TNL-mediated immunity in Arabidopsis requires complex
regulation of the redundant ADR7 gene family
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Summary

e Nucleotide-binding leucine-rich repeat proteins (NLRs) serve as intracellular immune recep-
tors in animals and plants. Sensor NLRs perceive pathogen-derived effector molecules and
trigger robust host defense. Recent studies revealed the role of three coiled-coil-type NLRs
(CNLs) of the ADR1 family — ADR1, ADR1-L1 and ADR1-L2 — as redundant helper NLRs,
whose function is required for defense mediated by multiple sensor NLRs.

e From a mutant snc7-enhancing (MUSE) forward genetic screen in Arabidopsis targeted to
identify negative regulators of snc7 that encodes a TIR-type NLR (TNL), we isolated two
alleles of muse15, both carrying mutations in ADR7-L17. Interestingly, loss of ADR7-L7 also
enhances immunity-related phenotypes in other autoimmune mutants including cpr7, bal and
Isd1. This immunity-enhancing effect is not mediated by increased SNC1 protein stability, nor
is it fully dependent on the accumulation of the defense hormone salicylic acid (SA).

e Transcriptional analysis revealed an upregulation of ADR7 and ADR17-L2 in the adr1-L1
background, which may overcompensate the loss of ADR7-L7, resulting in enhanced
immunity. Interestingly, autoimmunity of snc7 and chs2, which encode typical TNLs, is fully
suppressed by the adr? triple mutant, suggesting that the ADRs are required for TNL
downstream signaling.

e This study extends our knowledge on the interplay among ADRs and reveals their complexity

in defense regulation.

Introduction

Defense responses against pathogens in plants are initiated
mainly by two types of immune receptors (Chisholm ez /., 2006;
Jones & Dangl, 2006). Plasma membrane-localized receptors
perceive common pathogen associated molecular patters
(PAMPs) and initiate downstream signal transduction events,
leading to host responses including the production of reactive
oxygen species, the deposition of callose and the increased expres-
sion of defense genes (Macho & Zipfel, 2014). Defense initiated
through PAMP recognition is also known as PAMP-triggered
immunity (PTI). By contrast, pathogen-encoded virulence factors
(termed effector proteins) that have been delivered into host cells
can be perceived by specific plant receptors typically belonging to
the nucleotide-binding leucine-rich repeat protein (NLR; also
known as Nod-like receptor) family. Activation of NLRs usually
triggers more rapid and robust defense responses, and is often
characterized by the occurrence of cell death at the site of infec-
tion termed the hypersensitive response (HR). Immunity
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triggered by NLR activation is also known as effector-triggered
immunity (ETI). NLR proteins have important functions in
plant immunity, yet the molecular mechanisms by which they are
activated remain largely unclear.

Based on their N-termini, typical plant NLRs can be further
classified into Toll-like/Interleukin 1 receptor (TIR)-type NLRs
(TNLs) and coiled-coil NLRs (CNLs) (Dangl & Jones, 2001; Li
etral., 2015). In the mutant suppressor of npri-1, constitutive 1
(sncl), a gain-of-function mutation caused by a single amino acid
substitution in TNL SNCI1 leads to constitutive defense
responses (Li ezal., 2001; Zhang er al., 2003). Mutant sncl plants
exhibit a characteristic autoimmune morphology including
stunted growth and curled leaves (Li ez al., 2001). The severity of
the sncl phenotypes correlates with the level of defense output,
making sncl a useful tool for genetic screening. Indeed, from our
previous modifier of sncl (mos) screen, 13 MOS proteins were
identified that contribute to SNCI-mediated immunity (Johnson
etal, 2012).

In Arabidopsis, ACTIVATED DISEASE RESISTANCE 1
(ADRI, Ar1g33560), ADRI-LIKE 1 (ADRI-LI, Ar4¢33300) and



ADRI-LIKE 2 (ADRI-L2, Ar5¢04720) all encode CNLs
(Bonardi ezal, 2011). ADR1 family members function redun-
danty as positive regulators of basal defense and ETI mediated
by the CNL protein RESISTANT TO PSEUDOMONAS
SYRINGAE 2 (RPS2) and TNLs RECOGNITION OF
PERONOSPERA PARASITICA 2 (RPP2) and RECOGNITION
OF PERONOSPERA PARASITICA 4 (RPP4) (Bonardi eral.,
2011). A common feature of all three ADRI family members is
their N terminal coiled-coil domain, which resembles Arabidopsis
RESISTANCE TO POWDERY MILDEW 8 (RPW8) and is
referred to as CCg (Collier efal., 2011). Another CCr-NB-LRR
protein is the N REQUIREMENT GENE 1 (NRGI) in
Nicotiana benthamiana, which is required for the function of
tobacco TNL N (Peart etal., 2005; Collier etal, 2011). These
studies defined CCr-NB-LRRs as helper NLRs in the signaling
of other NLR proteins. It is important to note that their designa-
tion as helper NLRs does not discount a possible additional func-
tion as sensor NLRs in the context of as-yet-undiscovered
effectors that could be recognized by this fascinating NLR class
(Bonardi et al.,, 2011).

In this study, we found that loss-of-function adr!-LI mutants
enhance sncl. Quantitative RT-PCR analysis indicates that the
enhanced autoimmunity may be due to transcriptional overcom-
pensation by ADRI and ADRI-L2 in the adrI-LI background.
These results suggest that homeostasis of the ADRI family is a
key feature of their combined function as helper NLRs. In addi-
tion, adrl adrl-L1 adrl-L2 triple mutant (hereafter adrl triple)
completely suppresses the autoimmunity of sncl and chs2-1
encoding typical TNLs, but not that of s/41 and uni-1D encoding
atypical TNL and CNL, respectively, indicating that the ADR1
helper NLR family serves as a critical signalling intermediate

specifically for typical TNLs.

Materials and Methods

Plant materials used

Arabidopsis thaliana (L.) Heynh mutants used in this paper
include sncl (Li et al., 2001), adri-1 (Bonardi et al., 2011), adrl-
L1-2 (Bonardi et al., 2011), adri-L2-4 (Bonardi et al., 2011), bal
(Yi & Richards, 2009), SNCI-GFP and sncl-GFP (Xu etal.,
2014), ¢pri-3 (Cheng eral., 2011), lsd1-2 (Jabs etal., 1996),
chs1-2 (Wang etal., 2013), chs2-1 (Huang et al., 2010), chs3-1
(Yang etal, 2010), pad4-1 (Glazebrook etal., 1996), eds5-3
(Nawrath & Metraux, 1999; Igari eral, 2008), uni-1D (Igari
et al., 2008) and s/h1-9 (Noutoshi ez al., 2005).

