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Summary

� Plant nucleotide-binding leucine-rich repeat (NLR) disease resistance proteins recognize

specific pathogen effectors and activate a cellular defense program. In Arabidopsis thaliana

(Arabidopsis), Resistance to Ralstonia solanacearum 1 (RRS1-R) and Resistance to

Pseudomonas syringae 4 (RPS4) function together to recognize the unrelated bacterial effec-

tors PopP2 and AvrRps4. In the plant cell nucleus, the RRS1-R/RPS4 complex binds to and

signals the presence of AvrRps4 or PopP2.
� The exact mechanism underlying NLR signaling and immunity activation remains to be elu-

cidated. Using genetic and biochemical approaches, we characterized the intragenic suppres-

sors of sensitive to low humidity 1 (slh1), a temperature-sensitive autoimmune allele of

RRS1-R.
� Our analyses identified five amino acid residues that contribute to RRS1-RSLH1 autoactivity.

We investigated the role of these residues in the RRS1-R allele by genetic complementation,

and found that C15 in the Toll/interleukin-1 receptor (TIR) domain and L816 in the LRR

domain were also important for effector recognition. Further characterization of the intragenic

suppressive mutations located in the RRS1-R TIR domain revealed differing requirements for

RRS1-R/RPS4-dependent autoimmunity and effector-triggered immunity.
� Our results provide novel information about the mechanisms which, in turn, hold an NLR

protein complex inactive and allow adequate activation in the presence of pathogens.

Introduction

Unlike animals, which possess an adaptive immune system of
mobile defender cells, the plant innate immune system is inborn
and multilayered, dependent on individual cells sensing the pres-
ence of a pathogen and subsequently triggering an immune
response. The initial layer of plant immunity is activated on
recognition of pathogen-associated molecular patterns (PAMPs)
via cell surface-localized pattern recognition receptors. This
results in pattern-triggered immunity (PTI), a defense signaling
pathway that induces a multitude of cellular changes to prevent
pathogen proliferation (Boutrot & Zipfel, 2017). This basal
defense response can be overcome by successful pathogens
through the secretion of immunity-dampening proteinaceous

effectors. Plants have, however, evolved disease resistance (R)
genes, the products of which recognize specific pathogen effectors
and activate an amplified defense response, termed effector-
triggered immunity (ETI). This often culminates in the hyper-
sensitive response (HR), a form of localized programmed cell
death (Jones & Dangl, 2006). In reality, the dichotomy between
PAMPs and effectors and, similarly, between PTI and ETI is not
always so clearly defined; however, the detection of pathogen
invasion by host receptors is essential (Cook et al., 2015).

R genes typically encode nucleotide-binding (NB) and leucine-
rich repeat (LRR) receptors. NLRs (NB-LRR R proteins)
recognize intracellular pathogen effectors either directly through
physical association or, more commonly, indirectly via the detec-
tion of the modification of host proteins. The activation of NLR
proteins results in a strong defense response that restricts
pathogen growth. As the defense responses are energetically costly*These authors contributed equally to this work.
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and can impair growth, plants avoid inappropriate NLR activa-
tion. In the absence of matching effector(s), NLRs exist in an
inactive, autoinhibited state maintained through interactions
within the NLR modular structure. The N-terminal Toll/inter-
leukin-1 receptor (TIR) or coiled-coil (CC) domains of plant
NLRs are involved in downstream signaling. Indeed, there are
several examples of TIR or CC domains eliciting an HR-like cell
death response when ectopically expressed in planta (Zhang et al.,
2017a). It is thought that the main function of the LRR domain
is the autoinhibition of NLR activity, although other roles, such
as direct effector binding, have also been demonstrated (Dodds
et al., 2006; Ade et al., 2007; Schreiber et al., 2016). The NB
domain is also responsible for maintaining an inhibited state
through ADP binding. ADP/ATP exchange by the NB domain
results in a conformational switch to the active state (Takken &
Tameling, 2009).

Several studies over the years have helped to decode how NLRs
are kept in an ‘off’ state, mainly through forward genetic screens
which have led to the identification of autoimmune-suppressed
Arabidopsis mutants. For example, snc1 (suppressor of npr1-1,
constitutive 1) is a gain-of-function mutant caused by a point
mutation between the NB and LRR encoding regions of the
TIR-NB-LRR (TNL) SNC1 gene (Li et al., 2001). This mutation
results in an overaccumulation of SNC1 protein and subsequent
autoimmunity associated with severe growth retardation (Zhang
et al., 2003). Forward genetic screens to identify suppressors of
snc1 autoimmunity resulted in the discovery of several key players
of TNL regulation (Johnson et al., 2012). However, it is unclear
whether these components are required for specific ETI signaling
as the pathogen effector recognized by SNC1 is still unknown.

The majority of NLRs function individually to recognize an
effector and signal to activate immune mechanisms; however,
some NLRs function cooperatively in a dual NLR complex, as
demonstrated in rice for the paired RGA4/RGA5 and Pi5-1/
Pi5-2 CC-NB-LRR (CNL) genes, which confer resistance to
Magnaporthe oryzae (Lee et al., 2009; Cesari et al., 2014a). In
Arabidopsis, the best-studied case is the TNL pair formed by
RRS1-R (RESISTANCE TO RALSTONIA SOLANACEARUM 1)
and RPS4 (RESISTANCE TO PSEUDOMONAS SYRINGAE 4).
RRS1-R is thought to act as a sensor NLR that perceives the
effector(s), whereas RPS4 acts as the signaling NLR to activate a
defense response (Le Roux et al., 2015; Sarris et al., 2015). The
pathogen effectors target or modify the WRKY DNA-binding
domain of RRS1-R, which suggests that the integrated WRKY
domain is a decoy for effectors targeting bona fide WRKY tran-
scription factors (Cesari et al., 2014b; Le Roux et al., 2015; Sarris
et al., 2015). Protein–protein interaction data have clarified how
RRS1-R and RPS4 function to trigger immunity. Structure/func-
tion analyses of RRS1-R/RPS4 show that their TIR domains
bind to each other directly, and the corresponding interaction
interfaces have been identified (Williams et al., 2014). Interest-
ingly, although RRS1-R and RPS4 TIR domains self-associate to
form homodimers using the same TIR interfaces identified in the
heterodimer, they form a heterodimer with a much higher affin-
ity. Importantly, RRS1-R TIR domain binding to the RPS4 TIR
domain suppresses the signaling activity of RPS4 in the absence

of the corresponding effectors, suggesting that immune activation
involves the dissociation of this heterodimeric interaction
(Bernoux et al., 2011; Williams et al., 2014; Zhang et al., 2017b).

