
The Receptor-Like Cytoplasmic Kinase STRK1
Phosphorylates and Activates CatC, Thereby Regulating
H2O2 Homeostasis and Improving Salt Tolerance in Rice

Yan-Biao Zhou,a,b,1 Cong Liu,a,1 Dong-Ying Tang,a,1 Lu Yan,a,1 Dan Wang,a Yuan-Zhu Yang,b Jin-Shan Gui,c

Xiao-Ying Zhao,a Lai-Geng Li,c Xiao-Dan Tang,b Feng Yu,a Jiang-Lin Li,a Lan-Lan Liu,b Yong-Hua Zhu,a

Jian-Zhong Lin,a,2 and Xuan-Ming Liua,2

a College of Biology, Hunan Province Key Laboratory of Plant Functional Genomics and Developmental Regulation, State Key
Laboratory of Chemo/Biosensing and Chemometrics, Hunan University, Changsha 410082, China
b State Key Laboratory of Hybrid Rice, Yahua Seeds Science Academy of Hunan, Changsha 410119, China
cNational Key Laboratory of Plant Molecular Genetics/Laboratory of Synthetic Biology, Institute of Plant Physiology and Ecology,
Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai 200032, China

ORCID IDs: 0000-0001-5672-5076 (Y.-Z.Y.); 0000-0001-6924-4431 (L.-G.L.); 0000-0002-5221-281X (F.Y.); 0000-0002-7475-9285
(J.-Z.L.); 0000-0003-1413-3966 (X.-M.L.)

Salt stress can significantly affect plant growth and agricultural productivity. Receptor-like kinases (RLKs) are believed to
play essential roles in plant growth, development, and responses to abiotic stresses. Here, we identify a receptor-like
cytoplasmic kinase, salt tolerance receptor-like cytoplasmic kinase 1 (STRK1), from rice (Oryza sativa) that positively
regulates salt and oxidative stress tolerance. Our results show that STRK1 anchors and interacts with CatC at the plasma
membrane via palmitoylation. CatC is phosphorylated mainly at Tyr-210 and is activated by STRK1. The phosphorylation mimic
form CatCY210D exhibits higher catalase activity both in vitro and in planta, and salt stress enhances STRK1-mediated tyrosine
phosphorylation on CatC. Compared with wild-type plants, STRK1-overexpressing plants exhibited higher catalase activity and
lower accumulation of H2O2 as well as higher tolerance to salt and oxidative stress. Our findings demonstrate that STRK1
improves salt and oxidative tolerance by phosphorylating and activating CatC and thereby regulating H2O2 homeostasis.
Moreover, overexpression of STRK1 in rice not only improved growth at the seedling stage but also markedly limited the grain
yield loss under salt stress conditions. Together, these results offer an opportunity to improve rice grain yield under salt stress.

INTRODUCTION

Adverseenvironmental stresses, suchasdrought andsalinity, can
seriously affect plant growth and crop production. In response to
environmental cues, plants haveevolved a variety of physiological
and biochemical mechanisms to cope with adverse conditions
during their growth and development (Boyer, 1982). Signal
transduction mediated by membrane-anchored receptor-like
kinases (RLKs) is an important regulatory mechanism by which
plants respond to different environmental stresses and de-
velopmental cues (Kim et al., 2011; Chen et al., 2013).

RLKs constitute a large gene family, with over 610 genes in
Arabidopsis thalianaandover 1131 in rice (Oryza sativa) (Shiuet al.,
2004). Structurally,RLKs typically includeanextracellular domain,
a transmembrane domain, and an intracellular Ser/Thr protein
kinase domain (Torii, 2000). Mechanistically, the extracellular
domains of RLKs perceive a wide range of extracellular signals or
stimuli, resulting in homodimerization or heterodimerization fol-
lowed by autophosphorylation of the intracellular kinase domains

and then activation of downstream signaling factors by trans-
phosphorylation (Osakabe et al., 2013). However, one of the RLK
families lacks an extracellular domain and includes only an in-
tracellular kinase domain or only the transmembrane domain with
an intracellular kinase domain. This family was thus designated as
the receptor-like cytoplasmic kinases (RLCKs) (Shiu et al., 2004).
There are 200RLCKgenes in Arabidopsis and 379 in rice (Vij et al.,
2008). So far, only a fewRLCKshavebeen shown to be involved in
abiotic stress responses. Overexpression of OsRLCK253 in
Arabidopsis improved tolerance to water deficit and salt stress
through its interaction with stress-associated proteins (OsSAP1/
11) (Giri et al., 2011). Heterologous expression of the receptor-like
cytoplasmic kinase GsRLCK, identified from Glycine soja, im-
proved tolerance of Arabidopsis plants to salt and drought
stresseswith increasedexpression levelsof stress-inducedgenes
(Sun et al., 2013). A rice receptor-like cytoplasmic kinase, GUDK,
mediates drought stress signaling through phosphorylation and
activation of OsAP37, leading to transcriptional activation of
stress-induced genes, which confers drought tolerance and im-
proves grain yield in rice (Ramegowda et al., 2014). Recently,
a cold-activated receptor-like cytoplasmic kinase, CRPK1, was
reported to phosphorylate 14-3-3 proteins and induce their nu-
clear import for fine-tuning C-repeat binding factor signaling
during the cold response in Arabidopsis (Liu et al., 2017).
Reactive oxygen species (ROS), such as superoxide anion