Growth conditions

For soil-grown plants, seeds were vernalized at 4°C for 2 d, sown
onto sterile soil and transferred to plant growth rooms for either
long day (22°C:18°C, 16h:8h, light:dark; ¢. 50% relative
humidity) or short day (21°C:18°C, 9h: 15 h, light: dark; ¢
50% relative humidity) or continuous light (22°C) conditions, as
specified in figure legends. Phenotypes were scored at indicated
time points. For all agar plate-grown seedlings, seeds were surface

sterilized and sown on 0.5x MS agar plates, vernalized for 2d
and grown under long day conditions at 22°C.

Plant genotyping

Mutant genotyping primers used are as follows: adrl
(SAIL_842_B05) ADRI-1_s-Gen: CAA AGG ACG ATG ATG
TTC GAG, ADRI1-1_as: CGG ATT GTT CAC TAT AGT
AAG G, LB_SAIL: TTT CAT AAC CAA TCT CGA TAC AG;
adrl-L1-1 (SAIL_302_C06) L1_1-s: ATG GCC ATC ACC
GAT TTT TTC, adrl-L1_as: GTC AGG AAC AGG ATT
TCC AG, LB_SAIL; adri-L2-4 (Salk_126422) PHX21_1_s:
ATG GCA GAT ATA ATC GGC GG, PHX_ReT4_as: TGG
GAG ATT GTG ACA CAG TC, LB1.3: ATT TTG CCG ATT
TCG GAA C; uni-1D (Col-0, introgressed Ws line): VB14:
GTT ATT TCT CGG AGA TAC CAT GC, VB15: GGA CAG
TTT GAA ACA TCC ATG, Col-0 amplicon is ¢. 300 bp and
uni-1D amplicon is ¢. 260 bp; chs2 (RPP4) VB12: GAT TGA
CCT TGT ATA TGA GGT GG, VB13: CAC TCA TCT TTG
TCC CTT CCT TTT GAA, cut amplicon with Mboll at 37°C
o/n, Col-0 138 bp and 35 bp, ¢hs2 138 bp and 60 bp; chs3 VB10:
TCC TCC TTA CTC CTT GTG AGA C, VB11: TCT CTC
TCT CAC TCT CTT CGT AGT TCC CA, cut amplicon with
Bci1301 at 37°C or 8 h, Col-0 170 bp and 25 bp, chs3 194 bp;
sth1-9 LW1: GTT ATA TCG ACG TTG GAT GCA G, LW2:
CCA GCA AGT TTA GGA TGA TTA CG, cut amplicon with
Ddel at 37°C o/n, Col-0 260 bp and 120 bp, s/h1-9 380 bp. cprl
(SALK_045148) LP: TTT CGT AAA TTT TTA CAC AAA
ATC G, RP: TGT GAG TAG CCT TGT CTT GGG. To geno-
type homozygous eds5-3, SNP primers F: ACT TCA GAG CGG
TGA TCA GA and R: CAT CAA CGG TCC ACA AGT C were

used. All mutant combinations were confirmed by genotyping.

Map-based cloning of muse75

Rough and fine mapping of musel5 was performed as previously
described (Huang eral, 2013). Primers involved in mapping
were designed based on Monsanto Arabidopsis polymorphism
and Landsberg sequence collections (Jander ez al., 2002). Marker
primers used include: FCA8F: CTC CAA GCT TAG TGC
AAC TC, R: TGA ACT GCA TTA ACA TGG AAC; T13]8 E:
ATG TTC CCA GGC TCC TTC CA, R: GAG ATG TGG
GAC AAG TGA CC; F8D20 F: TTG ATC TGA ATA GGT
CCC CC, R: ACT GTT GCG ATA ATG CAG TG; F26P21 F:
TCT TCA ATG ATA CCC ATC CC, R: ATATTT GCG ATT
TCT ATT TTG GAG; F1715 F: ATG GGC TAG ATA ATT
TCT AAG G, R: AAT GAA TTG TTA CAT GAG GTCG.

Infection assay

Ten-day-old soil-grown Arabidopsis seedlings were spray-
inoculated with freshly harvested Hyaloperonospora arabidopsidis
(H.a.) Noco2 spores re-suspended in water. Infected plants were
kept at 18°C with 80% humidity for 7 d before data collection.
Growth of the pathogen was measured by totaling the number of
spores per gram of fresh weight (FW).



Total salicylic acid (SA) measurement

Leaf dssue was harvested from 4-wk-old Arabidopsis plants
and homogenized and mixed with 0.2ml 90% methanol.
Samples were sonicated using a water bath sonicator for
20 min and centrifuged at 15000 g for 20 min. 0.3 ml 100%
methanol was added to the debris for a second extraction.
Samples were thoroughly vortexed, spun down again and the
supernatant from the two extractions were combined and left
to dry overnight at room temperature. On the next day,
0.1ml B-glucosidase solution (80 unitml™"  B-glucosidase
(Sigma G0395), in 0.1 M NaAc, pH 5.2) was added to each
sample. Samples were vortexed and sonicated for 5 min and
incubated at 37°C for 90 min. 0.5ml 0.5% TCA (Sigma
T6399) was added to the samples. Samples were spun down
at 15000 g for 15 min and the supernatant was transferred to
a new set of tubes and extracted three times using extraction
medium (ethylacetate : cyclopentant : isopropanol =100:99: 1).
The combined extraction product was left to dry overnight at
room temperature. SA samples were dissolved in mobile phase
(0.2M KAc, 0.5mM EDTA, pH 5.0) and the quantity of SA
was measured using HPLC. The abundance of SA was pre-
sented as g SA per gram FW of plant tissue.