RPS4 and RRS1-R were originally hypothesized to function
independently for the recognition of two sequence-unrelated bac-
terial effectors, AvrRps4 and PopP2, respectively, but have since
been shown to function cooperatively (Birker et al., 2009;
Narusaka et al., 2009; Sohn et al., 2014). More recently, a second
NLR pair homologous to RRS1-R and RPS4, RRS1B and
RPS4B, has been shown to confer the recognition of AvrRps4,
but not PopP2 (Saucet et al., 2015). Intriguingly, inappropriate
pairing of RRS1-R/RPS4B or RPS4/RRS1B fails to activate
AvrRps4-triggered immunity, highlighting the specificity of these
pairs in activating immunity. However, TIR domain swaps in
chimeric protein between RRS1-R and RRS1B and RPS4 and
RPS4B retain immunocompetence, implying that other regions
of the proteins outside of the TIR domains account for this
specificity.

An autoimmune mutant of RRS1-R was identified that harbors
a single leucine insertion in the RRS1-R WRKY DNA-binding
domain (Noutoshi et al., 2005). This mutant allele, slh1 (sensitive
to low humidity 1), confers temperature-sensitive constitutive
defense activation, resulting in a severely stunted morphology. A
forward genetic screen identified suppressor of slh1 immunity
(sushi) mutants, which display a range of recovered growth (Sohn
et al., 2014). More than one-half of the characterized sushi carry
causal mutations in the coding sequence (CDS) of RPS4, demon-
strating the striking similarity between slh1-induced defense
responses and RRS1-R/RPS4-dependent effector recognition and
subsequent immunity. The characterization of RPS4SUSHI vari-
ants also helped to unravel the complex features of interaction
between RPS4 and RRS1-R. To expand our knowledge of the
intricate function of this NLR pair, we undertook the characteri-
zation of the alleles of the second most abundant class of sushi,
which harbor mutations in the CDS of RRS1-R.

In this study, we identified five causal intragenic RRS1-R
SUSHI mutations, which at least partially restored the stunted
morphology and suppressed defense gene upregulation in slh1.
The SUSHI mutations differentially affected the autoactivity and
effector recognition functions of RRS1-R, as demonstrated by
complementation of the rrs1 rrs1B Arabidopsis mutant. We fur-
ther showed that the C15Y mutation in the TIR domain abol-
ishes RRS1-R function by disrupting heterodimer formation
with its signaling partner, RPS4. Importantly, we demonstrated
that several SUSHI mutations abolish autoimmunity, but not
ETI. Finally, we generated RRS1B variants harboring the corre-
sponding SUSHI mutations, which highlights intriguing differ-
ences between RRS1-R and RRS1B TIR domain function,
particularly in keeping the immune complex inactive.

Materials and Methods

Plant materials and growth conditions

Arabidopsis plants were grown in short-day conditions
(11 h : 13 h, light : dark) at 22°C. Nicotiana benthamiana and
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Nicotiana tabacum W38 plants were grown in long-day condi-
tions (14 h : 10 h, light : dark) at 25°C. No-0 and slh1 have been
described in Noutoshi et al. (2005); Ws-2 rrs1-1 has been
described in Narusaka et al. (2009); Col-0 rrs1-3 rrs1B-1 has
been described in Saucet et al. (2015).

Plasmid constructions

Genes were amplified with gene-specific primers, which intro-
duced flanking BsaI recognition sequences and specific four-base-
pair (bp) overhangs. These were ligated into the pICH41021
shuttle vector (modified pUC19 with a mutated BsaI recognition
sequence). Subsequently, pICH41021 constructs were assembled
into the appropriate Golden Gate-compatible destination vector
with an epitope tag (Engler et al., 2008).

To generate the constructs for floral dip transformation of
rrs1-3 rrs1B-1, the RRS1-R (Ws-2) gene was amplified in three
modules (2016, 2536 and 1728 bp, respectively) using the
oligonucleotide primers listed in Supporting Information
Table S1. To introduce polymorphisms, site-directed mutagene-
sis was performed on the appropriate modules (Table S1). These
modules were subsequently assembled with the RRS1-R native
promoter and a C-terminal 39Flag tag into a Golden Gate-
compatible vector, pEpiGreenB5.

For Agrobacterium-mediated delivery of constructs into
N. tabacum and N. benthamiana, the Golden Gate-compatible
binary vector, pICH86988 (provided by Sylvestre Marillonnet,
ICON Genetics), was utilized. Gene variants were fused to a
C-terminal epitope tag and assembled into pICH86988.
Effectors avrRps4 and popP2 were fused to a C-terminal yellow
fluorescent protein (YFP) tag, RRS1-R (from Ws-2) and RRS1B
(from Col-0) variants were fused to a C-terminal 39FLAG tag,
RPS4 was fused to a C-terminal 69HA (Human influenza
hemagglutinin) tag, RRS1-R and RRS1B TIR variants were fused
to a C-terminal YFP tag and RPS4 TIR was fused to a green
fluorescent protein (GFP) tag.

For yeast-two hybrid (Y2H) assays, Golden Gate-compatible
pLexA-DBD and pB42-AD vectors were used. The RPS4 TIR
CDS was fused to C-terminal 39FLAG and cloned into the
pLexA-DBD vector; RRS1-R TIR CDS variants were fused to
C-terminal 69HA and cloned into the pB42-AD vector. The
TIR domain sequences were cloned from Arabidopsis cDNA
(Ws-2 accession).