radical ($O2
2), hydroxyl radical ($OH), and hydrogen peroxide (H2O2),
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serve as vital signaling molecules in many biological processes,
includingbiotic andabiotic stress tolerance (Mittler et al., 2011;
Schippers et al., 2012; Schmidt et al., 2013). Salt-induced
ROS,mainly in the form of H2O2, emergewithin several minutes of
the applied stress, which depends on the activity of NADPH
oxidases that contributes to salt or drought stress tolerance
in plants (Hong et al., 2009; Ma et al., 2012; Wang et al., 2016).
SALT-RESPONSIVE ERF1 involving H2O2-dependent molecular
signaling cascade is required for the regulation of the initial
transcriptional response during salt stress in rice (Schmidt et al.,
2013). However, excessive accumulation of ROS is potentially
harmful to cells and causes oxidative damage to proteins, DNA,
and lipids (Apel andHirt, 2004). Production of ROS is enhanced in
plants suffering from diverse abiotic stresses, such as drought,
salt, and temperature (Mittler et al., 2004). Plants have evolved
efficient enzymatic and nonenzymatic detoxificationmechanisms
to scavenge ROS (Xu et al., 2013). Among the ROS-scavenging
enzymes, catalase (CAT) is a strong antioxidant enzyme that
catalyzes the decomposition of H2O2 to water and oxygen and
thus plays a critical role in plant responses to abiotic stresses
(Mhamdi et al., 2010). Resistance to abiotic stresses is greatly
enhanced in transgenic plants overexpressing the CAT gene
(Shikanai et al., 1998;Miyagawaet al., 2000;Polidoros et al., 2001;
Moriwaki et al., 2007). In rice,CatA,CatB, andCatC are involved in
environmental stress responses, and overexpression ofCatA and
CatC conferred tolerance to drought stress in transgenic rice (Joo
et al., 2014).

Phosphorylation has been demonstrated as an important
posttranslational modification in many RLKs and RLCKs to reg-
ulate diverse signaling pathways (Shiu et al., 2004; Macho et al.,
2015). Plant RLKsandRLCKsare traditionally classified as serine/
threonine kinases (Shiu and Bleecker, 2001), but recent work has
revealed that tyrosine phosphorylation is also crucial for the ac-
tivation of RLK/RLCK-mediated signaling in plants (Macho et al.,
2015). Well-studied examples of RLK/RLCK-mediated signaling

pathways are the steroid hormone brassinosteroid (BR) signaling
pathway, which promotes plant growth (Zhu et al., 2013), and the
initiation of immune signaling triggered by plant pattern-recog-
nition receptors (Boller and Felix, 2009). BRASSINOSTEROID-
INSENSITIVE1 (BRI1) and BRI1-ASSOCIATED RECEPTOR
KINASE1 (BAK1), the receptor and coreceptor of BR, are dual-
specificitykinases,and tyrosinephosphorylationplaysaprominent
role in the perception of BR and subsequent signal trans-
duction. For example, phosphorylation of a specific tyrosine
residue (Tyr-211) occurs in BKI1, a kinase inhibitor of BRI1, in
response to BR perception, which releases BKI1 into the cytosol
and enables in turn formation of an active signaling complex
(Wang et al., 2014). In the innate immune signaling pathway, two
RLKs, EF-TU RECEPTOR (EFR) and BAK1, interact with an RLCK
BOTRYTIS-INDUCED KINASE1 (BIK1) to initiate plant immune
responses to bacterial elongation factor Tu (EF-Tu; or elf18)
(MachoandZipfel, 2014). Tyr-836ofEFR isphosphorylated in vivo
after elf18 perception, which is required for the activation of EFR
and downstream immune responses (Macho et al., 2014). BIK1 is
autophosphorylated and phosphorylated by BAK1 at multiple
tyrosine residues in addition to serine/threonine residues.
Notably, several BIK1 tyrosine residues are required for the
BIK1-mediated phosphorylation of substrates in vitro and for
BIK1-dependent immune responses in planta (Lin et al., 2014).
CAT activity was reported to be activated by protein kinase

through phosphorylation (Kumar et al., 2010; Rafikov et al., 2014;
Zou et al., 2015). Ser-167 of CAT is phosphorylated by protein
kinase Cd (PKCd) in response to endothelin 1 in humans, which
increases CAT activity and decreases cellular H2O2 levels (Kumar
et al., 2010; Rafikov et al., 2014). An Arabidopsis calcium-
dependent protein kinase, CPK8, was reported to mediate drought
stress signaling through phosphorylation at Ser-261 and activa-
tion of CAT3, which plays an important role in maintaining H2O2

homeostasis (Zou et al., 2015). So far, although several RLKs/
RLCKs such as the CrRLK1Ls (Boisson-Dernier et al., 2013) and
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FERONIA (Duan et al., 2014) have been reported to regulate H2O2

homeostasis, there is no report of RLKs/RLCKs being involved in
the regulation of H2O2 homeostasis and improvement of abiotic
tolerance by tyrosine phosphorylation on CAT. In this study, we
characterized a novel rice receptor-like cytoplasmic kinase, STRK1
(salt tolerance receptor-like cytoplasmic kinase 1), which activates
CatC activitymainly through phosphorylation at Tyr-210 of CatC to
regulate H2O2 homeostasis and improve salt tolerance. Notably,
overexpressionofSTRK1 in ricesignificantly improvedthe tolerance
to salt and oxidative stresses and increased grain yield.

RESULTS

An RLCK, STRK1, Positively Regulates Salt Tolerance
in Rice

To identify genes that contribute to salt stress tolerance, we
compared transcript profiles of rice RLKs based on chip data
(Tyagi et al., 2007; Vij et al., 2008), and partial salt-induced RLKs
were selected and further verified by a real-time PCR analysis in
rice (O. sativa cvKitaake) under salt treatment. The transcription of
six candidate RLK/RLCK genes, Os01g05960, Os04g45730,
Os06g07070,Os07g03810,Os08g03020, andOs09g39930,were
found to be induced by salt stress (Supplemental Figure 1). To
study the function of these RLKs in plant responses to salt, the
transgenic rice plants overexpressing each RLK/RLCK were
generated by introducing the pCAMBIA1301GW (Zhou et al.,
2014, 2015) vector that harbored either a fragment of the extra-
cellular and transmembrane domain coding sequence of RLK or
a full-length coding sequence of RLCK to generate the dominant-
negative or gain-of-function transgenic plants, respectively
(Supplemental Figure 2A). T2 seedlings of transgenic lines were
used to identify the phenotypes under salt stress conditions.
Among them, an RLCK gene, Os04g45730, with a gene size of
1744 bp and encoding a protein of 361 amino acids, was found to
improve significantly the salt tolerance in transgenic rice plants
(Figures 1A and 1B; Supplemental Figure 2B). Thus, the RLCK
gene Os04g45730 was referred to as STRK1.

