, they are qualified

as sensor NLRs. A small subclade of NLRs act downstream of

sensor NLRs to transduce immune signaling and are therefore

called helper NLRs.19 Helper NLRs that display an RPW8-like

N-terminal CCR domain (RNLs) play a central role in the plant im-

mune system, as they are required for immune signaling induced

by multiple sensor NLRs and PRRs.20–22

Major breakthroughs have recently shed light on NLR and

TIR functions.23 Upon effector recognition, activated sensor

NLRs form oligomeric structures called resistosomes. This pro-

motes TIR-induced proximity and the induction of TIR NADase

enzymatic activity, which is required to activate downstream

signaling, including the ENHANCED DISEASE SUSCEPTIBLITY

1 (EDS1) family andRNLs.24–27 InArabidopsis, EDS1 formsmutu-

ally exclusive heterodimers with the other two members of the

family, PHYTOALEXIN DEFICIENT 4 (PAD4) or SENESCENCE-

ASSOCIATED GENE101 (SAG101).28 NAD+-derived small mole-

cules specifically bind toeither theEDS1-PAD4orEDS1-SAG101

complex, which in turn selectively associates with and activates

different RNL subgroups, ACTIVATED DISEASE RESISTANCE

1 (ADR1) or NREQUIREMENTGENE1 (NRG1), respectively.29–31
arch 25, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Upon activation, RNLs form oligomeric cation-permeable chan-

nels targeted tomembranes.32,33 Although RNLs function redun-

dantly, ADR1s seem to predominantly activate transcriptional re-

programming, including genes involved in the salicylic acid (SA)

biosynthesis pathway to induce basal immunity, while NRG1s

favor the activation of cell death.21,34 Interestingly, TIR domains

also exhibit 20,30-cAMP/cGMP synthetase activity, contributing

to signaling activation through elusive mechanisms.29,30,35 SA

plays a crucial role in basal immunity andNLR-mediated immune

responses.36,37 However, accumulating evidence features SA as

a potential Achilles’ heel of plant immunity under elevated tem-

peratures.7,38 Yet, it is not clear how the SA sector’s thermosen-

sitivity impacts NLR activity and signaling, or vice versa. An

increase in temperature seems to affect NLR subcellular localiza-

tion, which could disrupt their function.12,39 A thermostable

variant of the Arabidopsis TNL SNC1 maintains its subcellular

localization and propagates PAD4-dependent immune signaling,

including SA marker PR1, at elevated temperatures, suggesting

that increased temperatures might alter receptor functions up-

stream of induced signaling.12 However, the underlying mecha-

nisms are not understood.

As signaling units, TIR domains from TNLs can induce autoim-

mune responseswhenoverexpressedalone in planta.15,17,18,40–42

Hence, they are useful tools to study signaling events down-

stream of TNL activation, as they bypass effector recognition

andcomplex intradomain interactionsor conformational changes

during full-length NLR activation. Here, we used inducible Arabi-

dopsis transgenic lines expressing TIRs only or corresponding

full-length thermosensitive TNLs at permissive (21�C) and non-

permissive (30�C) temperatures. We showed that signaling

induced by TIRs only but not full-length TNLs ismaintained under

elevated temperatures, and this includes key actors of TNL

signaling, such as EDS1, the SA sector, and RNLs.

RESULTS

Cell death induced by TIR domains alone, but not full-
length TNLs, is maintained under elevated temperature
Between 18�C and 22�C, overexpression of the full-length Arabi-

dopsis TNL RPS4 and the flax TNL L6MHV autoimmune variant

leads to autoimmune responses and cell death in transgenicAra-

bidopsis lines,9,43,44 and this phenotype is inhibited at 28�C in

RPS4-overexpressing lines.9 To investigate the impact of tem-

perature on TNL-induced immune signaling, we used dexameth-

asone (Dex)-inducible Arabidopsis transgenic lines expressing

RPS4 and L6MHV or their corresponding TIR domains alone,

RPS4TIR and L6TIR44 (Table S1), to conditionally activate and

monitor autoimmune/cell death symptoms upon induction at

permissive (21�C) and elevated (30�C) temperatures.

At permissive temperatures (21�C),Arabidopsis seedlings car-
rying pDex:L6MHV, pDex:L6TIR, and pDex:RPS4TIR constructs
Figure 1. Cell death induced by TIRs only, but not full-length TNLs, is

(A and B) Cell death phenotype of Dex-inducible transgenic seedlings (A) or adult

FSBP, or pDex:RPS4-FSBP at 21�C and 30�C 7 days after Dex induction. Wild-t

(C) Immunoblot analysis of L6TIR-FSBP, L6MHV-myc, RPS4TIR-FSBP, RPS4-FSB

of 48 h post-Dex induction (hpdi) at 21�C or 30�C. The total protein load is indicat

the black arrowhead points at L6MHV-myc.
developed autoimmune symptoms over 3 to 4 days upon Dex in-