Plant pathology experiments

For HR assays in Arabidopsis, Pseudomonas fluorescens Pf0-1
(T3S) strains were streaked from glycerol stocks onto King’s B
plates with antibiotic selection and incubated for 2 d at 28°C.
Bacteria harvested from the plates were re-suspended in 10 mM
MgCl2 and diluted to an optical density at 600 nm
(OD600) = 0.2 for HR assays. Bacterial suspensions were infil-
trated into the abaxial surface of 5-wk-old Arabidopsis leaves
using a blunt-end syringe. HR was observed and photographed at
18–24 h post-infiltration (hpi).

For bacterial growth assays in transgenic lines, Pseudomonas
syringae pv. tomato (Pto) DC3000 strains were streaked and

re-suspended as for the HR assays and diluted to OD600 = 0.001
for bacterial growth assays (Sohn et al., 2014). Bacterial suspen-
sions were infiltrated as for the HR assays and, at 4 d post-
infiltration (dpi), leaf disks were taken and ground in sterile
10 mMMgCl2. Each sample was serially diluted in sterile 10 mM
MgCl2 and 20-ll spots of each sample (n = 6) and dilution were
plated on King’s B plates with appropriate antibiotics. After 2 d
of incubation at 28°C, the colony-forming units (CFU) were
counted for the least dilute sample possible.

Y2H assays

For Y2H assays, Saccharomyces cerevisiae strains EGY48 Mat(a)
and RFY206 Mat(a) were used. The latter carries the pSH18-34
vector which encodes the lacZ reporter gene under the control of
eight upstream LexA operators and the URA3 selectable marker,
allowing growth on medium lacking uracil. EGY48 and RFY206
(pSH18-34) were transformed with pB42-AD and pLexA-DBD
constructs, respectively, using the ‘Frozen-EZ Yeast Transforma-
tion II Kit’ according to the manufacturer’s recommendations
(Zymo Research, Irvine, CA, USA). pB42-AD encodes the TRP1
selectable marker, which allows yeast growth on medium lacking
tryptophan (Trp); pLexA encodes the HIS3 selectable marker,
allowing growth on medium lacking histidine (His). After
transformation of yeast with the appropriate constructs, mating
and interaction assays were performed as described in the Yeast
Protocols Handbook (Clontech, Mountain View, CA, USA ).

Agrobacterium-mediated stable transformation of
Arabidopsis thaliana

Arabidopsis thaliana rrs1-3 rrs1B-1 plants were transformed using
the floral dip transformation method described by Clough &
Bent (1998) with Agrobacterium tumefaciens AGL1 carrying
pEpiGreenB5 with RRS1-R variants. Transgenic plants were
selected using phosphinothricin at 50 lg ml�1 and two indepen-
dent T2 lines were selected for each genotype.

Agrobacterium-mediated transient transformation of
N. benthamiana and N. tabacum

Agrobacterium tumefaciens AGL1 carrying the binary constructs
was grown in liquid L-medium supplemented with the appropri-
ate antibiotics for 24 h. Cells were harvested by centrifugation
and re-suspended in infiltration medium (10 mM MgCl2 and
10 mM MES, pH 5.6). Suspensions were then adjusted to
OD600 = 0.1–0.4. Bacterial suspensions were mixed in a 1 : 1
ratio and infiltrated into the abaxial surface of 5-wk-old
N. benthamiana or N. tabacum leaves using a blunt-end syringe.
Cell death was observed and photographed after 2–3 dpi.

Protein extraction, immunopurification and
immunoblotting

Plant protein samples were prepared from N. benthamiana, 36 h
after agroinfiltration. One fully infiltrated leaf was ground in
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liquid nitrogen and total proteins were extracted in GTEN buffer
(10% glycerol, 150 mM Tris-HCl, pH 7.5, 1 mM EDTA,
150 mM NaCl) supplemented with 5 mM dithiothreitol (DTT),
protease inhibitor cocktail tablet (cOmplete, Roche) and 0.2%
(vol/vol) Nonidet P-40. Lysates were centrifuged for 15 min at
2500 g at 4°C. Supernatants were filtered through a fine mesh
(Miracloth, Millipore) and used as input samples. Immunopre-
cipitations were conducted on 1.5 ml of filtered extract incubated
for 2 h at 4°C under gentle agitation in the presence of 15 ll
anti-FLAG M2 affinity gel (Sigma). Antibody-coupled agarose
beads were collected and washed three times in GTEN buffer, re-
suspended in sodium dodecylsulfate (SDS) loading buffer and
denatured for 10 min at 96°C. Proteins were separated by
sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and analyzed by immunoblotting using anti-FLAG M2-
HRP (Sigma), anti-GFP-HRP (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or anti-HA (Roche) antibodies. Proteins were
detected with a mix of SuperSignal West Pico and SuperSignal
West Femto chemiluminescent substrates (Thermo Fisher
Scientific, Waltham, MA, USA). Membranes were stained with
Ponceau S (Sigma) to visualize protein loading.

RNA extraction and quantitative reverse transcription-
polymerase chain reaction (RT-PCR)

Total RNAs were extracted from 4–5-wk-old Arabidopsis plants
using TRI reagent (Invitrogen) according to the manufacturer’s
instructions. First-strand cDNA was synthesized from 5 lg of
RNA using a Maxima First Strand cDNA synthesis kit
(ThermoFisher Scientific) and an oligo(dT) primer, according to
the manufacturer’s instructions. cDNA was amplified in triplicate
by quantitative PCR using Prime Q-master mix (Genet Bio,
Daejeon, Republic of Korea) and a StepOnePlus RT-PCR cycler
(ThermoFisher Scientific). The relative expression values were
determined using the comparative Ct method and Ef1a
(At5g60390) as a reference. The primers used for quantitative
PCR are described in Table S1 (Sohn et al., 2014).