To completely investigate the function of STRK1, the RNAi of
STRK1 transgenic rice plants was also generated (Supplemental
Figures2Cand2D).Tostudywhether theexpressionofhomologous
genes of STRK1 were affected in STRK1-RNAi plants, the ex-
pression ofOsRLCK1 (Os02g43290) andOsRLCK2 (Os03g02190),
which are homologous toSTRK1 (Supplemental Figures 3A and 3B
and Supplemental Data Set 1), was determined in STRK1-RNAi
plants using RT-qPCR. Compared with wild-type plants, only the
expression of STRK1 was dramatically reduced in STRK1-RNAi
plants, but no obvious change was observed for OsRLCK1 and
OsRLCK2 (SupplementalFigure3C).Theseresults indicatedthat the
STRK1-RNAi plants were genuine STRK1 knockdown transgenic
plants.

To further verify the role of STRK1 on salt tolerance in rice, the
seedlings ofwild-type,STRK1-overexpressing, andSTRK1-RNAi
transgenic plants were treated with salt stress (140 mM NaCl).
Without NaCl treatment, no obvious difference was observed
between the wild-type and all transgenic plants (Figure 1A). After
10 d of NaCl treatment, the STRK1-overexpressing plants were

more robust than the wild-type plants. Conversely, after 8 d of
NaCl treatment, the STRK1-RNAi plants were more wilted com-
pared with the wild-type plants (Figure 1A). Furthermore, after
treatment with NaCl for 10 d and recovery by regular hydroponic
culture for 6 d, the survival rate of STRK1-overexpressing plants
ranged from 50 to 75%,whereas that of wild-type plants was only
11 to 17% (Figure 1B). Additionally, after treatment with NaCl for
8 d and recovery for 6 d, the survival rate of wild-type plants was
20 to 28%, whereas that of STRK1-RNAi plants was only 3 to 9%
(Figure 1C). Together, these observations suggested that STRK1
confers tolerance to salt stress in rice at the seedling stage.
To elucidate the physiological changes in transgenic plants

under salt stress, 15-d-old seedlings were exposed to 100 mM
NaCl for 7 d. As expected, compared with the wild-type plants,
both the relative shoot fresh weight (FW) and dry weight were
significantly higher inSTRK1-overexpressing plants butmarkedly
lower in STRK1-RNAi plants (Supplemental Figures 4A and 4B).
Similarly, the chlorophyll content was also significantly higher in
STRK1-overexpressingplantsbutmarkedly lower inSTRK1-RNAi
plants under salt stress (Figure 1D). However, no significant dif-
ference in chlorophyll content was observed between transgenic
and wild-type plants under normal growth conditions. Ma-
londialdehyde (MDA) is an indicator of oxidative attack on
membrane lipids and ion leakage reflects membrane injury
(Ouyang et al., 2010). Under normal growth conditions, no sig-
nificant differences in MDA content and relative ion leakage were
detected between transgenic and wild-type plants. Compared
with wild-type plants, salt stress resulted in a significant decrease
in both MDA accumulation and relative ion leakage in STRK1-
overexpressing plants but a dramatic increase in STRK1-RNAi
plants (Figures 1E and 1F). Additionally, the ability to avoid Na+

accumulation and maintain a low Na+/K+ ratio contributes to salt
tolerance in plants (Zhu, 2003). The Na+ and K+ contents in
seedlings treated with or without 100 mM NaCl for 5 d were
therefore detected. Under both normal and salt stress growth
conditions, the STRK1-overexpressing line (OE18) could avoid
Na+ accumulation and maintain a low Na+/K+ ratio. By contrast,
compared with the wild-type plants, the STRK1-RNAi line (Ri11)
accumulatedmoreNa+, leading to a higher Na+/K+ ratio under salt
stress (Supplemental Figures 4C and 4D). Taken together, these
results suggest thatSTRK1might positively regulate the tolerance
to salt stress via the avoidance of Na+ accumulation in plants and
relief of the membrane damage caused by salt stress.

STRK1 Functions at the Plasma Membrane by
Palmitoyl Anchors

STRK1 belongs to a member of the OsRLCK XIII subfamily (Shiu
et al., 2004) and contains an intracellular kinase domain (Vij et al.,
2008). To investigate the subcellular localization of STRK1,
a STRK1-YFP fusion protein was transiently expressed in rice
protoplasts and the subcellular distribution of STRK1-YFP was
examined using confocal microscopy. The STRK1-YFP fusion
proteinwas found to specifically localize at the plasmamembrane
(Figure 2A). Some previous studies reported that RLCKs could
be anchored to the plasmamembrane by forming a complex with
RLK (Tanaka et al., 2012; Yamaguchi et al., 2013) or N-terminal
putative palmitoylation and/or myristoylation motifs (Veronese
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et al., 2006; Tang et al., 2008;Kimet al., 2011). Particularly, protein
S-palmitoylation, the covalent lipid modification of the side chain
of cysteine residues with the 16-carbon fatty acid palmitate, is the
most common acylation of proteins in eukaryotic cells (Aicart-
Ramos et al., 2011). Because STRK1 has three cysteine residues
in its N-terminal region predicted to be palmitoylation sites (Figure
2A; Supplemental Figure 5), STRK1 may be palmitoylated and
subsequently anchored to the plasma membrane. As expected,
substitution of these cysteine residues with alanine (STRK1-
C5,10,14A-YFP) resulted in cytoplasmic localization of STRK1 in
rice protoplasts (Figure 2A). Meanwhile, the same subcellular
distribution of fusion proteins was observed in the root cells or