duction to reach seedling death after 7 days44 (Figure 1A). By

contrast, seedlings carrying pDex:RPS4 showed autoimmune

responses but did not die (Figure 1A). Nevertheless, clear cell

death was visible on the leaves of 4-week-old plants of all Dex-

inducible lines 2–3 days after Dex induction, including lines car-

rying pDex:RPS4 (Figure 1B). These results demonstrate that

cell death signaling induced by L6TIR, RPS4TIR, and L6MHV can

be monitored in both seedling and adult plants, whereas cell

death can only be reached in adult plants grown in soil when

induced by an overexpression of RPS4 at 21�C. At 30�C, autoim-

mune and cell death responses in lines carrying pDex:L6MHV

or pDex:RPS4 were strongly reduced upon Dex induction

(Figures 1A and 1B), supporting that both L6-mediated and

RPS4-mediated immunity is compromised at elevated tempera-

tures in our assay. By contrast, lines expressing the correspond-

ing TIR domains alone (L6TIR or RPS4TIR) showed cell death

symptoms that were similar to or stronger than what was

observed at 21�C (Figure 1A). All protein constructs accumulated

in seedlings from 8 h post-Dex induction (hpdi), with increased

accumulation over the time monitored (24 and 48 hpdi) (Fig-

ure 1C). Protein accumulation kinetics were unchanged or stron-

ger at 30�C compared to 21�C for all constructs (Figure 1C),

demonstrating that the inhibition of the cell death phenotype in

seedlings carrying pDex:L6MHV and pDex:RPS4 at 30�C is not

due to a lack of protein accumulation. An analysis of independent

transgenic lines carrying each construct revealed various levels

of autoimmune response intensities, from slight stunting to seed-

ling death. Autoimmune phenotype intensity was mostly posi-

tively correlated to TNL or TIR protein production levels but not

always. Nevertheless, symptoms were always reduced or abol-

ished in pDex:L6MHV (-myc or -FSBP tagged) or pDex:RPS4

lines at 30�C, despite similar or higher accumulations of L6MHV

and RPS4 at 30�C compared to 21�C in both seedlings and

adult plants. By contrast, all lines expressing L6TIR and RPS4TIR

showed autoimmune responses at 30�C (Figures S1–S4).

Dex-inducible lines expressing the TIR domain of the Arabi-

dopsis SNC1 TNL also showed autoimmune symptoms that

were similar or stronger at 30�C compared to 21�C (Figure S5),

whereas the autoimmune phenotype mediated by a mutation in

full-length SNC1 (snc1-1) was reverted at 28�C.12,45 NLR activ-

ity is tightly controlled, notably via intradomain interactions,

which could be sensitive to temperature changes. Given their

simpler architecture, TIR domains alone are not subjected to

such negative regulations, which could explain their heat-stable

activity. To test this hypothesis, we generated Dex-inducible

lines to conditionally activate naturally occurring, TIR-contain-

ing truncated TNLs that were previously described to trigger

an immune response when overexpressed, such as TN2 (TIR-

NB with no LRR domain) and RBA1 (TIR-only protein with a

C-terminal unknown domain).46,47 Interestingly, induction of
maintained at elevated temperatures in Arabidopsis

plant leaves (B) carrying pDex:L6TIR-FSBP, pDex:L6MHV-myc, pDex:RPS4TIR-

ype Col-0 was used as a negative control. Black scale bars represent 1.5 cm.

P, and native EDS1 proteins in transgenic seedlings (as in A) over a time course

ed by red Ponceau staining. Background noise is indicated by an asterisk, and
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TN2 or RBA1 expression triggered clear autoimmune responses

and a cell death phenotype at both temperatures in two inde-

pendent lines (Figures S6A and S6B). In contrast to TN2, no

signal was immunodetected for RBA1 in any of the two selected

lines, probably due to RBA1-YFP fusion protein instability (Fig-

ure S6C). Surprisingly, RBA1-induced cell death was strongly

reduced at 30�Ccompared to 21�C upon Pseudomonas fluores-

cens (Pf0-1)-mediated delivery of HopBA1 in the Ag-0 natural

accession (Figures S7A and S7B). Consistent with previous re-

ports, RBA1 expression is strongly induced upon infiltration,

with Pf0-1 delivering HopBA1 at 21�C in Ag-0, compared to

the empty Pf0-1 strain or in the HopBA1-unresponsive Col-0

accession47,48 (Figure S7C). By contrast, RBA1 transcripts

were reduced to background levels at 30�C upon infiltration

with the Pf0-1 HopBA1 strain in Ag-0, similar to the other control

conditions (Figure S7C), which may explain why HopBA1-trig-

gered cell death is impaired at 30�C. Altogether, our results

demonstrate that the function of canonical TNLs is affected by

elevated temperatures, but downstream signaling induced by

overexpressed TIR domains is thermostable.

Enhanced expression of EDS1 and genes involved in the
SA sector is maintained under elevated temperature
when induced by TIR domains alone but not full-length
TNLs
Most TNLs, including RPS4 and L6, depend on an intact catalytic

NADase site in their TIR domain, as well as EDS1, to activate im-

mune signaling.28,44,49 Dex-induced expression of RPS4TIR

E88A and L6TIR E135A catalytic mutants did not trigger any

visible autoimmune phenotype in Arabidopsis seedlings (Fig-

ure S8). Furthermore, the RPS4TIR- and L6TIR-triggered cell

death phenotype was abrogated in Arabidopsis eds1-2 mutant

background, suggesting that isolated TIRs activate similar

signaling routes to sensor TNLs in Arabidopsis42,44 (Figure S9).

Interestingly, we showed that native EDS1 protein accumulation

was significantly increased in all Dex-inducible lines expressing

full-length TNLs (L6MHV and RPS4) or corresponding TIRs alone

24 hpdi at 21�C, in comparison to non-induced seedlings (0

hpdi), and this correlated with the accumulation of inducible pro-

tein constructs (Figure 1C). At 30�C, EDS1-enhanced accumula-

tion was maintained upon L6TIR and RPS4TIR induction but not in

lines expressing L6MHV and RPS4 (Figures 1C and S6C). Similar

results were obtained in lines overexpressing the endogenous

truncated TNLs TN2 and RBA1, where EDS1 protein accumula-

tion was enhanced at both 21�C and 30�C (Figure S6C). Consis-

tent with this, EDS1 expression was upregulated at 21�C upon

Dex induction of both full-length TNLs L6MHV and RPS4 or

L6TIR and RPS4TIR. However, increased expression of EDS1

was maintained at 30�C in lines expressing L6TIR and RPS4TIR

but not in those expressing L6MHV and RPS4 (Figure 2A). These

results further support that temperature elevation disrupts the

function and/or properties of full-length TNLs rather than their

downstream signaling.

