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Summary

� Toll/interleukin receptor (TIR)-nucleotide binding site (NB)-type (TN) proteins are encoded

by a family of 21 genes in the Arabidopsis genome. Previous studies have shown that a muta-

tion in the TN gene CHS1 activates the activation of defense responses at low temperatures.

However, the underlying molecular mechanism remains unknown.
� To genetically dissect chs1-mediated signaling, we isolated genetic suppressors of chs1-2

(soc). Several independent soc mutants carried mutations in the same TIR-NB-leucine-rich

repeat (LRR) (TNL)-encoding gene SOC3, which is adjacent to CHS1 on chromosome 1.
� Expression of SOC3 was upregulated in the chs1-2 mutant. Mutations in six soc3 alleles

and downregulation of SOC3 by an artificial microRNA construct fully rescued the chilling

sensitivity and defense defects of chs1-2. Biochemical studies showed that CHS1 interacted

with the NB and LRR domains of SOC3; however, mutated chs1 interacted with the TIR, NB

and LRR domains of SOC3 in vitro and in vivo.
� This study reveals that the TN protein CHS1 interacts with the TNL protein SOC3 to modu-

late temperature-dependent autoimmunity.

Introduction

Plants rely on their sophisticated immune system to fight
pathogens. Previous studies have identified at least two layers of
defense in the plant immune system, namely pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTI) and effec-
tor-triggered immunity (ETI) (Jones & Dangl, 2006). PTI is the
first level of defense and is governed by transmembrane pattern
recognition receptors (PRRs) that recognize microbial-associated
molecular patterns (MAMPs) or PAMPs (Tsuda & Katagiri,
2010). Successful pathogens have evolved effectors that are trans-
ferred into the plant cell to suppress PTI. The second layer of
defense, ETI, is mediated by resistance (R) proteins that recog-
nize pathogen effectors (Cui et al., 2015). Once the defense
response is triggered, pathogen infection is suppressed (Qi et al.,
2011; Sohn et al., 2012). The response is often accompanied by
the hypersensitive response (HR), which involves the accumula-
tion of salicylic acid (SA), the induction of PATHOGENESIS-
RELATED (PR) genes, the production of reactive oxygen species
(ROS) and programmed cell death (PCD) (Hammond-Kosack
& Jones, 1996; Jones & Dangl, 2006).

In Arabidopsis, the largest class of R proteins contains
nucleotide-binding (NB) and leucine-rich repeat (LRR) domains.

This class can be divided into two subclasses, which encode either
a coiled-coil (CC) domain or a Toll/Interleukin-1 receptor (TIR)
domain at the N-terminus. Recent studies revealed that in some
cases, NB-LRR proteins execute their functions in the forms of
pairs with another NB-LRR proteins (Eitas & Dangl, 2010).
These NB-LRR pairs include Arabidopsis RESISTANCE TO
PERONOSPORA PAEASITICA 2A (RPP2A)-RPP2B (Sinapi-
dou et al., 2004), and RESISTANT TO RALSTONIA
SOLANACEARUM 1 (RRS1)-RESISTANCE TO PSEUDOM
ONAS4 (RPS4) (Narusaka et al., 2009; Williams et al., 2014),
wheat LEAF RUST RESISTANCE GENE10 (LR10)-RES
ISTANCE GENE ANALOGUE 2 (RGA2) (Loutre et al., 2009),
rice RGA4 and RGA5 (Cesari et al., 2013), and tobacco N and
N REQUIREMENT GENE 1 (NRG1) (Peart et al., 2005).

In addition to NB-LRR class R genes, some Arabidopsis R-like
genes, called TIR-NB (TN)-type genes, often locate adjacent to
the TIR-NB-LRR (TNL) genes in the Arabidopsis genome (Mey-
ers et al., 2002). Overexpression of several TN genes leads to con-
stitutively activated immune responses (Nandety et al., 2013).
Loss-of-function of TN2/LCD4 (Lesion Cell Death) partially res-
cues the cell death phenotype of bon1 bon3 double mutants (Li
et al., 2009), suggesting that TN2 is required for the copine pro-
tein BON-mediated defense response. A recent study demon-
strated that TN2 interacts directly with one subunit of the
exocyst complex, EXO70B1, and might monitor EXO70B1*These authors contributed equally to this work.
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integrity as part of an immune receptor complex (Zhao et al.,
2015). Despite the lack of conclusive evidence, TN proteins are
considered TNL adaptor proteins, and pairs of TN and TNL
proteins are hypothesized to work together as complexes (Meyers
et al., 2002; Nandety et al., 2013). Yeast two-hybrid assays
demonstrated that some TN proteins can interact with TNL and
effector proteins from pathogens (Nandety et al., 2013). Recent
studies showed that the TN-type protein CHILLING
SENSITIVE 1 (CHS1) controls temperature-dependent growth
and defense responses (Hugly et al., 1990; Wang et al., 2013;
Zbierzak et al., 2013). The chs1-conferred phenotypes are depen-
dent on PHYTOALEXIN DEFICIENT 4 (PAD4) and
ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) (Wang
et al., 2013; Zbierzak et al., 2013), two important regulators that
are required for TNL protein function and basal disease resis-
tance (Glazebrook et al., 1996; Aarts et al., 1998). These findings
suggest that specific unknown TNL-type protein(s) might be
involved in chs1-mediated responses.

Emerging evidence has shown that R-mediated plant immune
responses are modulated by temperature (Garrett et al., 2006;
Alcazar & Parker, 2011; Hua, 2013). High temperatures tend to
reduce the activation of anti-pathogen defense pathways and
responses triggered by specific R genes (Wang et al., 2009;
Alcazar & Parker, 2011). A recent study showed that relative
higher temperatures (23–32°C) promote the PTI signaling path-
way, yet when the ambient temperature is below 16°C, PTI
responses are compromised and the R gene-mediated ETI signal-
ing is more activated (Cheng et al., 2013). A gain-of-function
mutation in the TNL gene SNC1 (SUPPRESSOR OF NPR1-1,
CONSTITUTIVE 1), snc1-1, constitutively activates defense
responses at 22°C that are inhibited at 28°C (Zhang et al., 2003;
Yang & Hua, 2004). A second point mutation in snc1-4 activates
the immune response at both 22°C and 28°C (Zhu et al., 2010).
The snc1-4 protein accumulates in the nucleus at 22°C and
28°C, suggesting that nuclear accumulation of SNC1 is critical
for its activity. The same point mutation introduced into a
tobacco R gene, N, also promotes defense responses at elevated
temperatures, and an N-mediated temperature-dependent
defense response is correlated with the N protein localization, as
the SNC1 protein does, suggesting that R genes are likely the key
temperature-sensitive components of defense responses (Zhu
et al., 2010). Besides modulating the nucleo-cytoplasmic ratio of
R or R-like proteins, elevated temperature is also found to be
capable of downregulating the CHS1/chs1 protein concentra-
tion, and this downregulation might be responsible for tempera-
ture-dependent defense responses mediated by chs1 (Wang et al.,
2013). In addition, gain-of-function mutations in R proteins,
including RECOGNITION OF PERONOSPORA PARASITICA
4 (RPP4) and CHS3, activate defense responses and exhibit sensi-
tive phenotypes at 16°C, which are also suppressed at 22°C
(Huang et al., 2010; Yang et al., 2010; Bi et al., 2011). Similarly,
incompatible F1 hybrid plants undergo necrosis and defense
responses mediated by R-like genes are activated at chilling tem-
peratures (Bomblies et al., 2007; Alcazar et al., 2009). These find-
ings support the temperature regulation of R- or R-like-mediated
defense responses.