protoplasts of overexpressingSTRK1-YFPorSTRK1-C5,10,14A-
YFP transgenic seedlings, respectively (Supplemental Figures6A,
6B, and 6D). To further verify this hypothesis, the subcellular lo-
calization of STRK1-YFP upon treatment with hydroxylamine
(NH2OH), a protein de-S-palmitoylation reagent (Duan et al.,
2017), was also detected in the root cells of transgenic seedlings
overexpressing STRK1-YFP. After NH2OH treatment, STRK1-
YFP was distributed in the cytoplasm but not at the plasma
membrane, which was consistent with the localization pattern of
STRK1-C5,10,14A-YFP (Supplemental Figures 6B and 6C). To-
gether, these results suggested that STRK1 is actually anchored to
the plasma membrane by palmitoylation. Furthermore, compared

Figure 1. STRK1 Positively Regulates Salt Tolerance in Rice at the Seedling Stage.

(A) Phenotypic comparison of seedlings grown under salt stress at the seedling stage. For STRK1-OE transgenic plants, 15-d-old seedlings were treated
with140mMNaCl for 10dand then recovered for6d.ForSTRK1-RNAi transgenicplants, 15-d-oldseedlingswere treatedwith140mMNaCl for 8dand then
recovered for 6 d.
(B) and (C) Survival rates of transgenic and wild-type plants in (A) after 6 d of recovery. Forty plants in each line were used for survival rate analysis.
(D) Chlorophyll content in leaves of 15-d-old plants treated with 100 mM NaCl for 7 d.
(E) MDA concentrations in leaves of 15-d-old plants after 100 mM NaCl treatment for 24 h.
(F) Relative ion leakage in leaves of 15-d-old plants after 100 mM NaCl treatment for 24 h. For all panels, OE indicates STRK1-overexpressing plants;
Ri indicates STRK1-RNAi plants; numbers indicate different transgenic lines; data in (B) to (F) are presented as mean 6 SD (n = 3, *P # 0.05, **P # 0.01,
Student’s t test).
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with wild-type plants, the salt tolerance of overexpressing STRK1-
C5,10,15A-YFP transgenic plants disappeared under NaCl treat-
ment, whereas plants overexpressing STRK1-YFP remained salt
tolerant and had higher survival rates and chlorophyll contents
(Supplemental Figures 7 and 8). These results suggested that
plasma membrane localization is required for STRK1 to function in
salt signal transduction.

Additionally, the tissue expression pattern of STRK1 was de-
tected by transforming rice plants with a GUS construct driven by
the STRK1 promoter. The results of GUS staining indicated that
STRK1 was mainly expressed in the young root, leaf vein, 4-d-old
seedling, stem, leaf sheath, and young spikelet, with the highest
expression level in the young root (Figures 2B to 2H), which was
further confirmed by RT-qPCR (Supplemental Figure 9). Since
STRK1positively regulatedsalt toleranceand reduced theoxidative

damage caused by salt stress (Figure 1), the expression of STRK1
was further examined in rice seedlings under salt or oxidative stress
treatments.TheresultsshowedthatSTRK1wasapparently induced
by NaCl and H2O2 in both shoots and roots of seedlings (Figures 2I
and 2J), suggesting that STRK1 is involved in the response to both
salt and oxidative stress.

STRK1 Interacts with CatC in Vitro and in Vivo

To gain insight into the mechanism by which STRK1 modulates
salt tolerance in plants, a yeast two-hybrid screen was performed
to identify STRK1-interacting proteins. The full-length STRK1 was
fused to theGal4DNAbinding domain of a bait vector (BD-STRK1).
Several interacting clones were isolated and identified to corre-
spond to the catalase domain containing protein (CatC). To verify

Figure 2. Subcellular Localization and Expression Pattern of STRK1.

(A) Plasma membrane localization of STRK1-YFP anchored by palmitoylation. Amino acid sequence of the N-terminal region of STRK1 showed the three
cysteine residues (bold) asputativepalmitoylation sites.Confocal images showed localizationofSTRK1-YFPorSTRK1-C5,10,14A-YFP in riceprotoplasts.
Bar = 10 mm.
(B) to (H)STRK1promoter-GUSexpressionpatterns in transgenic riceplants.GUSexpressionwasobserved inyoung root ([B]and [C]), leaf vein (D), 4-d-old
seedling (E), stem (F), leaf sheath (G), and young spikelet (H).
(I)and (J)RelativemRNA levelsofSTRK1byRT-qPCR in the root (I)andshoot (J)of three-leaf stage riceseedlings treatedwith150mMNaCl and1%(v/v)H2