Recombinant protein production, circular dichroism (CD)
spectroscopy and protein–protein interaction assay

The C15Y and P68L mutations were introduced into RRS1-R
(6-153) within the pMCSG7 vector (Wan et al., 2013) by site-
directed mutagenesis using the primers described in Table S1.
Protein expression and purification of RPS4(10-178) and
RRS1-R(6-153) were performed as described previously (Wan
et al., 2013). RRS1-R(6-153)C15Y and RRS1-R(6-153)P68L were
expressed and purified under the conditions used for RRS1-R
(6-153); RRS1-R(6-153)C15Y behaved largely like the wild-type
(WT) protein; however, RRS1-R(6-153)P68L could not be
produced in a soluble form. CD spectroscopy was used to
compare the secondary structure of RRS1-R(6-153) and RRS1-
R(6-153)C15Y. Far-UV CD spectra were collected from 197 to
260 nm using a Chirascan spectrometer (Applied Photophysics
Ltd, Surrey, UK). Samples containing 0.05 mg ml�1 of purified
protein were measured at room temperature with a 1-mm

cuvette, bandwidth of 1.0 nm and integration time of 0.5 s.
Three scans were averaged, and the spectra were corrected for
buffer baseline contribution. The data were visualized using the
webserver CAPITO (http://capito.nmr.leibniz-fli.de/) (Wiede-
mann et al., 2013) with data smoothing selected. Protein–pro-
tein interaction was tested using a SuperdexTM 75 Increase 10/
300 GL size-exclusion chromatography (SEC) column (GE
Healthcare, Chicago, IL, USA). For single reactions, 100 ll
containing 60 lg of RPS4(10-178) and 50 lg of RRS1-R(6-
153) or RRS1-R(6-153)C15Y was separated over the column.
For protein–protein interactions, 60 lg of RPS4(10-178) was
combined with 50 lg of RRS1-R(6-153) or RRS1-R(6-
153)C15Y and incubated on ice for 1 h before separation over
the SEC column.

Results

Identification of intragenic suppressors of
RRS1-RSLH1-mediated immunity

To gain insights into the mode of activation of the RRS1-R/
RPS4 immune complex, we previously conducted a genetic
screen and identified sushi. Among the 72 sushi lines descending
from plants homozygous for the slh1 mutation that grew and set
seeds at the permissive temperature of 22°C, 46 carried a single
nucleotide change in the RPS4 CDS (Sohn et al., 2014). Here,
we identified 12 sushimutants that carried a nonsense or missense
polymorphism in the RRS1-R TIR (three lines), NB (four lines)
or LRR (five lines) domain CDS, and further characterized some
of them (Table 1). Similar to M2 generation, we observed in the
M3 generation that plants carrying the homozygous SUSHI
mutation in RRS1-RSLH1 displayed significant recovery from the
RRS1-RSLH1-dependent lethal phenotype (Fig. 1a). We observed
improved morphology and development of these sushi mutants
compared with slh1, ranging from very partial recovery in sushi45
and sushi26 to quasi-WT morphology in sushi84 and sushi88.
The extremely stunted growth of slh1 stems from temperature-

Table 1 RRS1-R intragenic mutations identified in sushi.

sushia Genomicb Exonc Domaind Proteine

84 tGc > tAc 1 TIR C15Y
40 Cga > Tga 1 TIR R33*
45 cCc > cTc 1 TIR P68L
81 Cga > Tga 2 NB-ARC R151*
11 gGa > gAa 2 NB-ARC G176E
33 tGg > tAg 2 NB-ARC W178*
78 tGg > tAg 3 NB-ARC W441*
26 tGc > tAc 4 LRR C607Y
23 cCa > cTa 4 LRR P741L
85 Caa > Taa 4 LRR Q787*
61 Cga > Tga 4 LRR R800*
88 Ctt > Ttt 4 LRR L814F

aNumber of the sequenced sushi line.
bNucleotide mutation identified in the RRS1-R codon.
cLocalization of the mutation in the RRS1-R coding sequence (CDS).
dLocalization of the mutation in the RRS1-R conserved domain.
eResulting amino acid change in RRS1-R protein (* indicates STOP codon).
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dependent constitutive activation of RRS1-RSLH1-dependent
immunity signaling and elevated expression of defense-related
genes (Noutoshi et al., 2005; Sohn et al., 2014). In order to inves-
tigate whether enhanced growth of sushi mutants compared with
slh1 correlates with reduced defense gene expression, we tested
the expression of several genes whose expression was markedly
upregulated during RRS1-R-dependent ETI (Sohn et al., 2014).
In plants grown at a nonpermissive temperature (28°C), expres-
sion of the defense marker genes FMO1, PBS3 and PR1 was
barely detectable in No-0, slh1 and the six sushi lines (Fig. 1b).
However, on shifting plants to a permissive temperature (19°C),
expression of the three marker genes was remarkably elevated in
slh1, but not affected in No-0, sushi84, sushi23 and sushi88. We

could, however, detect a slight induction of FMO1, PBS3 and
PR1 expression in sushi45, sushi11 and sushi26, although to a
much lesser extent than that observed in slh1. These results indi-
cate that the rescued morphology observed in the six sushi lines is
associated with the suppression of defense signaling.

SUSHImutations in RRS1-R cause suppression of
slh1-mediated immunity

According to previous findings, RRS1-R or RRS1-RSLH1 can func-
tion only when in the homo- or hemizygous, but not heterozy-
gous, state (Deslandes et al., 2002; Noutoshi et al., 2005). To
confirm that the identified missense mutations in the RRS1-R
CDS are indeed the cause of the suppressed slh1 lethality, we
crossed the six sushi mutants and WT No-0 to the Ws-2 rrs1-1
knock-out mutant. If intragenic SUSHI mutations identified in
RRS1-RSLH1 are causal, F1 hybrids should show quasi-WT mor-
phology. F1 hybrids descending from these crosses were con-
firmed to be hemizygous at the RRS1-R locus (RRS1-RSLH1/sushi/
rrs1) using the slh1 genotyping cleaved amplified polymorphic
sequences (CAPS) marker (Noutoshi et al., 2005) (Fig. S1).
When grown at the permissive temperature (22°C), five of the
sushi9 rrs1-1 F1 hybrids displayed a morphology similar to that
of the No-09 rrs1 hybrid, demonstrating that the respective mis-
sense mutations in the RRS1-R CDS caused the suppression of
slh1 lethality (Fig. 2a). On the other hand, we could infer from
the stunted growth of the sushi239 rrs1 F1 hybrids that the cor-
responding change in RRS1-R was insufficient to suppress slh1
lethality. Defense-related gene expression in these hybrids mostly
correlated with their morphology (Fig. 2b). FMO1, PBS3 and
PR1 expression was elevated in sushi239 rrs1 small hybrid plants
compared with the other sushi9 rrs1 hybrids. We can therefore
hypothesize that sushi23 harbors a second mutation at an
unknown locus encoding a component of RRS1-RSLH1 signaling.
Of note, we measured a slightly elevated FMO1 expression in
sushi459 rrs1 and sushi119 rrs1 F1 hybrids, which may indicate
a residual activity of the RRS1-RSLH1 allele in these plants.
Notwithstanding, this analysis revealed five amino acid substitu-
tions in RRS1-R that led to the suppression of aberrant defense
responses in the slh1 mutant.