In order to identify new components of chs1-mediated path-
ways, we performed a forward genetic screen for suppressors of
chs1 (soc) mutations that suppress the chilling-sensitive pheno-
types of chs1-2. One SOC gene (SOC3) encodes a TNL-type pro-
tein and is adjacent to the CHS1 gene on chromosome 1. Wild-
type CHS1 interacts with the NB and LRR domains of SOC3,
whereas mutated chs1 associates with all three domains of SOC3.
These results indicate that CHS1 is a key component modulating
the activity of the TNL protein SOC3.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-0),
chs1-2 (Hugly et al., 1990), sgt1b (Gray et al., 2003) and soc3-7
(SALK_069931C) plants were used in this study. Plants were
grown in soil or in 0.59 Murashige and Skoog (MS) medium
supplemented with 2% (w/v) sucrose and 0.8% (w/v) agar at
22°C with a 16 h : 8 h, light : dark cycle. For phenotypic analysis,
plants were grown at 22°C for 3 wk and shifted to 16°C for an
additional week. Nicotiana benthamiana plants were grown at
26°C with a 16 h : 8 h, light : dark photoperiod.

Genetic screen for socmutants and cloning of SOC3

chs1-2 seeds were mutagenized with ethane methylsulfonate
(EMS), and c. 40 000 M2 plants from c. 4000M1 plants were
screened to identify soc mutants that rescued chs1-2 to a wild-type
(WT) phenotype at 16°C.

In order to map SOC3, chs1-2 soc3 was crossed to Ler, and F2
populations were generated. However, no phenotype segregation
was observed at 16°C, suggesting that SOC3 is closely linked to
CHS1 on the genome. Candidate genes close to CHS1 were
amplified by PCR and sequenced. The primers are listed in Sup-
porting Information Table S1.

Plasmid construction and plant transformation

A 5.63-kb fragment from WT genomic DNA, including 2 kb
upstream of the SOC3 coding region, the SOC3 coding region
and the 30-untranslated region (SOC3:SOC3), was amplified and
cloned into pCAMBIA1300 (CAMBIA) to generate the SOC3:
SOC3 construct. This construct was transformed into chs1-2
soc3-1 plants. To generate the amiSOC3 construct, the primers
SOC3ami-I to SOC3ami-IV were used to replace the miRNA
and miRNA* regions with artificial sequences from the
miR319a backbone (Schwab et al., 2006). The SOC3 miRNA
precursors were amplified by PCR and cloned into pMDC99-
32A, and this construct was transformed into chs1-2. The
primers are listed in Table S1.

CRISPR constructs for CHS1 and CHL1 were made with
CRISPR technology as described previously (Xing et al.,
2014). Briefly, the two CHS1 target sites were chosen using a
bioinformatics website (http://www.genome.arizona.edu/crispr/
CRISPRsearch.html) and were incorporated into forward and
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reverse PCR primers. The CHS1-CRISPR cassette was gener-
ated by PCR amplification from pCBC-DT1T2 with the
primer pairs CHS1-BsF/F0 and CHS1-BsR/R0. The PCR
products were digested with BsaI and cloned into pHSE401,
resulting in pHSE401-CHS1. The pHSE401-CHL1 construct
was created in the same way. The primers used to make these
constructs are listed in Table S1.

The Agrobacterium tumefaciens strain GV3101 carrying differ-
ent constructs was used to transform WT, chs1-2 or chs1-2 soc3-1
plants by floral-dip transformation (Clough & Bent, 1998).
pHSE401-CHS1 was transformed into WT Col plants, and trans-
genic plants obtained by CRISPR technology were identified in
the T1 generation by digestion with BpuE1 and Fok1 and
sequencing analysis. At the T2 generation, nontransgenic plants
were segregated as previously described (Xing et al., 2014) to cre-
ate chs1-c1 and chs1-c2 mutants. pHSE401-CHL1 was trans-
formed into the chs1-c1 mutant, and transgenic plants were
identified by digestion with MfeI and sequencing analysis to gen-
erate chs1-c1 chl1-c double mutants.

Cell death analysis

Trypan blue and 3,30-diaminobenzidine (DAB) staining was per-
formed as described previously (Bowling et al., 1997; Thordal-
Christensen et al., 1997). An ion leakage assay was performed as
described previously (Lee et al., 2002). Plants were grown at
22°C for 3 wk and then shifted to 16°C for an additional week.
The percentage of ion leakage was measured as the ratio of con-
ductivity before and after autoclaving.

GUS staining assay and confocal laser microscopy

In order to generate the SOC3:GUS construct, a 2-kb genomic
fragment upstream of the SOC3 coding region was amplified and
cloned into the pZPGUS2 vector (Diener et al., 2000). The his-
tochemical detection of GUS activity was performed as previ-
ously described (Wang et al., 2013).

Full-length SOC3 cDNA was amplified and cloned into
pSuper1300 (Ni et al., 1995) with a GFP tag to generate Super:
SOC3-GFP. Super:SOC3-GFP was transformed into
N. benthamiana leaves as described (Walter et al., 2004). Green
fluorescent protein (GFP) fluorescence was visualized using a
confocal laser scanning microscope (LSM510; Zeiss) 72 h after
the transformation of N. benthamiana leaves.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR) analysis

Total RNA was extracted from plants grown at 22°C for 3 wk
and shifted to 16°C for an additional 3 d using TRIzol reagent
(Invitrogen). cDNA was prepared from 2 lg of total RNA with
M-MLV reverse transcriptase (Promega), and qRT-PCR was per-
formed with the SYBR Green PCR Master Mix kit (Takara,
Kusatsu, Japan). Gene expression levels were normalized to
ACTIN2, and the gene-specific primers for qRT-PCR are listed
in Table S1.