RNA extraction and gene expression analyses

Total RNA was extracted from 2-wk-old seedlings grown on 0.5 x
MS medium or 4-wk-old soil grown plants using Totally RNA
Kit (Ambion). Reverse transcription was performed using
Easyscript Reverse Transcription Kit (ABM, Richmond, BC,
Canada). Semi-quantitative PCR was performed as described
before (Zhang et al., 2003). Real-time PCR was performed using
a Perfect Realtime Kit (Takara, Beijing, China). Sequences of the
primers used are ACTIF: CGA TGA AGC TCA ATC CAA
ACG A, R: CAG AGT CGA GCA CAA TAC CG; ACTFE:
GGT GTCATG GTT GGT ATG GGT C,R: CCT CTG TGA
GTA GAA CTG GGT GC; PRIF: GTAGGT GCT CTT GTT
CTT CCC, R: CAC ATA ATT CCC ACG AGG ATC; PR2F:
GCTTCCTTCTTCAACCACACAGC,R: CGTTGATGT
ACC GGAATCTGA C; SNCIF: CTG GGA TAA GTT GTA
TCG TGT TG, R: AGA TGT CCC CGA TGT CAT CCG;
ADRIF: ATA GTG AAC AAT CCG AGG TT, R: TTT CAT
CCA TTT CCC CTG T; ADRI-L2F: CTT GTG AAA GAT
CCAAGGTT,RiTGAGTCATTTCT CCT GTGT.

lon leakage measurement

Rosette leaves were harvested from 4-wk-old plants and six leaf
discs (6 mm diameter) were collected and then floated in 20 ml
water for 30 min. These leaf discs were transferred to tubes con-
taining 6 ml distilled water. Conductivity of the solution
(uSiemens cm ') was determined with a conductivity meter
(Model 2052; Amber Science, San Diego, CA, USA) at the indi-
cated time points. For mutants that exhibit cell death at earlier
developmental stages, the experiment was performed with two
whole 2-wk-old seedlings.

Protein extraction and western blot analysis

Total protein was extracted from 2-wk-old Arabidopsis seedlings
grown on 0.5xX MS medium. The whole extraction was per-
formed either on ice or in a 4°C cold room. Tissues were homog-
enized and mixed with extraction buffer (100 mM Tris—-HCI pH
8.0, 0.1% SDS and 2% B-mercaptoethanol). Samples were vor-
texed and centrifuged at 15 000 g for 10 min. SDS loading buffer
was added to supernatants and samples were boiled for 5 min
before loading onto a SDS-PAGE gel. After electrophoresis, sepa-
rated protein samples were transferred to a membrane and sub-
jected to western blot analyses. The anti-SNC1 antibody was
generated against a SNCl-specific peptide from rabbit (Li ez al,
2010). Protein bands were quantified using IMAGE] (htep://
imagej.nih.gov).

Results

Isolation and characterization of two allelic muse mutants
from a modified snc7 enhancer screen

We screened for novel negative regulators of plant immunity in
either sncl mos4 or sncl mos2 nprl genetic backgrounds using
ethyl methanesulfonate (EMS) as mutagen (Huang ez al., 2013).
Two muse mutants, musel5-1 and musel5-2, were isolated inde-
pendently from the sncl mos4 and sncl mos2 nprl genetic back-
grounds, respectively (Fig. 1a,b). Both mutants altered the
sncl mos morphology back to sncl-like. Segregation from back-
crossed F, populations suggested the presence of a single recessive
mutation in each mutant. sucl mos4 musel5-1 and sncl mos2
nprl musel 5-2 failed to complement each other in an F; allelism
test (Fig. 1¢), suggesting that they carry mutations in the same
gene. Besides their dwarf stature and curled leaves (Fig. 1a,b),
both mutants exhibited increased expression of defense marker
genes PRI and PR2 (Fig. 1d), and enhanced disease resistance to
the virulent oomycete pathogen H.z. Noco2 (Fig. le). As both
musel5 alleles are recessive, they likely carry loss-of-function
mutations that enhance the snc/ autoimmune phenotypes.

MUSET5 encodes ADR1-L1, a CCr-NB-LRR protein

In order to map the musel5-1 and musel5-2 mutations, the origi-
nal enhancer mutants (in Col-0 ecotype) were crossed with
Landsberg erecta (Ler). The F; individuals were selfed to generate
a mapping population. Among Fs, individuals displaying
enhanced sncl phenotypes were selected for linkage analysis.
Consistent with the allelism test result (Fig. 1¢), crude mapping
revealed that musel5-1 and musel5-2 are both located at the bot-
tom of chromosome 4. Subsequently, musel5-1 was further
mapped between markers F26P21 and F17I5 (Fig. 2a). To iden-
tify the molecular lesion in musel5-2, nuclear DNA from plants
homozygous for musel5-2 was used for whole-genome re-
sequencing by an Illumina sequencer. When the musel5-2
sequence was compared with wild-type (WT) Col-0 reference
sequence in the region between F26P21 and F1715, a single G to
A mutation was identified, which is consistent with EMS
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mutagenesis. This mutation is predicted to cause a single amino
acid Pro513 to Leu change in the polypeptide encoded by
ADRI-LI (At4¢33300) (Fig. 2b). We then sequenced ADRI-L1
in homozygous musel5-1 plants by the Sanger method and

Fig. 1 Two allelic muse75 mutants enhance immunity in the snc7 mos4 or
snc1 mos2 npr1 background. (a) Morphological phenotypes of 4-wk-old
Col-0 wild-type (WT), snc1, snc1 mos4 and snc1 mos4 muse15-1 plants
grown at 22°C under long day conditions (16 h : 8 h, light : dark). (b)
Morphological phenotypes of 4-wk-old WT, snc7, snc1 mos2 npr1 and
snc1 mos2 npr1 muse15-2 plants grown at 22°C under long day
conditions. (c) Morphological phenotypes of 3-wk-old WT, snc7,

snc1 mos4 muse15-1, snc1 mos2 npr1 muse15-2 and an F4 plant from the
cross between snc? mos4 muse15-1 and snc1 mos2 npr1 muse15-2 grown
at 22°C under long day conditions. (d) Expression of defense marker genes
PR17 and PR2 in WT, snc1, snc1 mos4, snc1 mos4 muse15-1, snc1 mos2
npr1 and snc1 mos2 npr1 muse15-2 plants. Reverse transcription (RT)-
PCR was performed on 2-wk-old seedlings grown on 0.5x MS plates.
ACT7 was included as loading control. (e) Growth of Hyaloperonospora
arabidopsidis (H.a.) Noco2 7 d after spray-infection with 10° spores ml ™"
inoculum on WT, snc1, snc1 mos4, snc1 mos4 muse15-1, snc1 mos2 npr1
and snc1 mos2 npr1 muse15-2 plants. One-way ANOVA was used to
calculate the statistical significance between genotypes, as indicated by
different letters (P <0.01). Bars represent mean £ SD (n=4).

identified a separate G to A mutation located at an exon—intron
junction (Fig. 2c). This mutation presumably alters the splicing
pattern of the gene, leading to early truncation of the encoded
protein.