Single amino acid changes in RRS1-R differentially affect
autoimmunity and ETI

To examine whether the five substitutions that suppress RRS1-
RSLH1-mediated immunity could also impact RRS1-R effector
recognition function, we introduced each of the SUSHI muta-
tions in the Ws-2 RRS1-R allele, which confers recognition of
AvrRps4 and PopP2 (Birker et al., 2009; Narusaka et al., 2009;
Sohn et al., 2014) (Fig. S2). It should be noted that the No-0
RRS1-R L814 residue aligns with L816 in Ws-2 RRS1-R as a
result of a two-amino-acid insertion in Ws-2 RRS1-R exon 4
(Table 1, Fig. S2). We transformed these constructs in the rrs1
rrs1B Col-0 background to exclude the contribution of RRS1B/
RPS4B to AvrRps4 recognition from our analysis (Saucet et al.,
2015) (Fig. 3a). We then observed the HR in selected T2 plants
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Fig. 1 Phenotype of the sushi lines carrying missense mutations in the
RRS1-RSLH1 gene. (a) Morphology of sushi carrying mutations in the
RRS1-RSLH1 gene (M3 generation), wild-type No-0 and slh1 plants grown
at 22°C under short-day conditions for 5 wk. Bar, 1 cm. (b) Quantitative
reverse transcription-polymerase chain reaction (qRT-PCR) analysis of
selected RRS1-RSLH1-regulated genes in wild-type No-0, slh1 and sushi

lines carrying mutations in the RRS1-RSLH1 gene. Transcript accumulation
is presented relative to wild-type No-0. Plants were grown at 28°C for
5 wk and then shifted to 19°C for 4 d before total RNA isolation.
Expression values represent the mean� SE of the mean measured in each
genotype from one representative experiment out of three biological
repeats.
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expressing RRS1-R variants infiltrated with modified
P. fluorescens Pf0-1 carrying the type III secretion system (here-
after, Pf0-1(T3S)) and carrying empty vector (EV), avrRps4 or
popP2 (Thomas et al., 2009; Sohn et al., 2014) (Fig. 3b). As
expected, both effectors triggered HR in the Ws-2 ecotype natu-
rally expressing RRS1-R, but not in the rrs1 rrs1B mutant. The
transgenic rrs1 rrs1B plants expressing RRS1-RWT displayed HR
in response to Pf0-1(T3S)-delivered AvrRps4 or PopP2. Strik-
ingly, both effectors also triggered HR in the transgenic rrs1
rrs1B expressing RRS1-RP68L, RRS1-RG176E or RRS1-RC607Y,
but not in the plants expressing RRS1-RC15Y or RRS1-RL816F.

To further investigate the role of SUSHI mutations in
AvrRps4- or PopP2-triggered immunity, we also measured the
multiplication of the virulent Pto DC3000 strain carrying EV,
avrRps4 or popP2 in the rrs1 rrs1B/RRS1-Rsushi transgenic lines
(Fig. 3c). Effector recognition by RRS1-R in transgenic rrs1

rrs1B/RRS1-RWT plants led to a significant (>10-fold) reduction
in avirulent Pto DC3000 growth compared with rrs1 rrs1B. Con-
sistent with our HR assay results, we observed a similar growth
restriction of avirulent strains in rrs1 rrs1B transgenic plants
expressing RRS1-RP68L, RRS1-RG176E or RRS1-RC607Y. Con-
versely, Pto DC3000 (AvrRps4) and Pto DC3000 (PopP2)
multiplied to a similar level as Pto DC3000 (EV) in rrs1 rrs1B/
RRS1-RC15Y and rrs1 rrs1B/RRS1-RL816F lines. In summary, these
experiments reveal that, although all five SUSHI mutations were
confirmed as suppressors of RRS1-RSLH1-mediated autoimmu-
nity, P68L, G176E and C607Y do not abolish effector-triggered
RRS1-R-mediated immunity.

C15Y, but not L816F, significantly reduces RRS1-R
interaction with RPS4

RRS1-R forms an immunocompetent complex in association with
RPS4 to recognize AvrRps4 and PopP2 (Sohn et al., 2014; Wil-
liams et al., 2014; Sarris et al., 2015). To further characterize the
effect of the SUSHI mutations on RRS1-R protein function, we
therefore tested the interaction of RRS1-RSUSHI variants with
RPS4 by co-immunoprecipitation. Flag-tagged RRS1-R, WT or
mutants carrying the SUSHI mutations were transiently coex-
pressed with HA-tagged RPS4 in N. benthamiana (Fig. 4). In
agreement with previous data (Sohn et al., 2014; Williams et al.,
2014), RRS1-R associated with RPS4 in vivo. Interestingly, RRS1-
RC15Y showed greatly reduced association with RPS4, whereas
RRS1-RL816F, the other variant that affected effector recognition,
associated with RPS4 in a manner similar to RRS1-RWT. Likewise,
the P68L, G176E, C607Y and P741L changes did not affect the
ability of RRS1-R to associate with RPS4. These results indicate
that, although both C15Y and L816F cause changes in RRS1-R
effector recognition, only the C15Y mutation affects the formation
of the RRS1-R/RPS4 complex in vivo.