Yeast two-hybrid assay

The full-length, TIR, NB and LRR cDNAs from SOC3 were
amplified and cloned into pGADT7, and full-length CHS1/
chs1 cDNAs were amplified from the Col and chs1-2 mutants,
and cloned into pGBKT7. A yeast two-hybrid assay was per-
formed following Matchmaker GAL4 two-hybrid system 3 kit
instructions (Clontech, Mountain View, CA, USA). Yeast
transformants were grown on SD-Trp-Leu-His-Ade (-LWHA)
or SD-Trp-Leu-His (-LWH) medium. Primers used for the
constructs are listed in Table S1.

Pull-down assay

The full-length CHS1/chs1 cDNAs were amplified from Col and
the chs1-2 mutant and cloned into pQE-80L with a His tag. The
TIR, NB and LRR cDNAs from SOC3 were amplified and
cloned into pGEX4T-1 with a GST tag (GE Healthcare,
Uppsala, Sweden). The pull-down assay was performed as
described previously (Wang et al., 2011). Primers used for the
constructs are listed in Table S1.

BiFC assay

The full-length CHS1/chs1 cDNAs were amplified from Col and
the chs1-2 mutant and cloned into pSPYNE-35S and the
full-length SOC3 cDNAs were amplified and cloned into
pSPYCE-35S. The CHS1/chs1-YFPN or YFPN were co-expressed
transiently with SOC3-YFPC or YFPC fusion proteins in
N. benthamiana leaves as described (Walter et al., 2004). YFP sig-
nals were visualized using a confocal laser scanning microscope
(LSM510; Carl Zeiss, Oberkochen, Germany) 72 h after trans-
formation.

Co-immunoprecipitation assay

Full-length SOC3 cDNA and the TIR, NB and LRR fragments,
as well as the full-length cDNA from CHS1/chs1, were amplified
and cloned into pSuper1300 with Myc or Flag tags to generate
the Super:SOC3/SOC3TIR/SOC3NB/SOC3LRR-Myc and Super:
CHS1/chs1-Flag constructs. Primers used for the constructs are
listed in Table S1.

Co-immunoprecipitation (IP) assays were performed as
described previously (Ding et al., 2015) with minor modifica-
tions. Briefly, the plasmids were purified and transformed into
Arabidopsis protoplasts from 20-d-old WT seedlings grown on
0.59 MS plates. After transformation, the protoplasts were
incubated at 22°C for 16 h, and proteins were extracted with
extraction buffer (150 mM NaCl, 10 mM Tris-HCl pH 7.6,
2 mM EDTA, 0.5% NP-40 and 19 Roche protease inhibitor
cocktail). To examine the interaction between SOC3 and
CHS1/chs1, the protein extracts were incubated with anti-Myc
beads (Sigma-Aldrich) at 4°C for 2 h. The precipitated samples
were washed five times with extraction buffer, followed by
immunoblotting analysis with an anti-Flag antibody (Sigma-
Aldrich).
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Analysis of protein sequences

The sequences of proteins was analyzed by using online tool
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/
npsa_secco%20ns.html) (Combet et al., 2000). The HNN
method was chosen for further analysis. The alignment program
provided in software Vector NTI (Invitrogen) was used to align
the sequences of a-helix A (aA).

Results

The chs1-1/chs1-2mutants are gain-of-function mutants

Previous studies revealed that CHS1 encodes a TN-type protein.
The same point mutation in the chs1-1 and chs1-2 mutants causes
auto-activation of defense responses at low temperatures of 16°C
or below (Wang et al., 2013; Zbierzak et al., 2013). Hereafter, we
used chs1-2 for further study. The chs1-2 mutant is considered as
a loss-of-function mutant because knocking-down CHS1 results
in chilling sensitivity (Wang et al., 2013; Zbierzak et al., 2013).
To further characterize chs1-2, we generated chs1-c1 knockout
mutants containing a 5-bp deletion at 175–179 in the CHS1
coding region and chs1-c2 knockout mutants containing a 4-bp
deletion at 175–178 in the CHS1 coding region using CRISPR
technology (Fig. 1a). We screened for mutants that did not har-
bor the CAS9 gene from T2 progeny to exclude CAS9 effects.
CHL1 (CHS1-like 1) shares 56% amino acid sequence identity
with CHS1. We therefore mutated CHL1 in the chs1-c1 back-
ground using CRISPR technology to generate three double
mutants, chs1-c1 chl1-c1, chs1-c1 chl1-c2 and chs1-c1 chl1-c3, and
also segregated the CAS9 gene from these mutants. These
mutants harbor a 1-bp deletion at 170, 7-bp deletion at 164–170
and 4-bp deletion at 168–171, respectively, in the CHL1 coding
region (Fig. 1b). RT-PCR analysis showed that chs1-c1, chs1-c2,
chs1-c1 chl1-c1, chs1-c1 chl1-c2 and chs1-c1 chl1-c3 were null
mutants (Fig. 1c). At both 22°C and 16°C, the chs1-c1 and chs1-
c2 mutants showed phenotypes similar to WT plants (Fig. 1d,e).
The cell death and H2O2 accumulation were also similar to WT
plants (Fig. 1f). Moreover, none of these double mutants showed
distinguishable phenotypes from WT plants at both 22°C and
16°C in terms of morphology, cell death and H2O2 accumula-
tion (Fig. 1d–f), indicating that loss-of-function of CHS1 and
CHL1 does not confer a chilling-sensitive phenotype similar to
chs1-2. Moreover, in the previous study, we identified two sup-
pressors of chs1-2 (chs1-r1 and chs1-r2) (Wang et al., 2013) that
contain second-site mutations at G152R and A138V, respec-
tively, in the TIR domain of CHS1 and might cause loss of
CHS1 function. Taken together, these data suggest that chs1-2 is
an altered function mutant, and chs1 is a mis-activated form.