In order to further confirm that the two mutations we identi-
fied in musel5 alleles are responsible for the sncl-enhancing phe-
notypes, we crossed szcl with a known loss-of-function T-DNA
adrl-L1 allele, SAIL_302_C06 (Bonardi ez al., 2011). Compared
with sncl plants, the sncl adrl-L1 double mutant exhibits more
severe stunted growth and curled leaves, which is consistent with
the sncl-enhancing phenotypes of musel5-1 and musel5-2
mutants (Fig. 2d,e). Taken together, we conclude that MUSEIS
is ADRI-L1I and that the new, herein identified adri-L1I alleles
are also loss-of-function mutants.

ADRI-L1 encodes an RPWS8 CCg-type CNL protein
(Fig. 2b). Together with ADR1 and ADRI-L2, these three NLRs
function redundantly to regulate the accumulation of the defense
hormone SA (Bonardi ezal, 2011). adrl triple mutant exhibit
enhanced susceptibility to virulent and avirulent pathogens, sug-
gesting that ADRI proteins function redundantly in immune sig-
naling (Bonardi eral, 2011). However, the sncl-enhancing
phenotypes of adrl-L1 observed here are seemingly opposite to
the adrl triple mutant phenotypes, suggesting that ADR1-L1 has
a unique negative regulatory role in defense besides its redundant
positive functions with ADR1 and ADR1-L2.

ADR1-L1 does not affect SNC1 protein turnover

Several previously described muse mutants exhibit increased
SNC1 protein accumulation (Huang eral., 2014a,b; Xu etal,
2015), and therefore these MUSE proteins contribute to SNC1
turnover. To address why adri-L1 enhances sncl, we first tested
whether ADR1-L1 regulates the autoimmune phenotypes in sncl
through affecting SNC1 protein accumulation. SNC1 protein
level is increased significantly in sncl adri-L1 compared to that
in sncl (Fig. 3a). However, this accumulation correlates with the
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Fig. 2 Positional cloning of muse15 in Arabidopsis. (a) Map position of
muse15. The asterisk indicates the site of muse75-2 mutation. (b)
Schematic diagram showing the predicted ADR1-L1 protein structure with
arrows indicating the sites of mutations in muse75-2 and adr1-L1
(SAIL_302_C06). (c) Schematic diagram showing the predicted ADR7-L1
gene structure with arrows indicating the sites of mutations in muse75-1,
muse15-2 and SAIL_302_C06. (d) Morphological phenotypes of 4-wk-old
WT, snc1, snc adr1-L1 and adr1-L1 plants grown at 22°C under long day
conditions. (e) Fresh weights of 4-wk-old WT, snc7, snc1 adr1-L1 and
adr1-L1 plants grown at 22°C under long day conditions. One-way
ANOVA was used to calculate the statistical significance between
genotypes, as indicated by different letters (P <0.01). Bars represent
mean =+ SD (n =20).

enhanced SNC! transcription observed in the double mutant
(Fig. 3b). To avoid the feedback upregulation of SNCT transcrip-
tion as in sncl adrl-L1, we examined SNCI protein accumula-
tion in adrl-LI. No difference in steady-state SNCI1 levels was
observed between WT and adri-L1 (Fig. 3c). Similarly, in the
WT-like sncl pad4-1 adrl-LI1 triple mutant, where the SA-
dependent positive feedback transcriptional upregulation of

SNCI is blocked, no significant difference in SNC1 protein level
was observed when compared to sncl pad4-1 (Fig. 3d,e). These
results suggest that ADR1-L1 does not enhance the autoimmune
phenotypes in sncl through affecting SNC1 protein turnover.

The autoimmune-enhancing phenotype of snc7 adr1-L17 is
not fully dependent on SA accumulation

SA plays a major role in defense amplification. Because the
autoimmune phenotypes of sncl are partly dependent on SA
levels (Zhang et al., 2003), and the ADRI family regulates SA
accumulation (Bonardi eral, 2011), we tested whether the
sncl-enhancing phenotypes in sncl adrl-L1 depend on SA accu-
mulation. The SA deficient mutant enbanced disease susceptibility
5 (eds5) was crossed with sncl adrI-L1 to generate the sncl eds5-3
adrl-L1 triple mutant. Although the triple mutant partially
rescued the sncl adrl-L1 phenotype, it was significantly smaller
than sncl eds5-3 (Fig. 4a,b), suggesting that the sncl-enhancing
effects observed from adri-LI are not fully dependent on SA
accumulation.

Loss of ADR1-L1 leads to transcriptional upregulation of
ADR17 and ADRT-L2

Constitutive increase in steady-state NLR protein levels often
results in autoimmune phenotypes (Tang ez al., 1999; Tao et al.,
2000; Frost etal., 2004; Cheng eral., 2011; Gou etal., 2012).
Not surprisingly, overexpression of ADRI also leads to autoim-
munity (Grant eral., 2003). We therefore tested if the loss of
ADRI-LI could be overcompensated by increased expression of
its paralogs, ADRI and ADRI-L2. When we compared the tran-
script levels of ADRI and ADRI-L2 in WT, adri-L1, sncl and
sncl adrl-L1, we noted a consistent two-fold increase in ADRI
transcript levels, and a 50% increase in ADRI-L2 expression in
sncl adrl-L1 compared to sncl (Fig. 5a,b). We also consistently
observed a slight, yet not always significant, increase of both
ADRI and ADRI-L2 transcripts in adrl-L1 compared to WT
(Fig. 5a,b; Supporting Information Fig. S1). ADRI seems to
compensate more than ADRI-L2.

adr1-L1 enhances the autoimmune phenotypes in some,
but not all autoimmune mutants

In order to test the specificity of the immunity-enhancing effects
of adrl-L1, we crossed the T-DNA knockout allele of adri-L1
with a collection of autoimmune mutants. Increased SNCI pro-
tein level leads to a similar autoimmune phenotype as that
observed in mutant sncl (Xu etal., 2014). Therefore, we crossed
adrl-L1 with a set of genetic backgrounds that exhibit increased
SNCI1 protein levels. These included constizutive expressor of PR
genes 1 (¢prl), bal and SNCI transgenic overexpression lines.
CPRI encodes an F-box protein that facilitates the degradation of
SNC1 and RPS2 (Cheng ez al., 2011). In knockout mutant ¢pri-
3, over-accumulation of SNCI1 contributes partly to its autoim-
mune phenotypes (Cheng eral., 2011). In the cpri-3 adri-L1
double mutant, the autoimmune phenotypes of ¢pri-3 were
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significantly enhanced by adri-L1, as illustrated by plant size
(Fig. 5¢), fresh weight (Fig. 5d) and total SA measurements of the
mutant plants (Fig. 5e). A duplication within the RPP4 cluster
also results in heightened expression of SNCI in the ba/ mutant,
resulting in sncl-like autoimmunity (Stokes ezal, 2002; Yi &