C15Y or P68L mutation in the RRS1-R TIR domain
significantly reduces suppression of RPS4 TIR
domain-mediated cell death and interaction with the
RPS4 TIR domain

The N-terminal region of RPS4 (amino acids 1–236), com-
prising the TIR domain and a short stretch of the NB domain,
induces effector-independent cell death when transiently over-
expressed in tobacco (Zhang et al., 2004; Swiderski et al.,
2009). RPS4 TIR domain-mediated cell death can be sup-
pressed by coexpression with the RRS1-R TIR domain (amino
acids 1–175) (Williams et al., 2014). This suppression requires
the SH motif that is located at the TIR–TIR domain interface
(Williams et al., 2014). We therefore tested whether the two
SUSHI mutations, C15Y and P68L, located in the RRS1-R
TIR domain, could affect the RPS4 TIR domain-mediated cell
death (Fig. 5a). Similar to RRS1-R(1-175)WT and RRS1-R(1-
175)S25A/H26A, Agrobacterium-mediated transient expression
(hereafter, agroinfiltration) of RRS1-R(1-175)C15Y or RRS1-R
(1-175)P68L alone did not induce cell death (Williams et al.,
2014) (Fig. 5b). As expected, agroinfiltration of RPS4(1-236)
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Fig. 2 Identification of five missense mutations in the RRS1-R gene that
caused suppression of slh1 lethality. (a) The F1 hybrids betweenWs-2
rrs1-1 and sushi were grown for 5 wk at 22°C under short-day conditions
before the photograph was taken. Bar, 1 cm. (b) The morphological
phenotypes of the F1 hybrids (shown in (a)) correlate with the FMO1,
PBS3 and PR1 transcript level as determined by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR). Transcript
accumulation is presented relative to the No-09 rrs1-1 F1 hybrid.
Expression values represent the mean� SE of the mean measured in each
genotype from one representative experiment out of two biological
repeats.
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with GFP or RRS1-R(1-175)S25A/H26A, but not with RRS1-R
(1-175)WT, induced a cell death response. Interestingly, coex-
pression with RRS1-R(1-175)C15Y or RRS1-R(1-175)P68L also
failed to suppress RPS4(1-236)-mediated cell death (Fig. 5b).
This result suggests that C15 and P68 are required for the
inhibitory activity of the RRS1-R TIR domain on RPS4 TIR
domain-mediated defense activation.

Because RRS1-R and RPS4 TIR domains physically associate
with each other, we examined the effect of C15Y and P68L on
the direct physical interaction between RPS4 and RRS1-R TIR
domains. To this end, we used a LexA-based Y2H system in
which RPS4(1-236) was fused to the LexA DNA-binding
domain, and RRS1-R(1-175) variants were fused to the B42
activation domain (Fig. 5c). As reported previously (Williams
et al., 2014), RPS4(1-236) physically interacts with RRS1-
R(1-175)WT, but not with RRS1-R(1-175)S25A/H26A, in yeast
cells. We also observed a lack of interaction between the RPS4
TIR domain and RRS1-R(1-175)C15Y or RRS1-R(1-175)P68L,
although all the RRS1-R TIR domain variants accumulated to a
similar amount in yeast cells.

Previously, we have shown that purified forms of the RPS4
and RRS1-R TIR domains produced in Escherichia coli form a
stable 1 : 1 heterodimeric complex (Williams et al., 2014). To test
the effect of the C15Y and P68L mutations on this interaction
in vitro, we expressed RRS1-R(6-153)C15Y and RRS1-R(6-
153)P68L in E. coli. However, despite multiple attempts, only the

C15Y mutant could be produced and purified in a soluble form,
with similar yields to the WT protein (Fig. 5e). In addition, CD
spectroscopy of the purified RRS1-R(6-153) and RRS1-R(6-
153)C15Y proteins revealed very similar spectra, indicative of
folded, predominantly helical, proteins (Fig. 5d, e) (Wan et al.,
2013). As reported previously (Williams et al., 2014), RRS1-R
(6-153) and RPS4(10-178) recombinant proteins formed a com-
plex over SEC, consistent with the heterodimer, as evident by the
earlier elution profile (Fig. 5f). However, RRS1-R(6-153)C15Y

failed to form a complex with RPS4(10-178), indicating that this
mutation abolishes the TIR–TIR interaction (Fig. 5f). Taken
together, these data suggest that the RRS1-R TIR domain carry-
ing C15Y or P68L mutation loses the ability to suppress RPS4
TIR domain-mediated defense activation as a result of reduced
TIR–TIR association.

C12Y and P63L mutations do not affect RRS1B function

The Arabidopsis genome contains close homologs of RRS1-R and
RPS4, RRS1B and RPS4B, which are 60% identical to RRS1-R
and RPS4, and also genetically and physically associate with each
other to recognize AvrRps4 (Saucet et al., 2015). Although incor-
rect pairing (e.g. RRS1B/RPS4 or RRS1-R/RPS4B) leads to non-
functional complexes, TIR domain swaps between these two
protein pairs retain effector recognition function. This suggests
that the TIR domains have similar roles for effector-triggered
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Fig. 3 Several SUSHImutations in RRS1-
RSLH1 that abolish autoimmunity are not
required for effector-triggered immunity.
(a) Expression of the RRS1-RSUSHI variants in
transgenic rrs1-3 rrs1B-1 (rrs1 rrs1B) T2 lines
as determined by semi-quantitative PCR.
(b) Analysis of AvrRps4- or PopP2-triggered
hypersensitive response in rrs1 rrs1B