O2. Data are presented as mean 6 SD (n = 3).
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this interaction, full-length CatC was introduced into the Gal4 ac-
tivation domain of prey vector (AD-CatC). The bait and prey vectors
were cotransformed into yeast and the protein-protein interaction
was reconstructed (Figure 3A).CatC is one of threegenes in the rice
CAT family (CatA, CatB, and CatC) (Morita et al., 1994), and CatC
shares a high level of amino acid identity with CatA and CatB
(SupplementalFigure10). Thus, the interactionbetweenSTRK1and
the other two CATs, CatA and CatB, was also examined. STRK1
could also interact with CatA and CatB (Supplemental Figure 11A).
In addition, the yeast two-hybrid assay also showed that STRK1
interacted with itself (Supplemental Figure 11A), indicating that
STRK1 could form homodimers or homomultimers under these
conditions.Recently,Zhangetal. (2016) reportedthatCatA localizes
mainly to the cytoplasm, but CatB and CatC localize mainly to
peroxisomes. The bimolecular fluorescence complementation
(BiFC) assay was used to further confirm the interaction between
STRK1 and CATs in planta. The BiFC assays showed that STRK1
couldspecifically interactwithCATsand itself,andtheSTRK1/CATs
complex was localized to the plasma membrane (Figure 3B;
Supplemental Figure 11B). Strikingly, similar to the STRK1-CATs
interaction in rice, an Arabidopsis calcium-dependent protein ki-
nase, CPK8, was also reported to physically interact with CAT3 at
the plasma membrane (Zou et al., 2015), which implies that the
kinase-CATs interaction at the plasmamembranemight be a basic
mechanism of catalase activation. Meanwhile, the STRK1-CatC
interactionwas determined to be the strongest of the STRK1-CATs
interactions (Supplemental Figure 12), so we focused our analysis
on the STRK1-CatC interaction for the rest of this study.

To further confirm the interactionbetweenSTRK1andCatC, the
purified recombinant His-TF-CatC and isolated proteins from the
OE18 line were subjected to a pull-down assay. As expected,
STRK1-FLAGwas pulled down byHis-TF-CatC but not byHis-TF
(Figure 3C). Subsequently, the in vivo interaction between STRK1
and CatC was confirmed by a coimmunoprecipitation (co-IP)
assay. When STRK1-FLAG and CatC-GFP fusion proteins were
transiently coexpressed in tobacco (Nicotiana benthamiana) leaf
cells, CatC-GFP fusion protein could be coimmunoprecipitated
withSTRK1-FLAG(Figure3D).Takentogether, theseresults indicate
that STRK1 physically interacts with CatC.

STRK1 Phosphorylates CatC Mainly at Tyr-210 and
Regulates Its Activity

To determine whether STRK1 is a functional protein kinase,
a recombinant fusionproteinwithglutathioneS-transferase (GST-
STRK1) was expressed in Escherichia coli and purified. In in vitro
kinase assays, strong autophosphorylation of STRK1 was de-
tected and the myelin basic protein (MBP) as an in vitro substrate
was phosphorylated by STRK1 (Supplemental Figure 13), in-
dicating that STRK1 is an active kinase. To investigate whether
CatC could be phosphorylated by STRK1, GST-STRK1 was in-
cubated with His-TF-CatC and tested for protein kinase activity.
The results showed that STRK1 could phosphorylate CatC in vitro
(Figure 4A), indicating that CatC is a candidate substrate of
STRK1. Additionally, to determinewhether the phosphorylation of
CatC is indeed dependent on the kinase activity of STRK1, the

Figure 3. STRK1 Physically Interacts with CatC.

(A) Yeast two-hybrid assay of STRK1 interaction with CatC. STRK1 (bait) and CatC (prey) were introduced into yeast cells as indicated and grown on
selection mediumminus leucine and tryptophan (-LW) or leucine, tryptophan, histidine, and adenine (-LWHA). Empty vectors pGBKT7 and pGADT7 were
used as controls.
(B)BiFCassay for interactionbetweenSTRK1andCatC inArabidopsis protoplasts. Full-lengthSTRK1proteinwas fused toC-terminalCFP (STRK1-cCFP),
and full-length CatC was fused to N-terminal Venus (nVenus-CatC). The expression of nVenus/STRK1-cCFP was used as control. Before imaging, the
protoplasts were treated with FM4-64 (2 mM) for 5 min to show the plasma membrane. Bar = 10 mm.
(C)Pull-downassay for interactionbetweenSTRK1andCatC.PurifiedHis-TF-CatCwasused tocopurifySTRK1-FLAG fromOE18seedlingproteinextracts
(Input) following incubation with Ni-NTA agarose (see Methods). The flow-through was collected after centrifugation (Flow) and two washes (Wash1 and
Wash2), and the eluted fractions (Elute) were separated by 10% SDS-PAGE and immunoblotted with anti-FLAG antibodies. His-TF was used as control.
(D) Co-IP assay for interaction between STRK1 and CatC in N. benthamiana leaves. Protein extracts (Input) were immunoprecipitated with anti-FLAG
antibody (IP). Immunoblots were developed with anti-FLAG antibody to detect STRK1 and with anti-GFP to detect CatC.
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Figure 4. STRK1 Phosphorylates CatC Mainly at Tyr-210 and Activates Its Activity.

(A)STRK1phosphorylatesCatC in vitro. His-TF or His-TF-CatCwas incubatedwithGST-STRK1 and [g-32P]ATP.Upper panel shows autoradiography and
bottom panel Coomassie brilliant blue (CBB) staining of the gel.
(B)PhosphorylationofCatCis indeeddependentonthekinaseactivityofSTRK1.His-TF-CatCwasincubatedwithGST-STRK1,GST-STRK1K95Eand32P-g-ATP.
GST-STRK1K95E is the kinase dead form of STRK1. Upper panel shows autoradiography and bottom panel Coomassie brilliant blue (CBB) staining of the gel.
(C) STRK1 stimulates CatC activity in vitro. Recombinant His-TF-CatC expressed in E. coliwas purified, and the CatC activity was measured with GST or
GST-STRK1 in the presence of ATP. Data are presented as mean 6 SD (n = 3, **P # 0.01, Student’s t test).
(D) An equal amount of His-TF fused CatC, CatCY210F, CatCY360F, and CatCY210,360F was incubated with GST-STRK1 and [g-32P]ATP. Upper panel shows
autoradiography and bottom panel Coomassie brilliant blue staining of the gel.
(E)Phosphorylation ofCatC at Tyr-210 is essential for CatC activity. CatCY210FandCatCY360F, recombinantCatCwith Tyr-210 andTyr-360mutated toPhe,
CatCY210D and CatCY360D, and recombinant CatC with Tyr-210 and Tyr-360 mutated to Asp. Each data point represents the mean 6 SE (n = 6). Asterisk
indicates significant difference relative to CatC activity in the absence of STRK1 and ATP (Student’s t test, **P < 0.01).
(F) and (G) CAT activity (F) and H2O2 contents (G) in transgenic seedlings (T0) overexpressing CatCY210F and CatCY210D in the Ri11 background, a STRK1
knockdownmutant. The Kitaake (WT) and Ri11 seedlings regenerated from the corresponding calli were used as control. Data are presented asmean6 SD