Identification and characterization of chs1-2 suppressors

In order to identify more components acting downstream of the
chs1 mutant protein, genetic suppressors of chs1-2 (soc) were
screened. Ethane methylsulfonate (EMS)-mutagenized chs1-2
mutant populations were used to screen for mutants that rescued

the chs1-2 phenotype to WT morphology at 16°C. In total, 12
suppressors were isolated. Of these, two are revertants of chs1-2
which carried second-site mutations in CHS1 (Wang et al.,
2013), two are soc1-1 and soc1-2 which carried mutations in
PAD4, which is consistent with our previous study showing that
PAD4 is required for chs1-conferred chilling sensitivity (Wang
et al., 2013). Another two suppressor mutants, soc2-1 and soc2-2
contained G-A and C-T mutations at 1026 and 920 in SGT1b,
respectively, as determined by sequencing (Fig. S1a). We gener-
ated a chs1 sgt1b double mutant by crossing chs1-2 to sgt1b (Gray
et al., 2003). Similar to soc2, sgt1b fully suppressed chilling sensi-
tivity, cell death and H2O2 accumulation at 16°C (Fig. S1a–c).
Previous reports showed that PR1 and PR2 were dramatically
upregulated in chs1-2 at 16°C (Wang et al., 2013; Zbierzak et al.,
2013), and expression of the PR genes in chs1-2 was also largely
inhibited by sgt1b (Fig. S1d). These results suggest that SGT1b is
required for the chs1-mediated defense response. In addition, the
other six soc3 mutants (soc3-1 to soc3-6, described below) were
isolated. In this study, we focused on the characterization of the
soc3-1 mutant.

When plants were grown at a normal temperature (22°C), no
significant differences were observed between WT Col, chs1-2
and chs1-2 soc3-1 (called chs1 soc3 hereafter) (Fig. 2a). However,
after the plants were transferred to 16°C for an additional 7 d,
the chs1-2 mutant became yellow and wilted, whereas the chs1
soc3 double mutant resembled WT plants (Fig. 2a). We next ana-
lyzed whether the cell death and H2O2 accumulation in chs1-2
induced by chilling stress were inhibited by the soc3-1 mutation.
The cell death and H2O2 accumulation in chs1 soc3 were restored
to WT levels (Fig. 2b,c). Ion leakage in chs1 soc3 also was signifi-
cantly suppressed at 16°C (Fig. 2d). Moreover, the upregulation
of the PR1 and PR2 genes in chs1-2 under chilling stress also was
fully blocked in the chs1 soc3-1 mutant (Fig. 2e).

Cloning the SOC3 gene

In order to further characterize soc3, we crossed chs1 soc3 with
chs1-2, and the F1 progeny chs1 soc3+/� showed necrosis inter-
mediate between the WT Col and chs1-2 plants after transfer to
16°C (Fig. S2a). Cell death and H2O2 accumulation were also
observed in chs1 soc3+/�, albeit at lower levels than chs1-2
(Fig. S2b,c). Among the F2 progeny, the segregating ratio was c.
1 : 2 : 1. These results indicate that soc3-1 is a semi-dominant
mutant at a single nuclear locus.

In order to identify the SOC3 gene, F2 progeny were generated
by crossing chs1 soc3 with Ler. However, none of the F2 plants
showed a chilling-sensitive phenotype at 16°C, implying that
SOC3 is tightly linked to CHS1. Consequently, genes close to the
CHS1 locus in the Arabidopsis genome were sequenced. A substi-
tution from G to A in At1g17600, which is adjacent to CHS1
(At1g17610), was identified, which resulted in a Gly to Glu
change in amino acid 445 in SOC3. Sequence analysis revealed
that SOC3 encodes a TNL protein (Figs 3a, S3). We also
sequenced the At1g17600 gene in the other five soc3 mutants. All
of them (soc3-2 to soc3-6) contained mutations in At1g17600
(Fig. 3b). Except for soc3-4, which carried a mutation in the
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(a)

(b)

(d)

(e)

(f)

(c)

Fig. 1 Phenotypes of loss-of-function of chs1 chl Arabidopsismutants created by CRISPR technology. (a) Schematic description of the CRISPR construct
for CHS1. Deletions detected in genomic DNA of chs1-c1 and chs1-c2 are shown by SANGER sequencing chromatography. (b) Schematic description of
the CRISPR construct for CHL1. Deletions detected in genomic DNA of chl1-c1, chl1-c2 and chl1-3mutants are shown. (c) Expression of CHS1 and CHL1
genes in wild-type (WT) Col, chs1-c1 and chs1-c2, chs1-c1 chl1-c1, chs1-c1 chl1-c2 and chs1-c1 chl1-c3 revealed by RT-PCR. (d) Phenotype of WT Col,
chs1-2, chs1-c1 and chs1-c2, chs1-c1 chl1-c1, chs1-c1 chl1-c2 and chs1-c1 chl1-c3 grown at 22°C for 3 wk. (e) Phenotype of WT Col, chs1-2, chs1-c1
and chs1-c2, chs1-c1 chl1-c1, chs1-c1 chl1-c2 and chs1-c1 chl1-c3 grown at 22°C for 3 wk and shifted to 16°C for 1 wk. (f) Trypan blue and DAB staining
of the true leaves from plants described in (e). Bars, 0.5 mm.
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SOC3 LRR domain, the other soc3 alleles carried mutations in
the SOC3 NB domain (Fig. S3), suggesting that the NB and
LRR domains of SOC3 are important for its function. All of
these soc3 mutants suppressed the chs1-2 sensitive phenotype

when grown at 16°C (Fig. 3c). The extensive cell death, H2O2

accumulation and expression of PR genes also were fully sup-
pressed in these chs1 soc3 mutants at 16°C (Fig. 3d–f), suggesting
that SOC3 is At1g17600. We also isolated one T-DNA SOC3

(a) (b)

(c)

(e)

(d)

Fig. 2 Suppression of chs1-conferred chilling sensitivity by soc3-1 Arabidopsismutant. (a) Phenotypes of wild-type (WT) Col, chs1-2 and chs1-2 soc3-1.
The plants were grown at 22°C for 3 wk (upper), or plants were grown at 22°C for 3 wk and shifted to 16°C for 1 wk (lower). (b) Trypan blue staining of
the true leaves fromWT Col, chs1-2 and chs1-2 soc3-1 plants described in (a). Bar, 1 mm. (c) DAB staining of the true leaves fromWT Col, chs1-2 and
chs1-2 soc3-1 plants described in (a). Bar, 1 mm. (d) Ion leakage in WT Col, chs1-2 and chs1-2 soc3-1 plants grown at 22°C for 3 wk and shifted to 16°C
for the indicated time. The values represent the average of three technical replicates � SD (**, P < 0.01; Student’s t-test). Three independent experiments
were performed with similar results. (e) Expression of PR genes WT Col, chs1-2 and chs1-2 soc3-1 plants described in (a). Total RNA was extracted and
used for qPCR analysis. Values were normalized to the expression of ACTIN2. The values represent the average of three technical replicates � SD. Three
independent experiments were performed with similar results.
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(a)

(c)

(d)

(e)

(f)

(b)

Fig. 3 Cloning of the Arabidopsis SOC3 gene. (a) Gene structures of the SOC3 cluster genes, including SOC3, CHS1/TN1 and TN2. Exons and
introns are represented by grey boxes and solid lines, respectively. Arrows indicate the orientation of genes. The locations of the soc3 mutations
are shown. (b) Mutations identified in the soc3 alleles. (c) Phenotypes of Col, chs1-2, and chs1 soc3 plants. The plants were grown at 22°C for
3 wk and shifted to 16°C for 1 wk. (d) Trypan blue staining of true leaves from the plants described in (c). Bar, 1 mm. (e) DAB staining of the
true leaves from the plants described in (c). Bar, 1 mm. (f) Expression of PR genes in Col, chs1-2, and chs1 soc3 plants. The plants were grown
at 22°C for 3 wk and shifted to 16°C for 3 d. The values represent the average of three technical replicates � SD. Three independent experiments
were performed with similar results.