transgenic lines expressing RRS1-RSUSHI

variants. Five-wk-old Arabidopsis leaves
were infiltrated with Pf0-1(T3S) strains
carrying empty vector (EV), avrRps4 or
popP2. The photograph was taken at 24 h
post-infiltration (hpi). (c) Restriction of
pathogen growth in rrs1 rrs1B transgenic
lines expressing RRS1-RSUSHI variants. Five-
wk-old Arabidopsis leaves were infiltrated
with Pseudomonas syringae pv. tomato (Pto)
DC3000 carrying EV, avrRps4 or popP2.
Infected leaf samples were taken at 4 d post-
infiltration (dpi) to measure bacterial
numbers. WT, wild-type. The results
presented are the mean� SE of the number
of colonies recovered. Asterisks indicate
statistical difference at the 95% confidence
level based on Student’s t-test between the
selected sample and EV for the same
genotype. The data presented are from one
representative experiment out of three
biological repeats conducted on two
independent T2 lines for each genotype.
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activation in both paired NLRs (Saucet et al., 2015). RRS1B and
RRS1-R TIR domains share ~70% identity at the amino acid
level and the S25H26 motif (S22H23), C15 (C12) and P68
(P63) residues are located in highly conserved regions of RRS1-R
and RRS1B, respectively (Fig. S3). Therefore, we sought to
examine whether these residues are equally important for RRS1B
function, using the well-established agroinfiltration assay system
in tobacco (Sohn et al., 2014; Sarris et al., 2015; Saucet et al.,
2015). Coexpression of RPS4 and RRS1-RWT, but not RRS1-
RS25AH26A, with AvrRps4 or PopP2 led to cell death (Fig. 6a).
Consistent with the data obtained in Arabidopsis transgenic lines
(Fig. 3), RRS1-RP68L, but not RRS1-RC15Y, could recognize the
effectors when coexpressed with RPS4. As shown previously
(Saucet et al., 2015), coexpression of RPS4B and RRS1BWT with
AvrRps4 also led to cell death in tobacco leaves (Fig. 6b). How-
ever, although this signaling was dependent on the S22H23
motif, the C12Y and P63L substitutions did not affect RRS1B/
RPS4B-mediated recognition of AvrRps4. This result indicates
that only the SH motif is required for the activation of the
RRS1B/RPS4B complex by AvrRps4 recognition. It has been
demonstrated that, similar to the RRS1-R TIR domain, the
RRS1B TIR domain can suppress RPS4(1-236)-mediated cell
death in tobacco (Saucet et al., 2015). Consistent with this previ-
ous finding, RRS1B(1-166) suppressed RPS4(1-236)-mediated
cell death in tobacco (Fig. 6c). Surprisingly, this suppression was
still effective when the RPS4(1-236) TIR domain was coex-
pressed with the RRS1B(1-166)S22A/H23A, RRS1B(1-166)C12Y or
RRS1B(1-166)P63L TIR domain (Fig. 6c). Full-length or trun-
cated RRS1B variants showed detectable protein expression level
by immunoblot analysis (Fig. S4). Taken together, our results
reveal the distinct requirements of RRS1B TIR domain function
in effector recognition in comparison with the RRS1-R TIR
domain.

Discussion

We report the identification of several missense and nonsense
SUSHI mutations in RRS1-R that abolish the autoimmunity of
RRS1-RSLH1. Unexpectedly, three of these SUSHI mutations
(P68L, G176E and C607Y) did not alter RRS1-R/RPS4-
mediated recognition of the corresponding effectors AvrRps4 and
PopP2. Detailed analysis of C15Y and P68L changes in the
RRS1-R TIR domain revealed that the P68L mutation reduced
heterodimeric TIR–TIR association between RRS1-R and RPS4,
but did not significantly alter the interaction of full-length pro-
teins. These results may suggest that the RRS1-R TIR domain
carries a property that is dispensable for effector recognition, but
essential for autoimmunity. On the other hand, the correspond-
ing mutations in RRS1B, C12Y and P63L did not alter AvrRps4
recognition. This may indicate that mechanistically distinct prop-
erties are required for the activation of the functionally redundant
(for AvrRps4 recognition) NLRs, RRS1-R and RRS1B.

The TIR domain plays a crucial role in NLR activation of
plant immunity. TIR domain-induced initiation of HR was first
demonstrated over a decade ago in the flax NLR L10 and Ara-
bidopsis RPS4 studied herein (Frost et al., 2004; Zhang et al.,
2004). The downstream signaling cascade that culminates in HR
is initiated on correct TIR–TIR domain self-association, such as
in flax L6 (Bernoux et al., 2011). Interestingly, it appears that
TIR domains from different NLRs may employ a common self-
association mechanism via multiple interfaces (Nishimura et al.,
2017; Zhang et al., 2017b).

Similarly, TIR–TIR domain heterodimeric association is a
fundamental requirement for paired NLR function. However,
this TIR–TIR domain association is not only involved in the
induction of HR, but also in the autoinhibition of the immune
complex. Williams et al. (2014) showed that the defense induc-
tion mediated by RPS4 TIR domain self-association is repressed
in the resting state by heterodimerization of the RPS4 TIR
domain with the RRS1-R TIR domain. This revealed a new layer
of function for TIR domain association other than downstream
signaling. A similar yet distinct mechanism has been demon-
strated in the paired RGA4 and RGA5 via their CC domains
(Cesari et al., 2014a).

Despite the repression of RPS4 TIR domain-mediated cell
death by the RRS1-R TIR domain, RRS1-R/RPS4 TIR–TIR
domain interaction is crucial for the effector recognition function
of this NLR pair (Williams et al., 2014). Our findings in this
study corroborate this and shed more light on the molecular basis
of correct immune complex formation. Two RRS1-R TIR
domain mutations, C15Y and P68L, were identified as causal
SUSHI mutations and were shown to impair association with the
RPS4 TIR domain. Therefore, the role of the RRS1-R TIR
domain in this system is not simply to maintain autoinhibition.
In the full-length context, correct association of the RRS1-R TIR
domain with the RPS4 TIR domain may be required to transmit
the signal from the effector sensor (RRS1-R) to the signal trans-
ducer (RPS4).

With reference to the RRS1-R TIR domain structure, C15
resides within the bA strand and is not surface exposed, whereas
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P68 is surface exposed at the C-terminus of the bC strand. In the
RRS1-R/RPS4 TIR domain heterodimeric structure, neither
C15 nor P68 localizes to the protein–protein interface; therefore,
understanding the causal effect of the mutation that results in the
loss of TIR–TIR domain interaction is not trivial. One explana-
tion for the loss of interaction between RPS4 and RRS1-R C15Y
is that the substitution of a bulky tyrosine side-chain at this posi-
tion would cause a clash with residues located on the aA helix
(Fig. S5). The aA helix is critical for both hetero- and homomeric
interactions in TIR domains (Williams et al., 2014; Zhang et al.,
2017b). As such, the C15Y mutation may have an indirect effect
on the interface, because some repositioning of the aA helix
could be required to compensate for the mutation, and this may,
in turn, destabilize the interaction interface. Despite this, the
mutation itself is tolerated in terms of folding of the TIR domain
in E. coli, as the CD spectra of the WT and mutant proteins are
essentially indistinguishable. Conversely, soluble forms of the
P68L mutant could not be produced in this recombinant system.