(n = 3, *P # 0.05, **P # 0.01, Student’s t test).
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conserved Lys-95 (Supplemental Figure 5), which is required for
the activities of other kinases (Li and Nam, 2002; Liu et al., 2017),
was mutated to Glu to generate a kinase-dead form of STRK1
(STRK1K95E). STRK1K95E failed to show either autophosphor-
ylation or phosphorylation of CatC (Figure 4B). This result sug-
gests that thekinaseactivityofSTRK1 isessential for its function in
salt signal transduction. Previous studies have shown that the
catalase activity is regulated by phosphorylation in humans
(Kumar et al., 2010; Rafikov et al., 2014) and in Arabidopsis (Zou
et al., 2015). Thus, we hypothesized that STRK1 could modulate
CatC activity through phosphorylation. As expected, the CatC
activity in the presence of STRK1 was ;2.5-fold of that in the
absence of STRK1 (Figure 4C), indicating that CatC activity might
be enhanced by STRK1 through phosphorylation.

To investigate the potential phosphorylation sites of CatC by
STRK1, the His-TF-CatC incubated with GST-STRK1 was used
formass spectrometry. The results ofmass spectrometry showed
five phospho-serines (Ser-9, Ser-10, Ser-11, Ser-18, and Ser-
205), four phospho-threonines (Thr-19, Thr-209, Thr-211, and
Thr-292), and two phospho-tyrosines (Tyr-210 and Tyr-360) were
identified in CatC (Supplemental Figure 14A). Therefore, we re-
placed these Ser (S) and Thr (T) residues of CatC with an Ala (A)
residue, and the Tyr(Y) residues with a Phe (F) residue, produc-
ing His-TF-CatCS9,10,11,18,205A, His-TF-CatCT19,209,211,292A, and
His-TF-CatCY210,360F, to mimic nonphosphorylation. In vitro
phosphorylation assays showed that STRK1-mediated phos-
phorylation of CatC was largely abolished when only containing
two tyrosine point mutations. However, the phosphorylation of
CatC was not obviously affected when these five serines and four
threoninesweremutated to Ala (Supplemental Figure 14B). These
results indicate that STRK1 might phosphorylate CatC at both or
either of Tyr-210 and Tyr-360. Subsequently, the Tyr-210 and
Tyr-360 residuesofCatCwereseparatelymutated toPhe (His-TF-
CatCY210F and His-TF-CatCY360F). Then, almost no phosphory-
lation ofHis-TF-CatCY210Fwas observed,whichwas similar to the
double point mutants His-TF-CatCY210,360F, whereas another
single point mutant protein His-TF-CatCY360F showed no obvious
effect on STRK1-mediated phosphorylation compared with the
wild-type His-TF-CatC (Figure 4D). These results further suggest
that Tyr-210 of CatC is the major phosphorylated residue rec-
ognized by STRK1. Strikingly, the sequence alignment showed
that the motif containing Tyr-210 is highly conserved in the rice
CAT family (CatA, CatB, andCatC; Supplemental Figure 10A) and
Arabidopsis CAT3 (Supplemental Figure 15), implying that the
residue Tyr-210 plays an essential role in regulating CAT activity.

To study the significance of phosphorylated Tyr-210 of CatC
in vitro and in planta, the Tyr-210 and Tyr-360 residues of CatC
were separately mutated to Phe (F) and Asp (D), to mimic non-
phosphorylation (CatCY210F and CatCY360F) and phosphorylation
(CatCY210D and CatCY360D), respectively. Then, the catalytic ac-
tivitiesofmutantCatCwereanalyzed in thepresenceofSTRK1.As
expected, the results showed that STRK1 significantly enhanced
CatC activity in the presence of ATP. The catalase activity of
CatCY210F could not be stimulated by STRK1, while the mutated
CatCY210D showed higher catalase activity even in the absence of
STRK1 (Figure 4E). As a control, similar to the wild-type CatC, the
mutations of Tyr-360 (CatCY360F and CatCY360D) did not affect
STRK1-activated CatC activity, whose catalase activities were

only enhanced in the presence of STRK1 and ATP (Figure 4E).
Furthermore, CatCY210F and CatCY210D were overexpressed in
theRi11line,aSTRK1knockdownmutant, respectively (Supplemental
Figure 16), and the CAT activity and H2O2 concentration were
measured under normal growth condition. As expected, compared
with the control Ri11 plants, CatCY210D significantly enhanced the
CATactivitywith the lowestH2O2accumulation in transgenicplants,
while CatCY210F only moderately increased the CAT activity with
a lower H2O2 accumulation (Figures 4F and 4G). These results in-
dicate thatCatCY210Dhasastrongerability thanCatCY210F to rescue
theCATactivity inSTRK1-RNAiplants,whichmeansthat,even if the
stress signal transduction via upstream phosphorylation was dis-
rupted in STRK1-RNAi plants, the mimic phosphorylation form
CatCY210D could still enhance the capacity of scavenging and
detoxification of ROS. It should be noted that, as CatCY210F still
had partial CAT activity and was overexpressed (Figure 4E;
Supplemental Figure 16B), the CAT activity inCatCY210F transgenic
plants was also higher than that in the wild-type Kitaake plants but
lower than that inCatCY210D transgenic plants under normal growth
conditions (Figure 4F). Together, these results demonstrate that the
mimic phosphorylation form CatCY210D exhibits higher catalase
activityboth invitroand inplanta, andTyr-210 inCatC isanessential
residue for CatC activation by STRK1.