EDS1 promotes SA biosynthesis.36,37 However, the SA sector

seems vulnerable to high temperatures.38 At 28�C, the expres-

sion of major genes involved in SA biosynthesis, such as

CBP60g and ICS1, is dramatically reduced in Arabidopsis chal-

lenged with virulent bacteria Pseudomonas syringae or treated
4 Cell Reports 44, 115326, March 25, 2025
with a synthetic analog of SA (BTH), leading to decreased dis-

ease resistance.38 At 21�C, the expression of CBP60g and

ICS1 was upregulated in Dex-inducible lines expressing TNLs

or isolated TIRs compared to wild-type Col-0. However, at

30�C, CBP60g- and ICS1-induced expression was maintained

in lines expressing L6TIR and RPS4TIR but not in those express-

ing L6MHV or RPS4, consistent with the EDS1 expression pro-

file (Figure 2). Our results show that TNL-mediated signaling is

inhibited at 30�C, while signaling induced by TIR domains alone

remains stable. Since TIR-mediated signaling can be dose

dependent,48 we verified that this observation was not due to

ectopic overexpression of TIR domains. When induced with a

lower Dex concentration (0.1 mM), protein accumulation was

significantly decreased in seedlings carrying pDex:L6TIR and

pDex:RPS4TIR. Consequently, the associated autoimmune

phenotype was reduced (stunting symptoms only) at 21�C,
but chlorotic and sometimes necrotic symptoms appeared at

a later time after Dex induction at 30�C (Figure S10). Further-

more, EDS1 and CBP60g were significantly induced at both

21�C and 30�C using a low Dex concentration (0.1 mM)

compared to non-induced seedlings (Figure S11), supporting

that TIR signaling remains stable at 30�C even when TIRs accu-

mulate at low levels. Independent lines accumulating lower

levels of L6TIR and RPS4TIR also displayed a clear autoimmune

phenotype at 30�C when induced with 10 mM Dex (Figures S1,

S2, and S12). When induced with 1 mM Dex, TIR protein accu-

mulation was reduced and closer to that observed in the main

transgenic lines pDex:L6TIR #4 and pDex:RPS4TIR #F when

induced with 0.1 mM Dex at 30�C (Figure S12B). Nevertheless,

we observed a visible autoimmune phenotype (Figure S12A)

and maintained EDS1 and CBP60g upregulation at 30�C (Fig-

ure S13), further supporting that TIR signaling is active at both

temperatures even when TIRs accumulate at a lower dose. Alto-

gether, these results show that both TNLs and the correspond-

ing TIR domains alone activate the SA sector, but in contrast to

full-length NLRs, this sector is maintained at 30�Cwhen induced

by TIR domains alone, even at a low dose.

RNLs are required for signaling induced by both TIR
domains alone and full-length TNLs
Arabidopsis bares five RNLs that are grouped into ADR1 and

NRG1 subfamilies (ADR1, ADR1-L1, and ADR1-L2 and NRG1.1

and NRG1.2, respectively), which translate sensor NLR signaling

in an unequally redundant manner, with some functional speci-

ficities.21,34 To test whether thermostable signaling induced by

TIRs only requires RNLs, we analyzed Dex-inducible lines car-

rying RPS4TIR, SNC1TIR, L6TIR, and L6MHV in RNL subgroupmu-

tants (adr1 triple [adr1, adr1-L1, adr1-L2], nrg1 double [nrg1.1,

nrg1.2], and the helperless mutant lacking the five RNLs).21 In

pDex:RPS4TIR lines, seedlings were autoimmune in both the

wild type and nrg1 double mutant. Symptoms were slightly

attenuated in adr1 triple and fully abolished in the helperless

mutant (Figure 3A). A similar phenotype was observed in at least

two independent lines in each mutant background. Although

the autoimmune phenotype intensity induced by RPS4TIR in the

adr1 triple background seemed to be dose dependent, no

phenotype was observed in the helperless background even at

a high dose (Figure S14), indicating that both NRG1 and ADR1



A

B

C

Figure 2. Expression of EDS1 and genes involved in the SA pathway induced by TIR only, but not full-length TNLs, is maintained at elevated

temperature

RT-qPCR analysis of EDS1 (A),CBP60g (B), and ICS1 (C) transcript levels in wild-type (Col-0) or Dex-inducible transgenic seedlings (as in Figure 1) before (0 hdpi)

or 24 hpdi at 21�C or 30�C. Gene expression was normalized with the expression of two housekeeping genes (At1G13320 and At5G15710). Dot plots represent

values from three independent biological replicates (colored dots). Statistical differenceswere assessedwith two-way analysis of variance (ANOVA) followed by a

Tukey’s honestly significant difference (HSD) multiple comparison test. Data points with different letters indicate significant differences (p < 0.05).
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families contribute to RPS4TIR-mediated immunity. In lines car-

rying pDex:SNC1TIR, pDex:L6TIR, or pDex:L6MHV, the autoim-

mune phenotypewas similar or slightly attenuated in nrg1 double

compared to the wild-type background (Figure 3A). By contrast,

very mild or no visible symptoms were visible in the adr1 triple

and helperless mutants, respectively (Figure 3). Similar trends

were observed in at least two independent transgenic lines for

each construct and each mutant background (Figures S15–

S17). We generally observed lower TIR protein accumulation in

the adr1 triple and helperless mutants compared to nrg1 double

and wild-type backgrounds, especially for L6TIR (Figures 3B,

S15, and S16). When using a higher Dex concentration

(50 mM), L6TIR protein accumulation was comparable to protein

levels in the wild type and nrg1 double mutant lines induced at

10 mM Dex. Yet, no visible autoimmune phenotype was visible

in adr1 triple and the helperless mutants, demonstrating that

the lack of a cell death phenotype in these genetic backgrounds

is not due to lower TIR protein accumulation (Figure S16).