� 2016 The Authors

New Phytologist� 2016 New Phytologist Trust
New Phytologist (2016)

www.newphytologist.com

New
Phytologist Research 7



insertion line (SALK_069931C) named soc3-7. The soc3-7
mutant was indistinguishable from the WT plant at both 22°C
and 16°C (Fig. S4).

In order to confirm that the chs1 soc3 phenotype was caused by
the mutations in At1g17600, a construct containing a 5.63-kb
genomic fragment from WT plants, including the coding region
of SOC3, 2 kb of its promoter and the 30-untranslated region
(UTR) (SOC3:SOC3), was generated and transformed into chs1
soc3 plants. All three independent transgenic lines were pheno-
typically similar to chs1-2 soc3-1+/� and showed weaker pheno-
types than chs1-2 in terms of morphology, cell death, H2O2

accumulation and upregulation of PR expression at 16°C
(Fig. S5), indicating that WT SOC3 partially complemented the
chs1 soc3 phenotypes during chilling stress. This result is

consistent with the characterization of soc3-1 as a semi-dominant
mutant, suggesting that the mutation in soc3-1 has dose-
dependent effects on chs1 phenotypes.

Downregulation of SOC3 in chs1-2 suppresses chs1 pheno-
types

Next, we examined whether SOC3 expression was affected in the
chs1-2 and chs1 soc3 mutants. SOC3 expression was much higher
in chs1-2 than in WT Col, and its expression was largely reduced
in chs1-2 soc3-1 plants at 16°C (Fig. 4a). Moreover, we found
that SOC3 expression was also upregulated in the transgenic
plants overexpressing CHS1-GFP compared to the WT (Wang
et al., 2013) (Fig. S6). It is noteworthy that expression of SOC3

(a)

(b)

(c)

(d)

Fig. 4 Loss of SOC3 function in Arabidopsis suppresses the chs1-conferred phenotypes at 16°C. (a) Expression of the SOC3 genes in amiSOC3 plants. The
wild-type (WT) Col, chs1-2, chs1 soc3 and two amiSOC3 lines in the chs1-2 background (chs1/amiSOC3) were grown at 22°C for 3 wk and shifted to
16°C for 3 d. Total RNA was extracted and used for qPCR analysis. The values represent the average of three technical replicates � SD. Three independent
experiments were performed with similar results. (b) Phenotypes of WT Col, chs1-2, chs1 soc3 and chs1/amiSOC3 plants grown at 22°C for 3 wk and
shifted to 16°C for 1 wk. (c) Trypan blue and DAB staining of the true leaves fromWT Col, chs1-2, chs1 soc3 and chs1/amiSOC3 plants grown at 22°C for
3 wk and shifted to 16°C for 1 wk. Bars, 1 mm. (d) Expression of PR genes in WT Col, chs1-2, chs1 soc3 and chs1/amiSOC3 plants grown at 22°C for 3 wk
and shifted to 16°C for 3 d. The values represent the average of three technical replicates � SD. Three independent experiments were performed with
similar results.
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is much higher in the chs1-2 mutant than in CHS1-
overexpressing lines (Fig. S6), consistent with CHS1 expression
itself not being strongly limiting for the SOC3-dependent
chilling sensitivity phenotype.

Because the SOC3 locus is closely linked to CHS1, it is
impossible to generate a double mutant of chs1-2 with the
SOC3 mutant soc3-7. Therefore, we generated an artificial
microRNA construct, amiSOC3, and transformed it into the
chs1-2 mutant. Of the eight independent lines generated, six
lines demonstrated lower SOC3 transcription levels than the
chs1-2 mutant. We examined two representative lines (#3 and
#4) that had < 20% SOC3 expression of the chs1-2 mutant
when grown at 16°C (Fig. 4a). These two amiSOC3/chs1-2
lines completely suppressed chilling sensitivity, cell death and
H2O2 accumulation in chs1-2 at 16°C (Fig. 4b,c). Moreover,
PR expression in the two chs1-2/amiSOC3 lines also was dra-
matically inhibited (Fig. 4d). Taken together, these results fur-
ther indicate that the chs1-conferred phenotypes were
attributed to the upregulation of SOC3.

SOC3 expression and subcellular localization

In order to examine tissue-specific SOC3 expression, we gener-
ated a SOC3: b-glucuronidase (GUS) construct fusing the 2-kb
sequence upstream of SOC3 before the translational start site to

the GUS gene. SOC3:GUS activity was detected primarily in
developing seeds, hypocotyls, rosette leaves, cauline leaves and
inflorescences (Fig. 5a).

In order to explore the SOC3 function, we examined SOC3-
GFP subcellular localization in N. benthamiana leaves and
detected in both the cytoplasm and nucleus (Figs 5b, S7). Previ-
ous studies showed that CHS1 was localized in the cytoplasm and
nucleus (Wang et al., 2013), and the similar localization of SOC3
and CHS1 suggests that they might function as a protein
complex.