One possible explanation of these data is that the P68L mutation
has a disruptive effect on the overall structure and fold of the TIR
domain; however, given the heterologous nature of its produc-
tion, other factors cannot be discounted. The RRS1-R P68L TIR
domain accumulates in yeast, although this is not necessarily an
indicator of a correctly folded protein. It is plausible that, in the
context of the full-length RRS1-R/RPS4 complex, the P68L
mutation can be tolerated, and this may explain why P68L does
not disrupt the interaction between the full-length proteins.

The finding that single amino acid changes in RRS1-R differ-
entially affect autoimmunity and ETI was somewhat unexpected.
This uncoupling of autoimmunity and ETI has not been demon-
strated previously in a plant NLR. From this, we can infer that
the mechanistic basis of autoimmunity is different from effector-
triggered RRS1-R-dependent immunity. There are two promi-
nent theories describing how NLRs switch between ‘ON’ and
‘OFF’ states. The original theory states that the NB-ARC domain
acts as a molecular switch, via the binding of ADP or ATP,
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generating the ‘OFF’ and ‘ON’ states, respectively (Tameling
et al., 2002, 2006; Williams et al., 2011). A modified theory is
the equilibrium-based switch activation model, whereby NLRs
exist in equilibrium between ADP-bound (‘OFF’) and ATP-
bound (‘ON’), and effector binding stabilizes the latter (Bernoux
et al., 2016). If either of these apply to the RRS1-R/RPS4 com-
plex, a mutation in RRS1-RSLH1 may suppress the switch from
ADP-bound to ATP-bound RPS4 through intra- or intermolecu-
lar interactions, but perhaps this can be overcome by effector
binding. Indeed, immunity triggered by AvrRps4 or PopP2 may
simply be stronger than that mediated by autoactive RRS1-
RSLH1. Based on the sushi mutant morphology, the three muta-
tions that do not affect immunity triggered by AvrRps4 or PopP2
(P68L, G176E or C607Y) are all partial suppressors of the
autoimmune phenotype of slh1. Conversely, the two mutations

that abolish AvrRps4- and PopP2-triggered immunity (C15Y
and L816F) fully restore WT morphology, and thus it can be
inferred that they fully suppress slh1 autoimmunity. Therefore,
although P68L, G176E and C607Y mutations at least partially
suppress autoimmunity, they may be insufficient to suppress the
effector-triggered immune response. Of note, AvrRps4 and
PopP2 did not trigger HR in sushi11 (RRS1-RSLH1/G176E) and
sushi45 (RRS1-RSLH1/P68L) plants, despite triggering HR in rrs1
rrs1-3 transgenic plants expressing RRS1-RSUSHI in the absence of
the slh1 mutation (Fig. S6). We speculate that the presence of the
slh1 mutation in the sushi mutants abolished PopP2 recognition
capability.

It is notable that there are differences in the mechanistic basis
of AvrRps4 and PopP2 recognition (Sarris et al., 2015; Ma et al.,
2018). RRS1-R/RPS4 appears to be an exquisitely coevolved
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RRS1-R variants were coexpressed with RPS4
and AvrRps4 in Nicotiana tabacum leaf cells.
(b) The RRS1BC12Y variant recognizes
AvrRps4 when coexpressed with RPS4B in
N. tabacum. Full-length WT, S22A/H23A
(SH-AA), C12Y and P63L RRS1B variants
were coexpressed with RPS4B and AvrRps4
in N. tabacum leaf cells. (c) The SH motif in
the RRS1B TIR domain is not required to
suppress RPS4 TIR domain-mediated cell
death. WT, S22A/H23A (SH), C12Y and
P63L RRS1B(1-166) TIR domain variants
were coexpressed with green fluorescent
protein (GFP) or RPS4(1-236). All
photographs were taken 3 d after
agroinfiltration. Dotted boxes indicate cell
death. The occurrence of cell death on the
total number of infiltrated areas across three
biological repeats is indicated.
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NLR pair; whether autoimmunity and ETI can be uncoupled in
other NLRs remains to be seen. In this context, it is noteworthy
that, despite their high degree of similarity, the RRS1-R/RPS4
and RRS1B/RPS4B complexes display major differences in their
activation requirements. We showed here that the SH motif in
RRS1B is required for AvrRps4 recognition in the tobacco sys-
tem. However, although this motif is required in the RRS1-R
TIR domain to suppress RPS4 TIR domain signaling, it appears
that the RRS1B TIR domain S22A/H23A can still inhibit this
signal. This suggests that the SH motif contributes to the activa-
tion of the complex in the presence of the effector, but not to the
repression component maintaining the complex inactive in the
absence of an effector. Similarly, the C12Y and P63L changes in
the RRS1B TIR domain do not affect the suppression of RPS4
TIR domain-induced cell death.

Outside the TIR–TIR domain interface, the immunocompe-
tence of the RRS1-R/RPS4 complex also relies on physical associ-
ation between the C-terminal domains of both proteins,
specifically the so-called DOM4 of RRS1-R (preceding the
WRKY domain) and CTD of RPS4 (Ma et al., 2018). The pres-
ence of the extra leucine residue in the WRKY domain of RRS1-
RSLH1 probably prevents the inhibition of the complex by
DOM4 through disturbed interaction between the WRKY
domain and DOM4. We could therefore hypothesize that the
L816F mutation situated close to the junction between the LRR
domain and DOM4 induces a conformational shift, leading to
the restoration of the complex inhibition by DOM4 in the pres-
ence of the destabilizing extra leucine of the WRKY domain.
However, this new conformation may lock the complex in an
inactive state that cannot be released by binding of the effectors.
Further intramolecular interaction studies investigating the role
of the LRR domain of RRS1-R for release of the autoinhibited
state and activation of the complex are required to improve our
understanding of these mechanisms. Suppression of autoimmu-
nity, but maintenance of an immunocompetent complex, is, in
essence, the default state of all NLRs. The results described herein
exemplify the delicate balancing act that each NLR must play
between autoinhibition and immunocompetence.
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