Fig. 3 ADR1-L1 does not affect SNC1 turnover in Arabidopsis. (a) Upper:
Western blot analysis using an anti-SNC1 antibody. Leaf total protein was
extracted from 4-wk-old plants grown at 22°C under long day conditions.
Lower: quantification of the relative intensity of the SNC1 bands to
nonspecific bands in Ponceau S staining in the upper panel. A pairwise t-
test was used to calculate the statistical significance between genotypes,
as indicated by different letters (P <0.05). Bars represent mean + SD
(n=3). (b) SNCT transcript levels in WT, adr1-L1, sncT and sncT adr1-L1
plants. qRT-PCR was performed on 4-wk-old plants grown at 22°C under
long day conditions. ACT7 was used to normalize the transcript levels.
Arbitrary units were used to show the relative abundance of SNC7
transcript levels as compared to that in WT. Bars represent mean + SD
(n=3). (c) Upper: Western blot analysis using an anti-SNC1 antibody. Leaf
total protein was extracted from 4-wk-old plants grown at 22°C under
long day conditions. Lower: quantification of the relative intensity of the
SNC1 bands to nonspecific bands from Coomassie Brilliant Blue (CBB)
staining in the upper panel. Pairwise t-test was used to calculate the
statistical significance between genotypes, as indicated by different letters
(P<0.01). Bars represent mean + SD (n = 3). (d) Morphological
phenotypes of 4-wk-old WT, snc7, snc1 pad4-1 and snc1 pad4-1 adr1-L1
plants grown at 22°C under long day conditions. (e) Western blot analysis
using an anti-SNC1 antibody on the indicated genotypes. Leaf total
protein was extracted from 4-wk-old plants grown at 22°C under long day
conditions. Numbers underneath indicate the relative intensity of the
SNC1 band to a nonspecific band in Ponceau S staining.
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Fig. 4 The defense-enhancing phenotypes in snc7 adr1-L1 are not fully
dependent on salicylic acid (SA) accumulation in Arabidopsis. (a)
Morphological phenotypes of 4-wk-old WT, snc?, snc1 eds5-3, snc1 adr1-
L7 and sncT eds5-3 adr1-L1 plants grown at 22°C under long day
conditions. (b) Fresh weights of 3-wk-old WT, snc7, snc1 eds5-3, snc1
adr1-L7 and snc7 eds5-3 adr1-L1 plants grown at 22°C under long day
conditions. One-way ANOVA was used to calculate the statistical
significance between genotypes, as indicated by different letters
(P<0.001). Bars represent mean + SD (n=10).
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Richards, 2009). Similarly, transgenic overexpression of WT
SNCI or mutant sncl in Col-0 results in severe autoimmune phe-
notypes (Xu eral., 2014). The autoimmune phenotypes of bal
and transgenic SNCI- or sncl-overexpression lines were all

enhanced by adri-L1 (Fig. 5f,g), suggesting that SNC1-mediated
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defense can be enhanced by knocking out ADRI-L1, indepen-
dent of the gain-of-function mutation in szc/. Such enhancement
does not rely on the chromosomal location of the SNCT gene, as
manifested by the phenotypic enhancement of transgenic SNC1-
or sncl-overexpression lines by adri-L1.



Fig.5 adr1-L1 enhances the autoimmune phenotypes of some, but not all, autoimmune mutants tested, leading to increased ADRT and ADR7-L2
transcript levels in Arabidopsis. (a, b) ADRT and ADR7-L2 transcript levels in the indicated genotypes. qRT-PCR was performed on 2-wk-old seedlings
grown on 0.5x MS plates. ACT7 was used to normalize the transcript levels. Values for WT were set as 1.0. Pairwise t-tests were used to calculate the
statistical significance between genotypes, as indicated by different letters (P <0.05). Bars represent mean £ SD (n =3). The whole experiment involving all
four genotypes was biologically repeated twice. Experiment with WT and adr7-L7 was biologically repeated for two additional times (four times in total).
Refer to Supporting Information Fig. S1 for data from the other three biological repeats on WT and adr7-L7. (c) Morphological phenotypes of 4-wk-old
WT, cpri-3, cpr1-3 adr1-L1 and adr1-L1 plants grown at 22°C under long day conditions. (d) Fresh weights of 4-wk-old WT, cpr1-3, cpr1-3 adr1-L1 and
adr1-L1 plants grown at 22°C under long day conditions. One-way ANOVA was used to calculate the statistical significance between genotypes, as
indicated by different letters (P<0.01). Bars represent mean =+ SD (n=20). (e) Total salicylic acid (SA) levels of 4-wk-old WT, cpr1-3, cpri-3 adri1-L1 and
adr1-L1 plants grown at 22°C under long day conditions. Multiple ¢-tests were used to calculate the statistical significance between genotypes, as indicated
by different letters (P <0.01). Bars represent mean =+ SD (n=4). (f) Morphological phenotypes of 4-wk-old WT, adr1-L1, bal, bal adr1-L1, SNC7-GFP,
SNC1-GFP adr1-L1 (S. adr1-L1), snc1-GFP and snc1-GFP adr1-L1 (s. adr1-L1) plants grown at 22°C under long day conditions. (g) Fresh weights of 4-wk-
old WT, adr1-L1, bal, bal adr1-L1, SNC1-GFP, SNC1-GFP in adr1-L1, snc1-GFP and snc71-GFP in adr1-L1 plants grown at 22°C under long day conditions.
Pairwise t-tests were used to calculate the statistical significance between genotypes, as indicated by asterisks (P <0.001). Bars represent mean + SD
(n=5). (h) Morphological phenotypes of 3-wk-old WT, Isd1-2, Isd1-2 adr1-L1 and adr1-L1 plants grown at 22°C under long day conditions. (i, j) ADRT

and ADR1-L2 transcript levels in the indicated genotypes. qRT-PCR was performed on 3-wk-old soil-grown plants grown at 22°C under long day
conditions. ACT7 was used to normalize the transcript levels. Values for WT were set as 1.0. Pairwise t-tests were used to calculate the statistical
significance between genotypes, as indicated by asterisks (P <0.05). Bars represent mean £ SD (n =3). The whole experiment was biologically repeated

twice with similar trends.