L6MHV protein accumulation was too low for immunodetection,

so we analyzed transcripts levels and observed some differ-

ences in the different mutant backgrounds, with generally lower

expression of L6MHV in adr1 triple and nrg1 double compared to

the wild-type and helperless backgrounds (Figures 3C and

S17B). Yet, the induction of pDex:L6MHV led to a strong stunting

phenotype in the nrg1 doublemutant, which was comparable to

lines in the wild-type background. By contrast, no autoimmune

phenotype was observed in the adr1 triple and helperless mu-

tants (Figures 3A and S17A).

Taken together, these results show that L6TIR, SNC1TIR,

RPS4TIR, and L6MHV depend on both ADR1 and NRG1 RNL

subgroups to induce signaling, but a lack of NRG1s has a lesser

or no impact compared to ADR1s on autoimmune and cell death

symptoms induced by SNC1TIR, L6TIR, and L6MHV. Most impor-

tantly, our data show that signaling induced by thermostable

L6TIR and thermosensitive L6MHV share the same RNL genetic

requirements.

ADR1 and NRG1 family members show differential
temperature sensitivity
RNLs are required for signaling induced by thermostable TIRs

only (Figure 3), indicating that RNLs may be resilient to elevated

temperatures, unlike sensor TNLs. The ADR1 family mainly con-

tributes to signaling induced by thermosensitive L6MHVand ther-

mostable L6TIR, so we tested whether ADR1-mediated L6TIR

signaling was affected at elevated temperatures. pDex:L6TIR/

nrg1 double lines, carrying functional members of the ADR1 fam-

ily, showed clear cell death at both temperatures, demonstrating

that ADR1-dependent L6TIR-mediated cell death is still effective

at 30�C (Figure 4A). To determine whether ADR1s could individu-
Figure 3. RNLs are required for signaling induced by both TNLs and T

(A) Cell death phenotype of Dex-inducible transgenic seedlings carrying pDex:RPS

wild-type (WT) or RNL mutant backgrounds (nrg1 double, adr1 triple, or helperle

(B) Immunoblot analysis of RPS4TIR-FSBP, SNC1TIR-FSBP, and L6TIR-FSBP in WT

Ponceau staining. Background noise is indicated by an asterisk.

(C) RT-qPCR analysis of L6MHV-FSBP transcript levels in WT or RNL mutant b

L6MHV-FSBP expression was normalized to the expression of two housekeepin

two or three independent biological replicates (black dots).
ally induce thermostable immune signaling, we analyzed the

phenotype of the autoimmune line carrying pADR1-L2:ADR1-

L2DV-HA at 30�C.50While this line exhibits constitutive autoimmu-

nity (dwarf, bushy phenotype) at 21�C, with a significantly lower

dry weight compared to wild-type Col-050 (Figures 4B and 4C),

this phenotype was strongly attenuated at 30�C, despite similar

levels of ADR1-L2DV-HA accumulation at 21�C or 30�C
(Figures 4B–4D). Interestingly, EDS1 accumulation was signifi-

cantly enhanced in the pADR1-L2:ADR1-L2DV-HA line compared

to Col-0 at 21�C but was reduced to background levels at 30�C,
supporting that signaling induced by ADR1-L2DV is thermosensi-

tive (Figure 4D). Intriguingly, while autoimmune ADR1-L2DV is

thermosensitive, L6TIR only can activate thermostable ADR1-

dependent immunity, suggesting a possible differential tempera-

ture sensitivity of ADR1 family members.

ADR1s are mainly required for the autoimmune phenotype

inducedby L6TIR andSNC1TIR, but bothNRG1andADR1 families

seem to contribute to RPS4TIR-induced signaling (Figure 3A). We

investigated whether NRG1 family members are thermostable

and found that the autoimmune pNRG1.1:NRG1.1DV-HA line34

displays a strong autoimmune phenotype and enhanced EDS1

protein accumulation at both 21�C and 30�C (Figures 4E–4G),

supporting that NRG1.1DV-mediated autoimmunity is resilient

to high temperatures. Consistent with this result, Dex-inducible

lines carryingpDex:NRG1.2-FSBPdisplayed autoimmune symp-

tomsat 30�C (FigureS18).Overall, these results support that both

members of the NRG1 family are thermostable.

Flg22 treatment enhances Dex-induced TNLs and
isolated TIR protein accumulation and consequently
intensifies immune signaling output
By usingDex-inducible expression, we showed that autoimmune

TNLs or TIRs only can activate immune responses and cell death

in a PAMP-independent manner (Figure 1). To test whether this

response could be potentiated by PTI, we co-treated Dex-

induced leaves of adult Arabidopsis lines carrying pDex:L6TIR or

pDex:L6MHV with the PTI elicitor flg22 peptide (Figure S19).