Salt Stress Enhances STRK1 Tyrosine Phosphorylation
on CatC

Todetermine the inplanta tyrosinephosphorylation statesofCatC
and STRK1 in response to salt stress, the fusion protein STRK1-
FLAGandendogenousCatCwere immunoprecipitatedbyanti-FLAG
and anti-CatC antibodies, respectively, from OE18 seedlings after
a short period of NaCl treatment, and the tyrosine phosphorylation of
STRK1-FLAGandCatCwasanalyzedwithananti-phospho-tyrosine
antibody.AsshowninFigure5A,endogenousCatCwasalso tyrosine
phosphorylated in planta, and the signal of phospho-tyrosine could
be obviously detected in CatC even without NaCl treatment. Par-
ticularly, the tyrosine phosphorylation level of CatC significantly in-
creased with the time of NaCl treatment (Figure 5A). As mentioned
above, although two phospho-tyrosines (Tyr-210 and Tyr-360) were
identified in CatC, only Tyr-210 could be phosphorylated by STRK1
(Supplemental Figure 14A; Figure 4). Thus,we can speculate that the
basic signal of phospho-tyrosine under non-salt stress might mainly
come from the phosphorylated Tyr-360, and the increased signals
might result from the phosphorylated Tyr-210 in response to salt
stress. Furthermore, similar to CatC, the tyrosine phosphorylation
level of STRK1also increasedwith the timeofNaCl treatment (Figure
5A). Combined with the previous results showing that the tran-
scriptional levelofSTRK1wasinducedbyNaCl (Figures2Iand2J),we
canalsospeculatethatsaltstressnotonly inducesthetranscriptionof
STRK1 but also stimulates the phosphorylation of STRK1, which
finally enhances the phosphorylation of CatC. Additionally, the cat-
alase activity of immunoprecipitated endogenous CatC was ana-
lyzed. As shown in Figure 5B, the CatC activity also increased
significantlywiththetimeofNaCltreatment, indicatingthat theactivity
of CatC is positively correlated with the level of tyrosine phosphor-
ylated CatC. These results suggest that salt stress enhances STRK1
tyrosinephosphorylationonCatCand inturnstimulatesCatCactivity.
Meanwhile, thetyrosinephosphorylation levelofendogenousCatCin
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STRK1-RNAi plants under normal growth condition was also ana-
lyzed. As expected, comparedwith thewild-typeplants, the signal of
phospho-tyrosine decreased ;40% in the endogenous CatC
of STRK1-RNAi plants (Figure 5C), indicating that the disruption of
STRK1 can actually decrease the tyrosine phosphorylation of its
substrate CatC.

To further investigate the effect of STRK1 on catalase activity in
planta, theCATactivity andH2O2 concentrationweremeasured in
shoots and roots of transgenic andwild-type plants under normal
growth and salt stress conditions. Under salt stress, the CAT
activity was significantly enhanced and the H2O2 accumulation
was obviously decreased in shoots and roots of STRK1-over-
expressing plants compared with wild-type plants. By contrast,
the CAT activity was apparently reduced and the H2O2 accu-
mulation was markedly increased in shoots and roots of salt-
treated STRK1-RNAi plants compared with wild-type plants
(Figures 5D to 5G). Under normal growth conditions, both CAT
activity and H2O2 concentration showed no significant difference
in either shoots or roots between transgenic andwild-type plants.
These results further support thehypothesis thatSTRK1 improves
salt tolerance through regulating H2O2 homeostasis by modu-
lating CAT activity.

STRK1 Also Positively Regulates Oxidative Tolerance
in Rice

As shownpreviously, the expression ofSTRK1was induced byH2

O2 (Figures 2I and 2J) and H2O2 homeostasis was maintained
through regulation of CAT activity by STRK1 in response to salt
stress (Figures 5D to 5G), which might contribute to improved
tolerance to other oxidative stresses. To test this, the response of
STRK1 transgenic plants to oxidative stress was investigated by
application of methylviologen (MV), a well-known oxidative stress
inducer in plants. Under normal conditions, there was no signif-
icant difference in growth among the transgenic and wild-type
seedlings (Figure 6A). By contrast, after 6 d MV (2 mM) treatment,
STRK1-overexpressing seedlings were more green than the wild
type, andSTRK1-RNAi seedlings exhibited an etiolated anddwarf
phenotype (Figure 6A). Then, the chlorophyll content, seedling
height, and CAT activity in these seedlings were determined.
Under normal conditions, no significant differences in chlorophyll
content, seedling height and CAT activity were observed among
the transgenic and wild-type seedlings (Figures 6B to 6D). On the
contrary, underMVstress,STRK1-overexpressingplants showed
higher chlorophyll content, seedling height, and CAT activity
comparedwith wild-type plants, whereas theSTRK1-RNAi plants
exhibited the opposite results. In another oxidative stress test,
three-leaf stage seedlings ofwild-type and transgenic plantswere
treated with 100 mM H2O2. After 2 d H2O2 treatment, severe
necrosis and leaf rolling were observed in STRK1-RNAi plants
(Figure 6E). It should be noted that, although no obvious chlorosis
or damage was detected in the leaves of STRK1-overexpressing
and wild-type plants, wild-type plants exhibited stronger leaf
rolling than STRK1-overexpressing plants after H2O2 treatment.
The accumulation of H2O2 was further determined by 3,39-dia-
minobenzidine (DAB)staining.After 1dH2O2 treatment, compared
with the wild type, less accumulation of H2O2 was observed in
STRK1-overexpressing leaves but greater accumulation of H2O2

in STRK1-RNAi leaves (Figure 6F). Under normal growth con-
ditions, no obvious staining was observed in all transgenic and
wild-type plants. These results indicated that overexpression of
STRK1 in rice can increase oxidative stress tolerance resulting
from an enhanced ROS-scavenging ability.