Lesion Simulating Disease 1 (LSDI) encodes a zinc finger pro-
tein involved in the negative regulation of pathogen-induced cell
death (Dietrich etal, 1997). Loss-of-function mutant /sd1-2
plants exhibit abnormal superoxide accumulation and excessive
cell death upon induction (Jabs ezal., 1996). Under our growth
condition, the [sd1-2 adrI-L1 double mutant exhibited a sncl-
like autoimmune phenotype (Fig. 5h), which was absent in the
Isd1-2 single mutant. The /[sd1-2 mutant exhibited spontaneous
cell death (Fig. 5h), which differs from the previously reported
inducible cell death phenotype of kd1-2 (Jabs et al., 1996). This
could be due to the difference in the light regime used for plant
growth. Interestingly, the cell death phenotype of /sd1-2 is sup-
pressed by adri-L1 (Fig. S2a). Overall, the sd1 adrI-L1 pheno-
types suggest that the immunity-enhancing effect of adrl-LI is
also active in the /sd1-2 background, and is not specific to sncl.

In the autoimmune mutant suppressor of npri-1, constitutive 2
(snc2-1D), a gain-of-function mutation in a receptor-like protein
(RLP) confers constitutively activated defense responses (Zhang
etal., 2010). SNC2 likely functions with other membrane-bound
proteins in the perception of unidentified PAMPs (Yang ezal.,
2012). As shown in Fig. S3(a), the autoimmune phenotype of
snc2-1D was not enhanced by adrl-L1. Similarly, the autoim-
mune phenotypes of snc4-1D, which carries a gain-of-function
mutation in the receptor-like kinase (RLK) SUPPRESSOR OF
NPR1-1, CONSTITUTIVE 4 (SNC4) that leads to constitutive
defense responses (Bi ez al., 2010), were not enhanced by adri-L1
either (Fig. S3b). These results suggest that adri-L1 does not
enhance autoimmunity triggered by gain-of-function mutants of
these specific RLP and RLK.

In the mutant chilling sensitive 1 (chsI-2), a missense mutation
in a TIR-NB protein causes autoimmune phenotypes under
chilling conditions (Wang ez al., 2013). Under our growth condi-
tion, chs1-2 exhibited dwarfed stature and curled leaves, yet these
phenotypes were not enhanced in ¢hsI-2 adri-L1 (Fig. S3¢). The
difference in the ¢hsI-2 phenotypes that we observed under 22°C
and those previously reported (Wang ez al., 2013) are likely due
to differences in growth condition. Another chilling sensitive

mutant chilling sensitive 2 (chs2-1) harbors a gain-of-function
mutation in RPP4, which encodes a typical TNL (Huang ez al,
2010). The autoimmune phenotypes of ¢hs2-1 were not
enhanced by adrl-L1 either (Fig. S3d). In the mutant chilling
sensitive 3 (chs3-1), a mutation in the C-terminal LIM domain of
the atypical TNL protein CHS3 leads to chilling sensitivity and
constitutive activated defense responses, which can be alleviated
at higher temperatures (Yang ezal., 2010). We did not detect
enhancement of ¢hs3-1 by adri-L1 (Fig. S3e). Additionally, the
cell death phenotype under chilling condition in ¢hs3-1, but not
in c¢hsl-2, was suppressed by adrl-LI (Fig. S2b). These results
suggest that loss of ADR1-L1 function does not affect the defense
responses mediated through CHS1, CHS2 or CHS3. Taken
together, the autoimmunity-enhancing ability of adri-L1 seems
to be specific to only certain autoimmune mutant backgrounds.

In order to further test whether the upregulation of ADRI and
ADRI-L2 transcription overcompensates for the loss of ADR1-L1,
we compared the transcript levels of ADRI and ADRI-L2in addi-
tional autoimmune mutants with or without adrI-L1 mutation
(Fig. 51,j). We observed significantly increased ADRI transcription
with adrI-L1 under all mutant backgrounds tested except for snc2-
1D, and significantly increased ADRI-L2 transcription in adrI-L1
under all mutant backgrounds tested except for the SNCI-
overexpressing line (difference insignificant) and sne2-1D (Fig. 5i,
j). Therefore, the upregulation of ADRI and ADRI-L2 transcrip-
tion is not only specific to the szcl mutant background.

Taken together, these results suggest that ADRI and ADRI-L2
transcriptions are both upregulated in mutant adrl-LI, which
may compensate for the loss of ADRI-LI. This overcompensa-
tion becomes more obvious in autoimmune backgrounds.

Genetic interplay among the three redundant ADR7 gene
family members

In order to further address whether the immunity-enhancing
effects of adrl-L1 are dependent on ADRI1 and ADRI-L2, we
introduced knockout mutations in adrI and adrI-L2 into the sncl



adrl-L1 background. The sncl-enhancing phenotypes in sucl
adrl-L1 are largely suppressed by adrl and fully suppressed by
adrl adr1-L2 as observed in morphology, FW and the expression
of PRI and PR2 (Fig. 6a—c), suggesting that ADR1 and ADR1-L2
are indeed responsible for the enhanced immunity in adri-L1.

We also quantified ADRI and ADRI-L2 transcript levels in
various sncl adr mutant combinations by qPCR (Fig. 6d). ADRI
transcript level is elevated in sncl adri-L1 but not in sncl adrl-
L2 when compared to snc! (Fig. 6d). Similarly, ADRI-L2 tran-
script level is elevated in sncl adri-L1 but not in sncl adrl when
compared to sncl (Fig. 6d). These results suggest that the over-
compensation effect seems to be specific to adri-L1, but not with
adrl or adrl-L2.

Loss of all three ADR members completely suppresses the
phenotypes of the typical TNL autoimmune mutants snc?
and chs2-1

When the sncl adrl triple (adrl-1 adrl-L1-2 adrl-12-4) quadru-
ple mutant was generated, a complete sncl-suppressing pheno-
type was observed (Fig. 6a under UBC and 7a under UNC
growth conditions). This confirms that the enhanced autoim-
mune phenotype observed in sncl adrl-L1 requires the other two
ADRI family members. In addition, all three members of the
ADRI family seem to be fully required for snc! signaling.