Two days post-treatment, these lines showed mild chlorosis

when treated with Dex only but developed stronger chlorotic

symptoms when co-treated with Dex and flg22 (Dex+flg22), and

this difference became more evident at 3 days post-treatment,

even though cell death intensity was similar 6 days post-treat-

ment.Similar resultswereobservedwith at leastone independent

inducible line carrying pDex:L6MHV-FSBP (#18) (Figures S19A–

S19C). Surprisingly, we repeatedly observed higher protein

accumulation of both L6TIR and L6MHV proteins upon Dex+flg22

co-treatment compared to Dex-only treatment. However, the

increased accumulation of EDS1 remained steady in both sam-

ples, suggesting that Dex+flg22 co-treatment potentiates L6TIR
IR-only

4TIR-FSBP, pDex:SNC1TIR-FSBP, pDex:L6TIR-FSBP, or pDex:L6MHV-FSBP in

ss) 7 days after Dex induction at 21�C.
or RNLmutant backgrounds 24 hpdi. The total protein load is indicated by red

ackgrounds. Untransformed Col-0 was used as a negative control (A and C).

g genes (At1G13320 and At5G15710). Bar plots represent means ± SEM from
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and L6MHV protein production but not the increased accumula-

tion of EDS1 (Figure S19D). We obtained similar results with

pDex:RPS4TIR line #F and two other independent lines (Fig-

ure S20). Dex+flg22 co-treatment induced earlier chlorosis/cell

death symptoms and enhanced RPS4TIR and RPS4 full-length

protein accumulation compared to Dex-only treatment, while

EDS1 accumulation remained steady (Figure S20).

These results did not allow us to conclude whether flg22 treat-

mentpotentiatesTIRsignalingorpositively impacts theactivation

of our Dex-inducible system, thus enhancing transcription and

protein accumulation, leading to a dose-effect enhanced cell

death phenotype. To test this, we used an inducible Arabidopsis

line carrying a gene construct that is not involved in immunity

(pDex:GFP-MiniTurbo-FLAG). Similarly to L6TIR, we observed

increased levels of GFP-MiniTurbo protein 24 h post-treatment

with Dex+flg22 compared to Dex only (Figure S21). This demon-

strates that flg22 boosts gene expression of our Dex-inducible

system but not native gene expression/protein accumulation,

such as EDS1 (Figures S19 and S20), and raises caution in inter-

preting data on PTI/ETI potentiation when using Dex+flg22 co-

treatment. As TIR signaling is dose dependent, the enhanced

cell death phenotype observed upon Dex+flg22 co-treatment

compared to Dex only may be due to increased protein produc-

tion by flg22 instead of potentiation of TIR signaling by PTI.

DISCUSSION

NLR activity is often dampened under elevated temperatures,

which is concerning in the current climatic context. This observa-

tion was previously reported for several TNLs, including Arabi-

dopsis SNC1 and RPS4/RRS1 used in this study,9,10,12 but the

underlying molecular mechanisms remain poorly understood.

Using Dex-inducible transgenic Arabidopsis lines, we showed

that immune responses induced by different TIR domains iso-

lated from RPS4, SNC1, and flax L6, are maintained at elevated

temperatures even at very low doses, unlike those induced by

full-length TNLs, suggesting that a rise of temperature impacts

TNL receptor functions but not downstream immune signaling.

Signaling induced by thermostable TIRs only shares the same

signaling components as thermosensitive full-length TNLs,which

includes EDS1, RNLs, and the SA sector, further supporting that

immune responses induced downstream of TNLs, including the

SApathway, are thermostable. Notably, gene expression ofmas-

ter regulators of SA biosynthesis, such as CBP60g and ICS1, is

maintained at 30�C in seedlings expressing isolated TIRs only

but not full-length NLRs. This result contrasts with earlier studies

reporting that elevated temperatures inhibit the SA pathway at
Figure 4. Differential temperature sensitivity of ADR1 and NRG1 family

(A) Cell death phenotype of Dex-inducible transgenic seedlings carrying pDex:L6T

21�C or 30�C. Untransformed Col-0 was used as a negative control. pDex:L6M

represent 1 cm.

(B and E) Representative phenotype of 3-week-old plant carrying pADR1-L2:AD

grown at 21� or 30�C.
(C and F) Percentage of dry weight ratio of pADR1-L2:ADR1-L2DV-HA (C) or pNRG

respectively. Bar plots represent the percentage of mean dry weight ratios of pl

Col-0 ± SEM. Individual percentage ratios are represented by black dots (n > 8).

(D and G) Immunoblot analysis of ADR1-L2DV-HA (D), NRG1.1DV-HA (G),

pNRG1.1:NRG1.1DV-HA, or wild-type Col-0 grown at 21�C or 30�C. The total pro
its onset by reducing the number of GUANYLATE BINDING

PROTEIN-LIKE 3 (GBPL3) defense-activated biomolecular con-

densates (GDACs). At permissive temperatures, GBPL3 and

associated transcriptional coactivators are recruited to the pro-

moter region ofCBP60g and SARD1, which encodemaster tran-

scription factors regulating the expression of genes involved in

SA biosynthesis, such as ICS1. Above 28�C, CBP60g, ICS1,
and other SA-related gene expression is strongly reduced in im-

mune-triggered plants due to reduced GDAC numbers.7,38 Inter-

estingly, overexpressing CBP60g or the EDS1/PAD4 complex is

sufficient to recover SA signaling and maintain resistance to

virulent and avirulent bacteria at elevated temperatures.37,38

Hence, the overexpression of immune regulators involved in the

SA pathway can bypass the negative impact of elevated temper-

atures on GDAC formation. Given that the expression ofCBP60g

and ICS1 is dramatically reduced at 30�C upon the activation of

thermosensitiveNLRs, but not TIRs only, our results demonstrate

that activating downstream TIR signaling is also sufficient to

bypass the negative impact of temperature on the SA sector.

Hence, it is possible that TNL signaling activates the expression

ofCBP60g in a GDAC-independent manner, resulting in reduced

expression in temperature-inactivated TNL- but not thermo-

stable TIR-only-expressing plants.