SOC3 interacts with CHS1/chs1 in vitro

In a previous study, we proposed that WT CHS1 and a mutated
form of chs1 (i.e. the mutated allele in the chs1-2 mutant
CHS1A10T) might heterodimerize with an unknown TNL pro-
tein, leading to activation of the TNL protein (Wang et al.,
2013). We observed that the chs1-2 mutant phenotype was com-
pletely suppressed by soc3. Based on our data, we hypothesize that
SOC3 interacts physically with CHS1/chs1. To test this hypothe-
sis, WT CHS1 and mutated chs1 were cloned into the pGBK
vector, and the TIR (1-186 aa), NB (187–510 aa) and LRR
(511–1049 aa) domains from SOC3 were cloned into the pGAD
vector. Western blot analysis showed that all of these proteins
were expressed in yeast (Fig. S8). A yeast two-hybrid assay

(a)

(b)

Fig. 5 Expression of SOC3 and localization of
SOC3 in Arabidopsis. (a) Representative
GUS staining of SOC3:GUS transgenic plants
in the developing seeds (i), the two-leaf (ii)
and six-leaf (iii) stages, the stem and cauline
leaf (iv), and inflorescences (v). (b)
Subcellular localization of SOC3 in Nicotiana
benthamiana. Super:SOC3-GFP and Super:

CHS1-GFPwere transiently expressed in
N. benthamiana leaves. GFP fluorescence
was visualized 72 h after transformation. The
GFP vector was used as a control. Bar,
40 lm.
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indicated that WT CHS1 failed to interact with the TIR domain
of SOC3, but interacted with the NB and LRR domains of
SOC3 (Fig. 6a). By contrast, the chs1 protein interacted with all
three domains of SOC3 in yeast (Fig. 6b). We found that the
TIR domain of chs1 interacted directly with the TIR domain of
SOC3 in yeast (Fig. S9a).

Furthermore, CHS1/chs1-His and different GST-tagged
SOC3 domains were expressed in E. coli and purified for pull-

down assays. The NB and LRR domains from SOC3 pulled
down CHS1, but SOC3 TIR domain did not (Fig. 6c). How-
ever, mutated chs1 pulled down the TIR, NB and LRR
domains from SOC3 (Fig. 6d). In addition, the chs1 TIR
domain directly pulled down the SOC3 TIR domain in vitro
(Fig. S9b). Taken together, these results demonstrate that
SOC3 TIR domain interacts with mutated chs1, but not with
the WT CHS1 in vitro.

(a) (b)

(c) (d)

Fig. 6 Interaction of SOC3 with CHS1/chs1 in vitro. (a, b) Interaction of different domains of SOC3 and CHS1 (a) or chs1 (b) in yeast. Yeast cells co-
transformed with different constructs were grown on selective media lacking Leu and Trp (-LW) or lacking Leu, Trp and His (-LWH) to express SOC3 TIR,
Toll/interleukin-1 receptor domain (1–186 aa), the SOC3 NB, nucleotide-binding domain (187–510 aa), and the SOC3 LRR, leucine-rich repeat domain
(511–1049 aa). The protein expression in yeast is shown in Supporting Information Fig. S6. (c, d) In vitro pull-down assays showing the interaction of
SOC3 and CHS1 (c) or chs1 (d). Purified GST-SOC3 TIR, GST-SOC3 NB, GST-SOC3 LRR and GST proteins were incubated with CHS1-His (c) or chs1-His
(d), which were immobilized with His beads. The proteins were immunoprecipitated with anti-GST antibody and pulled down with anti-His antibody. The
GST protein was included as a negative control. Three independent experiments were performed with similar results.

Fig. 7 Interaction of SOC3 with CHS1/chs1 in vivo. (a, b) Co-IP assays showing the interaction of CHS1 and full-length or specific domains from SOC3 in
Arabidopsis protoplasts. CHS1-Flag and SOC3-Myc (a) or SOC3 TIR-Myc/SOC3 NB-Myc/SOC3 LRR-Myc (b) combinations were co-expressed in
Arabidopsis protoplasts. Total proteins were extracted and immunoprecipitated with an anti-Myc antibody and blotted with an anti-Flag antibody. The
proteins from crude lysates (input) were detected with an anti-Myc antibody for SOC3 fragments and an anti-Flag for CHS1. (c, d) Co-IP assay showing
the interaction of chs1 and the full-length or specific domains of SOC3 in Arabidopsis protoplasts. The Super:chs1-Flag and Super:SOC3-Myc (c) or SOC3
TIR-Myc/SOC3 NB-Myc/SOC3 LRR-Myc (d) combinations were co-expressed in Arabidopsis protoplasts. Total proteins were extracted and
immunoprecipitated with an anti-Myc antibody and blotted with an anti-Flag antibody. The proteins from crude lysates (input) were detected with an anti-
Myc antibody for SOC3 fragments and an anti-Flag antibody for chs1. (e) BiFC assay showing the interaction of CHS1/chs1 and SOC3. The CHS1/chs1-
YFPN and SOC3-YFPC fusion proteins were co-expressed transiently in Nicotiana benthamiana leaves. YFP signals were visualized by confocal microscopy.
Bar, 40 lm. (f) The effect of cold stress on the interaction of SOC3 and chs1. The Super:chs1-Flag and SOC3 TIR-Mycwere co-expressed in Arabidopsis

protoplasts. After incubation at 22°C for 16 h, half volume of protoplasts was kept in 22°C and the other half was treated with 16°C for additional 3 h.
Total proteins were extracted and immunoprecipitated with an anti-Myc antibody and blotted with an anti-Flag antibody. The proteins from crude lysates
(input) were detected with an anti-Myc antibody for SOC3 fragments and an anti-Flag antibody for chs1. The ratio of band intensity of co-IP/IP to input/
input at 22°C was set to 1. Four independent experiments were performed with similar results.
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SOC3 interacts with CHS1/chs1 in vivo

In order to test the interaction of SOC3 with CHS1/chs1 in
plants, a co-IP assay was performed in Arabidopsis

protoplasts expressing Super:CHS1/chs1-Flag and Super:SOC3/
SOC3TIR/SOC3NB/SOC3LRR-Myc. The CHS1 protein co-
immunoprecipitated full-length SOC3 (Fig. 7a). The NB and
LRR domains from SOC3, but not the TIR domain, interacted

(a) (b)

(c) (d)

(e) (f)
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with CHS1 (Fig. 7b). By contrast, the co-IP assay showed that
chs1 pulled down all three SOC3 domains and full-length
SOC3 when expressed in Arabidopsis protoplasts (Fig. 7c,d). The
SOC3 TIR domain interacted with the chs1 TIR domain in
Arabidopsis protoplasts (Fig. S9c). Furthermore, a bimolecular
fluorescence complementation (BiFC) assay was performed in
N. benthamiana leaves, and the interaction of CHS1/chs1 and
SOC3 occurred in the cytoplasm (Fig. 7e). In addition, we
examined whether the interaction of chs1 and SOC3 TIR was
affected by low temperature in Arabidopsis protoplasts expressing
Super:chs1-Flag and Super:SOC3TIR-Myc. The results showed
that the interaction of chs1-SOC3 TIR was stronger at 16°C
than that in 22°C (Fig. 7f). These results indicate that CHS1
associates with the NB and LRR domains of SOC3 but not the
TIR domain in vitro and in vivo. When CHS1 is mutated to
chs1, it can interact with the SOC3 TIR domain. These data
suggest that the A10T mutation in the CHS1 TIR domain
changes the conformation of CHS1, allowing interaction with
the SOC3 TIR domain. Stronger apparent chs1 interaction with
SOC3-TIR at lower temperature suggests that a chs1-SOC3
TIR-TIR dimerization is associated with activation of chilling
stress.