We then tested whether the autoimmune phenotypes caused
by additional NLR gain-of-function mutants also require the
combined action of the ADRI helpers. We crossed the adr! wriple
mutant into chs2-1, chs3-1, slh1-9 and uni-1D, each of which
exhibits autoimmune phenotypes under particular growth condi-
tions (Table S1). The uni-1D mutant carries a missense mutation
in a CNL (Ar1g61180) gene in Ws-0 (Wassilewskija), causing
severe dwarfism and seedling lethality under certain conditions
(Igari eral., 2008). uni-1D was introgressed to Col-0 and wuni-
1D/+ plants were used for our cross with the adr! triple mutant.
The Arabidopsis sth1 (sensitive to low humidity 1) mutant has a
mutation in the WRKY domain of the atypical TNL RRSI that
causes activation of defense responses and hypersensitive cell
death (Noutoshi ez L., 2005).

As shown in Fig. 7(b), the adrl triple mutant completely sup-
pressed chs2-1 under chs2-1-phenotype-inducing growth condi-
tions, although leaves from the suppressed, WT-sized plants
were often curled. We observed weak or partial suppression of
the autoimmune phenotypes of ¢hs3-1 encoding an atypical
TNL with TNL-LIM fusion (Yang eral., 2010), uni-1D (Igari
etal., 2008) and s/h1-9 (Noutoshi ezal., 2005), in each of the
respective phenotype-inducing growth conditions (Figs 7c—e,
S4). We also observed weak suppression of the seedling lethal
phenotype for uni-1D adrl triple plants under our short day
conditions on plates and on soil (Fig. S4). Together, these
results are consistent with a general helper function for the
ADRI family for NLR signaling (Bonardi eral, 2011). More
specifically, the ADRs seem to be fully required for typical TNL
signaling. We collated all known epistasis data to address what
possible common signaling pathway might functon down-
stream of the ADR helper NLRs and found that loss of SA

biosynthesis was the only function that also suppressed all of
the tested gain-of-function NLR mutations (Table S1). This is
consistent with the loss of pathogen-induced SA accumulation
in the adrl triple mutant (Bonardi eral., 2011).

Discussion

Here we report immunity-enhancing phenotypes of the loss-of-
function helper nucleotide-building leucine-rich repeat (NLR)
mutant adrl-L] in combination with sncl. Interestingly, the
ADRI-L1 paralogs ADRI and ADRI-L2 are required for this
phenotype. Transcripts of ADRI and ADRI-L2 are upregulated
in adrl-L1 mutant. Thus, it is plausible that transcriptional
upregulation of ADRI and ADRI-L2 may overcompensate for
the loss of ADRI-LI, leading to the defense-enhancing pheno-
types observed in sncl. Additionally, we provide genetic evidence
that the ADR1 helper NLR family seems to be generally required
for typical TNL-mediated immunity. This study extends our
knowledge on the functional interplay among helper NLRs.

ADRI-L1 serves as a positive regulator of immunity redun-
dantly with ADR1 and ADRI-L2 (Bonardi ezal., 2011). Using
sncl-suppressing phenotype as a criterion, these three ADR
genes seem to exhibit unequal redundancy, with ADRI appar-
ently the leading and ADRI-LI the least contributor (Fig. 6).
The unexpected sncl-enhancing phenotypes of adri-L1 loss-of-
function alleles reveal an apparent negative role in plant
defense. We sought to define the mechanism for this unex-
pected autoimmunity-enhancing effect. We first examined the
possibility that ADR1-L1 regulates SNC1 turnover, as do sev-
eral muse mutants identified in the same screen that exhibit
enhanced autoimmune phenotypes due to increased SNCI1
protein levels (Huang eral, 2014a,b). Although heightened
SNC1 levels were observed in sncl adrl-L1 double mutant
plants compared to sncl (Fig. 3a), steady-state SNCI1 protein
accumulation was unaffected in adrI-L1 or when the feedback
transcriptional upregulation of SNCI was blocked by pad4-1
(Fig. 3¢c,e). Therefore, ADRI-L1 does not seem to be involved
in the stability of steady-state SNCI protein.

Second, we tested the specificity of the autoimmunity-
enhancing effect of adri-L1. Although adri-L1 did not enhance
the autoimmunity of snc2-1D, snc4-1D, chsI-2, chs2-1 or chs3-1
(Fig. S3), it did exhibit enhanced autoimmunity in a4/ and other
SNCl/sncl-overexpression contexts, and in kdI1-2 (Figs 5, S5).
These observations suggest that the enhancement of the autoim-
mune phenotypes in sncl by adri-L1 is unlikely through a direct
regulation of SNC1-mediated immunity.

How does the specificity of ADR1-L1 come about? One possi-
bility is that the autoimmune-enhancing effects from adri-LI
rely on a certain threshold level of immune signaling (Fig. 8)
defined by immune outputs such as the expression of defense-
related genes. On the one hand, when the autoimmune pheno-
types are weak, the level of enhancement from adri-L1 is not
enough to be transformed into a significant plant size difference.
On the other, when the background autoimmunity is too strong,
it is more difficult to detect a marginal decrease in plant size due
to increased immunity caused by the loss of ADR1-L1.
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Fig. 6 Characterization of combinatory Arabidopsis mutants between snc7 and adrs. (a) Morphological phenotypes of 4-wk-old WT, snc1, sncT adri-L1,
snc adri-L2, sncT adr, snc adr1-L17 adr1-L2, snc adr1 adr1-L1, snc1 adr1 adr1-L2 and snc7 adr1 triple plants grown at 22°C under long day
conditions. (b) Fresh weights of 4-wk-old plants of the indicated genotypes grown at 22°C under long day conditions. One-way ANOVA was used to
calculate the statistical significance between genotypes, as indicated by different letters (P <0.05). Bars represent mean =+ SD (n=6). (c, d) Relative
transcript levels of PR7 and PR2 (c); ADRT and ADR7-L2 (d) in the indicated genotypes as determined by qRT-PCR. Total RNA was extracted from 4-wk-
old plants grown at 22°C under long day conditions. ACT7 was used to normalize the transcript levels. One-way ANOVA was used to calculate the
statistical significance between genotypes, as indicated by different letters (P <0.05). Bars represent mean + SD (n =3).
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Fig. 7 Arabidopsis adr1 triple mutant suppresses the autoimmune
phenotypes of typical TNL gain-of-function mutants, but not others. (a)
Morphological phenotypes of 4-wk-old WT, snc7, snc7 adr1 triple and
adr1 triple mutant plants grown at 22°C under long day conditions. (b)
Morphological phenotypes of 3-wk-old WT, chs2-1, chs2-1 adr1 triple
and adr1 triple mutant plants grown at 16°C under long day conditions.
Asterisk denotes the curled leaf suppression phenotype of some chs2-1
adr1 triple mutant plants. (c) Morphological phenotypes of 3-wk-old WT,
chs3-1, chs3-1 adr1 triple and adr1 triple mutant plants grown at 16°C
under long day conditions. (d) Morphological phenotypes of 3-wk-old
WT, slh1-9, slh1-9 adr1 triple and adr1 triple mutant plants grown at
22°C under long day conditions. (e) Morphological phenotypes of 6-wk-
old WT, uni-1D/+, uni-1D, uni-1D adr1 triple and adr1 triple mutant
plants grown at 21°C/18°C under short day conditions (9 h: 15 h,

light: dark).