All TNLs characterized so far require RNLs to induce immune

signaling. RNLs function redundantly and contribute differen-

tially to cell death and gene reprogramming.21,34,51,52 Using Ara-

bidopsis lines expressing TIR domains only in different RNL sub-

group mutant backgrounds, we showed that TIR-only-mediated

signaling depends on RNLs, just like full-length TNLs. L6TIR and

SNC1TIR mainly depend on the ADR1 family to translate cell

death, which is consistent with the previously reported require-

ment of ADR1s for an snc1 autoimmune phenotype.34 By

contrast, both RNL subgroups contribute to RPS4TIR-induced

signaling. This slightly differs from previous studies, in which

RPS4/RRS1-mediated cell death requires NRG1s, whereas

ADR1s support disease resistance and pathogen multiplication

restriction.21 Importantly, our results show that thermostable

L6TIR shares the same genetic requirements as the correspond-

ing thermosensitive full-length receptor L6MHV, further support-

ing that this shared pathway is maintained under elevated tem-

peratures only when induced by TIRs only. Although our data

show that RNLs can translate TIR signaling at 30�C, we

observed differential temperature sensitivity in RNL subgroup

members. The ADR1-L2DV-mediated autoimmune phenotype

and associated EDS1 protein accumulation are strongly affected

at 30�C. This is consistent with previous studies showing that

ADR1-L2DV-mediated autoimmunity genetically requires EDS1,
members
IR in wild type or nrg1 double or adr1 triplemutants 7 days after Dex induction at

HV-myc line #2 was used as a thermosensitive control. The black scale bars

R1-L2DV-HA (B) or pNRG1.1:NRG1.1DV-HA (E) compared to wild-type Col-0

1.1:NRG1.1DV-HA (F) lines compared to Col-0 at 21�C or 30�C as in (B) and (E),

ants carrying pADR1-L2:ADR1-L2DV-HA or pNRG1.1:NRG1.1DV-HA/wild-type

This experiment was performed twice, with similar results.

and EDS1 in 3-week-old transgenics carrying pADR1-L2:ADR1-L2DV-HA,

tein load is indicated by Ponceau red staining.
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possibly to positively regulate SA accumulation via a feedback

loop,50,53 which seems to be inhibited at 30�C (this study). Inter-

estingly, the thermostable NRG1.1DV-mediated autoimmune

phenotype also triggers the enhanced accumulation of EDS1,

which remains stable at 30�C, suggesting that NRG1s may acti-

vate a feedback loop that includes EDS1 upregulation, although

NbNRG1s do not genetically require EDS1 to activate cell death

in Nicotiana benthamiana.54 The underlying mechanisms will

need to be further investigated to fully understand the differential

temperature sensitivity of ADR1s and NRG1s. As ADR1-L2DV-

mediated autoimmunity signals through TNL SADR1,53 it is

possible that SADR1 is thermosensitive like other full-length

TNLs, resulting in an attenuated ADR1-L2-mediated autoim-

mune phenotype. In the wild-type RNL background, the pres-

ence of other members of the ADR1 family may compensate

for ADR1-L2 thermosensitivity by activating SADR1-indepen-

dent and thermoresilient pathways.

Naturally occurring truncated TNLs lack some of the canonical

NLR domains (LRR and/or NB domain) but contain a TIR domain.

TIR-only or TIR-NB coding genes are widely represented in the

Arabidopsis genome, and transcriptional induction of these

genes upon immune stimuli indicates that they are broadly

involved in plant immunity.46,47,55,56 Interestingly, we found that

two previously described TIR-containing truncated TNLs

(RBA1 and TN2) induce thermostable immune signaling when

overexpressed, suggesting that thermostable TIR-only signaling

may be explained by a simpler architecture compared to full-

length TNLs. However, we found that HopBA1-mediated RBA1

induction is reduced to background levels at 30�C. This pre-

vented us from concluding whether HopBA1-triggered RBA1-

dependent cell death is thermostable. Hence, it will be important

to thoroughly study the impact of temperature stress on the func-

tion of endogenous TIR-containing proteins to determine

whether such proteins could protect the immune system under

elevated temperatures. Given that NLRs are broadly used in

crop breeding programs for disease resistance, this work under-

lines the need to thoroughly investigate how they are impacted

by temperature stress. Canonical sensor TNLs are modular pro-

teins, the activation of which is finely regulated via intra- and in-

terdomain interactions as well as interactions with chaperone

proteins.57–59 Therefore, such regulation may be affected by

temperature rise, which in turn may turn off TNL-induced enzy-

matic activities and downstream signaling.

Several studies have suggested that NLRs could function at

the interface between biotic and abiotic stress responses,60–62

pointing to a role as mediators of growth-defense trade-offs.

Hence, it will be important in the future to further investigate

how NLR function is modulated by different abiotic stresses.

Limitations of the study
(1) By using inducible transgenic lines expressing autoim-

mune TNLs or isolated TIRs, this study allowed us to

bypass effector recognition to focus on TIR-activated

downstream signaling. However, this system revealed

limitations, as the signaling output monitored (cell death)

is dose dependent.

(2) To deepen our understanding of the impact of tempera-

ture stress and the differential requirement of RNL family
10 Cell Reports 44, 115326, March 25, 2025
members for TIR signaling, further analyses on individual

RNLmembers or RNA sequencing (RNA-seq) analyses on

RNLmutants would be necessary to obtain a full picture of

the plant response in these conditions.