P-loop is required for SOC3 function

Previous reports have shown that overexpression of TIR regions
plus 40–80 additional residues of some TNL proteins can trigger
effector-independent cell death (Frost et al., 2004; Michael
Weaver et al., 2006; Swiderski et al., 2009; Krasileva et al., 2010;
Bernoux et al., 2011). These regions are now structurally defined
as complete TIR domains (Williams et al., 2014). We therefore
transiently expressed the complete TIR region, containing aA-
aE, of SOC3 (1–248 aa) by infiltration with Agrobacterium
tumefaciens strains carrying a SOC3-TIR construct in
N. benthamiana leaves (Figs 8a, S10a; Methods S1, S2), and
found that extensive cell death occurred at 3 d after infiltration
(Fig. S10b). SOC3 contains a P-loop motif (GxxxxGKT/S),
which is involved in coordinating with ATP binding and is gen-
erally essential for TNL activity (Tameling et al., 2006). To
examine whether the P-loop is required for SOC3 function, we
mutated the K218 to A in the P-loop to generate SOC3-
TIRK218A construct and transiently expressed it in
N. benthamiana leaves (Fig. S10a). The cell death was nearly
abolished (Fig. S10b), suggesting that the intact P-loop of SOC3
is indispensable for the TNL activity.

Discussion

Previous studies have shown that at low temperatures, a mutation
in a Toll/interleukin receptor (TIR)-nucleotide binding site
(NB)-type (TN) protein (CHS1) causes a typical autoimmune
response that is likely mediated by a TIR-NB-leucine-rich repeat
(LRR) (TNL) protein, which requires EDS1 and PAD4 (Wang
et al., 2013; Zbierzak et al., 2013). In this study, several different
alleles of one gene encoding a classic TNL protein SOC3 were
isolated as chs1-2 suppressors in a genetic screen. These mutations

resulted in loss of TNL function in chs1-2 and fully rescued the
chilling-sensitive phenotype in chs1-2. These results strongly sup-
port our previous hypothesis that TNL-type proteins are involved
in chs1-mediated cell death at low temperatures (Wang et al.,
2013; Zbierzak et al., 2013).

Genome-wide analysis has revealed that the R and R-like genes
are often located in clusters on plant chromosomes. The tight

(a)

(b)

Fig. 8 The proposed working model for CHS1/SOC3-mediated cell death
in Arabidopsis at low temperatures. (a) Prediction of aA helices in CHS1/
chs1 and SOC3 TIR domains. Online analysis tools (https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_seccons.html)
were used. Shade boxes show aA helices in the top, and alignment of the
first aA helices is shown in the bottom. (b) A model for CHS1/SOC3-
mediated cell death. In wild-type (WT) plants, CHS1 and SOC3 are in
same protein complex because CHS1 and NB/LRR domains of SOC3
interact; however, CHS1 does not interact with the SOC3 TIR domains. In
this state, SOC3 activity is below the threshold and does not activate
defense responses, even under chilling stress. In chs1-2mutant, the
substitution of A to T at residue 10 in the predicted aA helix of CHS1 TIR
domain might interact with the H30 of SOC3, leading to constitutive
defense response and cell death at low temperatures.
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physical linkage of TNL, TN and TX (genes encoding proteins
without NBS or LRR domains) in one genetic cluster might
maintain this combination of allelic variants for interacting gene
products, possibly providing a selective advantage during evolu-
tion (Meyers et al., 2002; Jacob et al., 2013). Two adjacent TNL
proteins in Arabidopsis, RPP2A and RPP2B, are required for
resistance to the oomycete pathogen Hyaloperonospora
arabidopsidis (Aarts et al., 1998; Sinapidou et al., 2004). A recent
study found that the RPS4 and RRS1 TIR domains form
heterodimers that are required for a functional RPS4/RRS1 effec-
tor recognition complex (Williams et al., 2014). RRS1 destabi-
lizes the interaction between the RPS4 TIR domains and inhibits
RPS4 activation; this R protein pair functions as an ‘integrated
decoy’ (Le Roux et al., 2015; Sarris et al., 2015). Several similar R
protein pairs have been identified in Arabidopsis, rice and other
plant species, suggesting that this dual-R system is conserved
(Cesari et al., 2014). A more recent genetic screen showed that
the autoimmunity conferred by a mutation in a TNL CHS3,
chs3-2D, relies on the TNL-encoding gene CSA1 adjacent to the
CHS3 locus (Xu et al., 2015). These examples indicate that these
tandemly located R/R or R/R-like gene pairs are efficient systems
in the pathogen defense response.

Interestingly, most TN genes are also physically close to TNL
genes in the Arabidopsis genome (Meyers et al., 2002). This tight
linkage of TN and TNL genes suggests that the function of the
TN proteins is closely related to the function of their cognate
TNL proteins. In this study, we observed that the TN-encoding
CHS1 gene is adjacent to the TNL-encoding SOC3 gene in the
Arabidopsis genome. Loss of SOC3 function completely sup-
pressed the chilling-sensitive phenotype of chs1-2, indicating that
SOC3 is activated in chs1-2 at low temperatures. Further bio-
chemical studies showed that both CHS1 and mutated chs1
interact with the NB and LRR domains of SOC3, but only chs1
can interact with SOC3 TIR domain, implying that the TN pro-
tein might form a suitable complex with the TNL protein to
function in the temperature-mediated disease resistance.