Gene expression may be upregulated to compensate for the
loss of their functionally redundant paralogs (Diss ezal., 2014).
The Arabidopsis R-SNARE (soluble N-ethylmaleimide sensitive

factor attachment protein receptor) genes VAMP721 and

Activity of ADR1 family

Il ~DR1
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Fig. 8 Working model: ADR1 and ADR1-L2 overcompensate for the loss
of ADR1-L1 in defense regulation in Arabidopsis. Among the three ADR
genes, ADR7-L1 and ADR17-L2 are expressed at higher levels, whereas
ADRT is expressed at a lower level (Fig. S6; Roberts et al., 2013).
Therefore, there are potentially different amounts of the paralogous ADR
proteins in WT plants required for their normal function. Loss of ADR1-L1
leads to heightened expression of ADRT and ADR7-L2, resulting in
overcompensation of defense outputs. On the one hand, in WT, this
overcompensation is not sufficient to lead to autoimmune response and
enhanced disease resistance. However, in snc7, enhancement of the
autoimmune phenotype becomes apparent. On the other, as in chs7-2
where the autoimmunity is weak, the overcompensated ADR1 levels are
insufficient to cross the autoimmune-enhancing threshold. By contrast, the
autoimmunity as in chs3-7 has reached a maximal limit and enhancement
by adr1-L1 is not observable at the level of plant size.

VAMP722 are transcriptionally upregulated in the respective
mutant to compensate for the loss of the other (Kwon ezal,
2008). In tomato, silencing of one ethylene receptor gene, VR,
results in increased mRNA level of its redundant paralog LeETR4
(Tieman etal, 2000). Similar examples were also reported for
redundant mammalian gene families, including retinoic acid
receptor, retinoblastoma and connexin (Berard ezal, 1997;
Mulligan ezal, 1998; Minkoff ezal, 1999). In a more recent
example, Bethke eral reported that Arabidopsis pectin
methylesterases (PMEs) contribute to disease resistance against
Pseudomonas syringae. Two PME loss-of-function mutants, pme3
and pmel2, exhibited enhanced disease resistance to Pseudomonas
syringae, possibly by a similar overcompensation effect (Bethke
eral., 2014). Consistent with the paralogous gene overcompensa-
tion hypothesis, we repeatedly observed increased expression of
ADRI and ADRI-L2 in the adrI-L]1 mutant compared to WT
(Figs 5a,b, S1). This increase is magnified in the snc/ autoimmune
mutant background (Fig. 5a,b). Similar to a previous report
(Roberts etal, 2013), we observed that individual adril, adri-L1
and adrl-L2 knock-out mutants affect /Ad1-2 phenotypes



differently under our growth conditions (Fig. S5), suggesting an
unequal redundancy among the ADR1 family members. Further
analyses of the microarray data from AtGenExpress (Schmid
et al., 2005; Winter etal., 2007) revealed that the three ADRI
gene family members are not expressed at the same level, nor do
their expression levels respond to abiotic stresses to the same mag-
nitude (Fig. S6). It is therefore possible that transcriptional
upregulation of ADRI and ADRI-L2 in the adrl-LI mutant
would yield more ADR1 and ADRI-L2 proteins to replace
ADRI-L1 in quantity, thus overcompensating for the loss of
ADRI-L1 due to higher overall activity of the other two ADRI
family proteins (Fig. 8).

We cannot exclude the possibility that the proposed functional
overcompensation could include a contribution from unequal
protein stability or activity among the ADR1 family members.
This situation, for example, occurs among two human retinoblas-
toma family members, p107 and p130. Loss-of-function p130 in
T lymphocytes leads to higher levels of p107, and the predomi-
nant p130-E2F protein complex is replaced by a p107-E2F com-
plex (Mulligan eral, 1998). ADR1 and ADRI-L2 protein
function or stability might be enhanced via the elimination of the
less-effective family member ADRI-L1 as competitor.

How exactly loss of ADR1-L1 leads to upregulation of ADRI
and ADRI-L2 will be an interesting question to pursue in the
future. It could be possible that the expression of the three ADR
genes is coordinated by a common transcription factor that is
able to sense the loss of ADR1-L1 and to enhance the expression
of the other two paralogs. It is formally plausible that ADR1-L1
may be directly involved in transcriptional repression of its two
paralogs. In both scenarios, loss of ADRI-L1 would lead to an
upregulation of ADRI and ADRI-L2, leading to enhanced
immunity.

Besides the general role that ADRs play in regulating SA accu-
mulation (Bonardi eral., 2011), they also seem to have a more
specific function in controlling TNL signaling. The complete
chs2-suppressing phenotypes by adrl triple mutant
(Figs 6, 7) resemble those of pad4 and edsl, which are signaling
intermediates of many typical TNLs upstream of SA synthesis
(Wiermer ez al., 2005). These observations beg many questions
to be addressed in the future. What is the relationship between
EDS1/PAD4 and the ADRs? Where and how do these CNLs
transduce signal downstream of TNLs? What protein partners
are working together with these helper ADRs and how do the
ADR protein dynamics change during defense? Answers to these

sncl- or

questions will be vital to understand the involvement of these
ADREs in the activation of sensor TNLs.
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Supporting Information

Additional supporting information may be found in the online
version of this article.

Fig. S1 Three additional biological repeats showing that tran-
script levels of ADRI and ADRI-L2 are consistently upregulated
in adrl-L1.

Fig. 82 adri-L1 fully suppresses the cell death phenotype of /sdI-
2and chs3-1, but not that of chsI-2.

Fig. 83 adri-L1 does not enhance the autoimmune phenotypes
of snc2-1D, sned-1D, chsI-2, chs2-1 or chs3-1.



Fig. S4 Partial suppression of the uni-1D autoimmune pheno-
types by adrl triple mutant.

Fig. S5 adrl, adrl-L1 or adrl-L2 affects lsd1-2 phenotypes dif-
ferently.

Fig. S6 ADRI, ADRI-LI and ADRI-L2 have different expression

levels.

Table S1 Summary of epistasis analysis for gain-of-function
NLR mutants
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