(3) Our data were obtained upon a single temperature stress

in controlled conditions. It will be important to explore the

plant immune response upon combined biotic and abiotic

stresses (temperature, drought, and CO2 levels) to mimic

predicted climate change conditions.
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Deposited data

Raw and deposited data (Mendeley) This paper Reserved Mendeley Data: https://doi.org/
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Essential equipments

Climatic chambers Memmert Memmert Cat#ICP110

Tissue Lyser MM 400 grinder Retsch Cat#20.745.0001

ChemiDocTM imaging system Bio-Rad N/A

CFX Opus 384 Real-Time PCR Bio-Rad N/A

NanoDropTM Lite Thermo Fischer Scientific Cat#ND-LITE

Gene Pulser Xcell Electroporation Systems Bio-Rad Cat#1652660

Experimental models: Organisms/strains

E. coli DH5a N/A

A. tumefaciens GV3101 N/A

Pseudomonas fluorescens Pf0-1 N/A

Nicotiana benthamiana N/A

Arabidopsis thaliana Col-0 N/A

Arabidopsis thaliana Ag-0 N/A

Transgenic lines used in this study

are listed in Table S1

N/A

Recombinant DNA

Plasmids used in this study are listed in Table S2 N/A

Oligonucleotides

Primers used in this study are listed in Table S3 N/A

Softwares

R studio On-line https://www.r-project.org/

Geneious 11.1.4 Dotmatics https://www.geneious.com/
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Bacterial strains and growth conditions
Plasmids used in this study to transform Agrobacterium tumefaciens for plant transformation are listed in Table S2. A. tumefaciens

strains were grown in liquid YEB medium (yeast extract 10 g/L, peptone 10 g/L, NaCl 5 g/L, pH7.0) supplemented with adequate

antibiotics for 16 h at 28�C under shaking.

Pf0-1 strainswere grown at 28�ConKing’s B agarmedium (Peptone 20 g/L, Glycerol 10 g/L, K2HPO4 1.5 g/L,MgSO4.7H2O 1.5 g/L,

pH7.2) supplemented with adequate antibiotics overnight.

Plant material and growth conditions
Arabidopsis thaliana lines used in this study are listed in Table S1. Arabidopsis seeds were sown on MS media supplemented with

antibiotics when needed, for transgenic lines selection. After 24h vernalization, MS plates were transferred in growth chambers under

16h photoperiod, 21�C conditions for eight to ten days. For seedling assays, eight to ten day-old seedlings were transferred to regu-

lated climatic chambers (Memmert) set at 21�C or 30�C, under 8h photoperiod, after Dexamethasone treatment (see method details

in Dex-induction section below). For adult plant Dex assays, eight day-old seedlings were transferred on soil pots (Jiffy) and grown for

two to three weeks in growth chambers under 8h photoperiod conditions at 21�C, and transferred to climatic chambers (Memmert )

set at 21�Cor 30�C, under 8h photoperiod, after treatment (Dexamethasone and/or flg22, see details in Dex-induction section below).

For pADR1-L2:ADR1-L2DV-HA and pNRG1.1:NRG1.1DV-HA, seeds were germinated on MS media, seven day-old seedlings were

acclimated for approximately three days on soil pots at 21�C, then transferred and grown for two weeks in climatic chambers set

at 21�C or 30�C.

METHOD DETAILS

Plasmid constructions
All plasmid constructs used for Arabidopsis stable transformation were generated by Gateway cloning (GWY, Invitrogen). PCR prod-

ucts flanked by attB sites were recombined into pDONR207 (Invitrogen) and then into dexamethasone-inducible pOpOff2-derived

destination vectors pDex:GWY-FSBP, pDex:GWY-YFPv or pDex:GWY-MiniTurbo-3Flag.44,63 Generation of pDex:GWY-FSBP
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was previously described in.44 The FSBP tag consists of a triple FLAG epitope (F) fused with a streptavidin-binding peptide (SBP).44

pDex:GWY-YFPv or pDex:GWY-MiniTurbo-3Flag were modified from pOpOff2(Kan) GWY vector, which was kindly provided by

Chris Helliwell (CSIRO, Canberra). This vector was lacking the hairpin GWY cassette (as described in64) and instead contained a sim-

ple GWY cassette but no terminator. Hence, a PCR fragment containing either the DNA sequence of the yellow fluorescent protein

venus (YFPv)65 or the MiniTurbo66 with an in-frame triple FLAG epitope sequence, followed by the 35s terminator sequence, flanked

withKpnI/PmeI restriction sites, were used to build pDex:GWY-YFPv or pDex:GWY-MiniTurbo-3Flag by restriction/ligation using pO-

pOff2(Kan)-GWY as the vector backbone. All plasmids and constructs were verified by sequencing. All plasmids, constructs and

primers used in this study are listed in Tables S2 and S3.

Plant transformation and transgenic lines screening
Arabidopsis Col-0, and mutants in Col-0 background (eds1-267 or RNL mutants21), were transformed by floral-spraying or floral-

dipping using Agrobacterium tumefaciens strains carrying pDex:TIRs, pDex:TNLs or pDex:NRG1 constructs. Primary transform-

ants were selected on MS media supplemented with hygromycin (50 mg/mL) and were individually PCR genotyped to verify the

presence of the transgene or mutations in RNLs by using Thermo Scientific Phire plant direct PCR kit as previously described.44

Primers used for PCR genotyping are listed in Table S3. Western-blot analyses were further performed on F2 progenies to verify

protein accumulation of TIR or TNL constructs, 24h after dexamethasone induction of 8 day-old seedlings. pADR1:ADR1-L2DV-HA

line50 and pNRG1.1:NRG1.1DV-HA line34 were kindly provided by Dr F. El Kasmi. All transgenic lines used in this study are listed in

Table S1. For dry weight measurement, plants were individually harvested, dried in paper pockets at 37�C and weighed 3 days

after.