The TIR domain is an intracellular domain in Toll-like recep-
tors (TLRs) that were identified in animals (Tapping, 2009).
Given that TLR proteins function by forming homotypic TIR–
TIR interactions in mammalian and Drosophila immune
responses, TNL proteins in plants were thought to trigger
defense responses by forming similar TIR-TIR dimers (Meyers
et al., 2002). This hypothesis was supported by recent studies on
the TNL protein L6 in flax (Bernoux et al., 2011) and a pair of
R proteins RPS4/RRS1 in Arabidopsis (Narusaka et al., 2009;
Williams et al., 2014). In this study, we revealed that the SOC3
TIR domain interacts with chs1 but not CHS1. The crystal
structure analysis of the TIR domains revealed residues within
the aA and aE helices (designated as aA and aE, respectively) in
the TIR domains of RPS4 and RRS1 can form the largest inter-
face of this kind of TIR–TIR heterodimerization (Williams
et al., 2014). Because we revealed that the TIR domains of chs1
and SOC3 are able to form heterodimerization in the present
study, we speculated that SOC3/chs1 TIR domain heterodimer-
ization is formed through a similar structure. The mutation
point of CHS1 is adjacent to the N-terminal, so it is most likely

that the mutation changes the structure of CHS1-aA. In order
to screen the best method to identify the aA in CHS1 and
SOC3, we analyzed the amino acid sequences of the TIR
domains of RPS4 (the amino acid residues of aA is R29-L41) and
RRS1 (the amino acid residues of aA is Y21-R33) by running 10
consensus secondary structure prediction methods provided by
online tools (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?
page=/NPSA/npsa_secco%20ns.html) (Combet et al., 2000)
(Fig. 8a). The method named HNN was chosen because its
results best match those results in a previous report on aA iden-
tification (aA of RPS4 is L27-L39, aA of RRS1 is V19-R33) (Wil-
liams et al., 2014). This method then was used to predict the
possible a-helices in the TIR domains of CHS1 and SOC3. The
results showed there are at least five a-helices in the TIR domain
of each protein, and the aA of CHS1/chs1 and SOC3 is Y5-S19

and K25-A25, respectively (Fig. 8a). In the case of RPS4/RRS1
TIR domain heterodimeration, the core of the interface is stabi-
lized by stack interaction between hydrophilic amino acid
residues H34 of RPS4 and H26 of RRS1, which are also the most
conservative amino acid residues of aA in RPS4 and RRS1 (Wil-
liams et al., 2014). After the sequence alignment analysis, we
found that SOC3 has the same conservative His residue in its
aA (H30). We did not find any His residue in the aA of CHS1.
However, we found that the sequence of CHS1-aA is more simi-
lar to the sequence of RRS1-aA than that of RPS4-aA. More-
over, based on the result of the alignment between CHS1-aA
and RRS1-aA, we found that the corresponding residue in
CHS1 is A10 (Fig. 8a). Because A10 of CHS1 is a hydrophobic
amino acid residue, it is impossible to have interaction with
hydrophilic residue H30 of SOC3. However, this residue in chs1
is mutated to T10 (Wang et al., 2013; Zbierzak et al., 2013), a
hydrophilic amino acid residue. Thus, interaction (probably
through hydrogen bonds) may happen between T10 of chs1 and
H30 of SOC3, and the predicted interface of the chs1/SOC3
TIR domain heterodimeration becomes stable, thus maintaining
TIR (chs1)-TIR (SOC3) heterodimerization and activating the
downstream EDS1/PAD4-dependent defense response at low
temperatures.

In a previous study, the transcription levels of RPP4
(At4g16860), RPP5 (At4g16950) and SNC1 (At4g16890) were
significantly upregulated in bal, cpr1 and snc1 mutants compared
to wild-type (WT), suggesting that the RPP5 gene cluster can be
coordinately regulated (Yi & Richards, 2007). There is also evi-
dence that small RNAs, which can target the RPP5 locus R genes,
are involved in this regulation (Yi & Richards, 2007). In the pre-
sent study, we found that the transcription level of the R gene
SOC3 was dramatically increased in the chs1-2 mutant compared
to WT. It is noteworthy that the expression of the TN2 gene
adjacent to CHS1 was also significantly increased in the chs1-2
mutant (Fig. S11a). We speculate that a similar mechanism is
regulating SOC3 transcription levels. These data suggest the
SOC3 transcriptional upregulation contributes to chs1-triggered
constitutive defense responses at low temperatures, and R or R-
like genes at an adjacent locus also might transcriptionally regu-
late the SOC3 gene. In addition, other R genes, including CHS2/
RPP4, CHS3, RPM1 and RPS4 also were upregulated in chs1
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mutant under chilling stress, whereas SNC1 expression was unaf-
fected (Fig. S11b).

The chs1-2 mutant was considered as loss-of-function mutant,
because the chilling sensitivity was observed in CHS1 RNAi or
down-expression lines in previous studies, although the extent
was much lower than for chs1-2 (Wang et al., 2013; Zbierzak
et al., 2013). In the present study, however, no distinguishable
chilling sensitivity was observed in either the CHS1 knock-out or
CHS1/CHL1 knock-out mutants generated by CRISPR/Cas9
technology compared to WT plants. Combined with results from
the previous study showing that second point mutations in CHS1
suppressed chs1-conferred chilling sensitivity (Wang et al., 2013),
we conclude that chs1-2 is an altered function mutant and that
chs1 is a mis-activated form. The recessive nature of chs1-2 muta-
tion might derive from it not competing very well with WT
CHS1 protein complexes. A possible explanation for chilling sen-
sitivity observed in CHS1 RNAi lines or down-expression lines in
previous studies (Wang et al., 2013; Zbierzak et al., 2013) is that
the expression of other unknown defense response suppressors
might also be interfered in those lines.

In sum, we propose a working model for chs1-mediated cell
death (Fig. 8b). The protein concentration of CHS1/chs1 at nor-
mal temperatures is lower than that at low temperatures and is
insufficient to trigger a defense response, even though the TIR
domain of chs1 could interact with the SOC3 TIR domain. At
low temperatures, the WT CHS1 TIR domain does not interact
with the SOC3 TIR domain; in this case, the R activity of SOC3
is below the threshold to trigger cell death. In the chs1-2 mutant,
the substitution of Ala to Thr at residue 10 in the predicted aA
helix of CHS1 TIR domain might interact with the His30 of
SOC3, allowing the SOC3 TIR domain to heterodimerize with
chs1 TIR domain and trigger signaling (above the threshold),
leading to constitutive defense response and cell death at low
temperatures.
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Fig. S3 The mutated positions of soc3 mutants in the SOC3 pro-
tein of Arabidopsis.

Fig. S4 The phenotypes of the soc3-7 Arabidopsis mutant.

Fig. S5Complementation of the chs1 soc3 Arabidopsis mutant by
a wild-type SOC3 fragment.

Fig. S6 Expression of CHS1 (a) and SOC3 (b) in the transgenic
Arabidopsis plants overexpressing CHS1-GFP.

Fig. S7 Immunoblot analysis of SOC3-GFP, CHS1-GFP and
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Fig. S8 Immunoblot analysis of CHS1/chs1 and different SOC3
domains in yeast.

Fig. S9 Interaction of chs1 and SOC3 TIR domains in vitro and
in vivo.
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