Cell death assays upon dexamethasone induction and/or flg22 treatment
For seedling assays, seven to ten day-old seedlings were transferred on MS media plates supplemented with Dexamethasone

(10mM) or DMSO (equivalent volume as Dexamethasone) and transferred to regulated climatic chambers (Memmert ) set at 21�C
or 30�C, under 8h photoperiod.

For adult plants assays, 8 day-old seedlingswere transferred on soil pots (Jiffy) and grown for two to threeweeks in a growth cham-

ber under 8h photoperiod conditions at 22�C. Three to five leaves of three to five week-old plants were infiltrated with a needle-less

syringe-with solutions containing 20 mMDexamethasone or mock solution (equivalent volume of DMSO as Dexamethasone), a com-

bination of flg22 peptide (100nM) andDMSO; or a combination of 20 mMDexamethasone and 100nMflg22 solutions. For temperature

assays, plants were transferred to regulated climatic chambers (Memmert) set at 21�Cor 30�C, under 8h photoperiod uponDex treat-

ment. The apparition of cell death symptoms was monitored every day.

Cell death assays upon Pf0-1 infiltration
Three to four week-old plants were moved to climatic chambers (Memmert ) set at 21�C or 30�C, under 8h photoperiod, for acclima-

tion 48h prior Pf0-1 infiltration.

Pf0-1 strains were streaked on King’s B agar plates containing appropriate antibiotics (tetracycline 10 mg/mL, chloramphenicol

30 mg/mL for empty Pf0-1 strain, additional gentamicin 15 mg/mL was added for Pf0-1 carrying HopBA1) and grown O/N at 28�C.
Bacteria were resuspended in 10 mM MgCl2 and bacterial density was adjusted to OD600nm = 0.2.

Bacterial suspensions were then infiltrated in plant leaves with 1 mL needleless syringe and placed back in climatic chambers

(21�C or 30�C). Plant material for RT-qPCR or WB analyses was collected 24h after infiltration on four different plants and eight

different leaves (eight 4mm2 discs). Cell death symptoms were scored 3 days after infiltration. Pf0-1 HopBA1 strain48 was kindly pro-

vided by Prof. P. Schulze-Lefert (Max Planck Institute for Plant Breeding Research, Cologne).

Immunoblot analyses
For seedling assays, total protein extraction was performed on 10 eight day-old seedlings collected at different time points after

Dexamethasone treatment. For adult plant assays, three or five 6mm leaf discs were harvested from three to five different plants

per line carrying pDex:RPS4TIR or pDex:L6TIR, or lines carrying pDex:RPS4 or pDex:L6MHV, respectively, 24h and 48h after treat-

ment. For ADR1-L2DV-HA detection, 7 leaf discs (diameter 1cm) were collected from 3 week-old plants grown at 21�C or 30�C. Plant
material expressing TIR domains were ground and directly resuspended in 100mL of loading Laemmli buffer. Plant material express-

ing TNLs or RNLs were ground and resuspended in 100mL extraction buffer [150mM Tris-HCl pH7.5, 150mM NaCl, 1mM EDTA, NP-

40 1%, Plant protease inhibitor cocktail (SIGMA) 1%, 10 mM DTT, 10 mMMG132], centrifuged for 5 min at 4�C to remove cell debris

and 50mL of the supernatant was combined with 50mL loading Laemmli buffer (0.125M Tris-HCl pH7.5, 4%SDS, 20%Glycerol, 0.2M

DTT, 0.02%Bromophenol blue) for western-blot analysis. After denaturation at 95�C for 3 min, samples were then loaded on sodium

dodecyl sulfate polyacrylamide gels for electrophoresis and transferred to nitrocellulose membranes which were blocked with 5%

skimmed milk. Membranes were stained using Ponceau red staining to verify total protein loading. Membranes were further probed

with anti-flag-horseradish peroxidase (HRP) (Sigma, SAB4200119) (dilution ratio: 1/5000), anti-c-myc-HRP (clone 9E10; Roche) (dilu-

tion ratio: 1/5000), or rabbit anti-EDS1 (kindly provided by J. E. Parker) (dilution ratio: 1/500) followed by incubation with a secondary

goat anti-rabbit antibodies (Bio-Rad) conjugated to HRP (dilution ratio: 1/10000). Protein detection was performed using Bio-Rad

Chemidoc Imaging system with the Bio-Rad Clarity Western ECL Substrate or Bio-Rad Clarity Max Western ECL Substrate.
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RNA extraction and RT-qPCR analyses
Total RNA extraction was performed on 10 eight day-old seedlings or three 6mm leaf discs from three different four week-old plants

at 24h and 48h after treatment. Total RNAwas extracted using theMacherey Nagel Nucleospin RNAPlus kit followingmanufacturer’s

instruction. Total RNAwas then subjected to DNAse treatment according to the Invitrogen Ambion TURBODNA-free Kit instructions.

1mg total RNA was used for reverse transcriptase reactions. RT-qPCR reaction mix was prepared with SYBR green (Takyon No ROX

SYBR 2X MasterMix blue dTTP) and run on Bio-Rad CFX Opus 384 Real-Time PCR instrument. Used primers are listed in Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

For RT-qPCR data, mean DCt were calculated from three technical replicates from two to four biological replicates (as indicated in

figure legends). At1G13320 and At5G15710 were used as internal control genes. Log2(2�DCt) values were used to determine the

significance of difference in gene expression between the different tested conditions, and were represented as boxplots using R stu-

dio. A two-ways ANOVA was used when the distribution of the data fitted assumptions of normality and homogeneity of variances,

and was followed by a post-hoc pairwise comparison Tukey test.
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