STRK1 Improves the Grain Yield of Rice under Salt Stress

As rice is an economically important cereal crop, its grain yield is
the focus of breeding. Although STRK1 has been verified to
significantly improve growth under salt stress and positively
regulate salt tolerance at the seedling stage (Figure 1), it is worth
investigating whether STRK1 can also improve agronomic traits,
especially grain yield, under salt stress and enhance salt tolerance
at the reproductive stage in rice. Therefore, theSTRK1 transgenic
plantswere also tested for salt tolerance at the reproductive stage
when grown in plastic buckets. To obtain more apparent phe-
notypesbetween transgenic andwild-typeplants, 20and25dsalt
treatments were applied for STRK1-RNAi and STRK1-over-
expressing plants as well as their corresponding wild-type plants,
respectively. After salt treatments, STRK1-overexpressing plants
had more green leaves than wild-type plants (Figure 7A). By
contrast,STRK1-RNAiplants hadmorewithered leaves thanwild-
type plants (Figure 7B). These results indicated that STRK1 could
also significantly improve growth under salt stress at the re-
productive stage.Meanwhile, comparedwith their corresponding
wild-type plants, no significant differences were observed in
panicle numbers of STRK1-overexpressing and STRK1-RNAi
plants under both normal growth and salt stress conditions
(Figures 7C and 7F). Under salt stress conditions, significantly
higher spikelet fertility was observed in STRK1-overexpressing
plants (Figure 7D), but markedly lower spikelet fertility in STRK1-
RNAi plants (Figure 7G). There was no difference in spikelet
fertilities among STRK1-overexpressing, STRK1-RNAi, and wild-
type plants under normal growth conditions (Figures 7D and 7G).
Furthermore, under salt stress conditions, the grain yields of
STRK1-overexpressing plants were significantly higher than
those of wild-type plants (Figure 7E). By contrast, the grain yields
of STRK1-RNAi plants were markedly lower than those of wild-
type plants under salt stress conditions (Figure 7H). Similar to the
spikelet fertilities, there was no obvious difference in grain yield
between wild-type and transgenic plants under normal growth
conditions (Figures 7E and 7H). These results indicated that
STRK1 could also positively regulate salt tolerance at the re-
productive stages and limit the grain yield loss of rice under salt
stress.

DISCUSSION

STRK1 Positively Regulates Salt Tolerance in Rice

Salinity not only inhibits plant growth but also reduces the crop
productivity at reproductive stages, so the sustained growth and
yield under salt stress conditions will be the main criterion for
developing salt-tolerant crop plants (Zeng and Shannon, 2000;
Zhu, 2001). In this study, we have identified a novel salt stress-
induced RLCK gene, STRK1, from rice and showed that STRK1
was involved in the response to salt stress in rice. As STRK1
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expression is induced by salt (Figure 2I; Supplemental Figure 1), it
wasapossibility that this genewas involved in the response to salt
stress. Indeed, at the seedling stage, STRK1-overexpressing
plants exhibited tolerance to salt stress, whereas STRK1-RNAi
plants were sensitive to salt stress (Figure 1), which indicates that
STRK1positively regulates salt tolerance in rice. The ability to avoid
Na+accumulationandmaintaina lowNa+/K+ ratiocontributes tosalt

tolerance in plants (Zhu, 2003). It is well-known that the salt overly
sensitive (SOS) pathway plays a critical role in sodium ion ho-
meostasis during salt stress (Zhu, 2003; Tan et al., 2016). In Ara-
bidopsis, the SOS pathway consists of at least three major
components: SOS1, SOS2, and SOS3, which have been identified
as a plasma membrane-localized Na+/H+ antiporter, a Ser/Thr
protein kinase, and a calcium binding protein, respectively (Guo

Figure 5. Salt Stress Induces STRK1 Tyrosine Phosphorylation on CatC.

(A) NaCl treatment enhances STRK1 tyrosine phosphorylation on CatC. STRK1-FLAG and CatC proteins were immunoprecipitated from OE18 seedling
after treatmentwithNaCl for the indicated periods and then subjected to an immunoblot assay. Anti-phospho-tyrosine (a-pTyr) antibodywasused to probe
forSTRK1andCatCphosphorylation. ImmunoprecipitatedendogenousCatCandSTRK1-FLAGwereanalyzedby immunoblottingwithanti-CatCandanti-
FLAGantibodies, respectively.The relative intensitiesof tyrosinephosphorylationofCatCandSTRK1-FLAGwithoutNaCl treatment (0min)wereset to1.00.
(B) The CatC activity is associated with its tyrosine phosphorylation levels. The phosphorylated CatC proteins in (A) were used to determine the catalase
activity. Data are presented as mean 6 SD (n = 3, *P # 0.05, **P # 0.01, Student’s t test).
(C)KnockdownofSTRK1 reduces the tyrosinephosphorylation level ofCatC.EndogenousCatCproteinswere immunoprecipitated fromRi11andRi16, the
STRK1knockdownmutants, and thewild-typeseedlingsweregrownundernormalgrowthconditionsand thendetectedby immunoblotting.Anti-phospho-
tyrosine (a-pTyr) antibody was used to probe for CatC phosphorylation, and anti-CatC antibody was used to show the immunoprecipitated CatC. The
relative intensity of tyrosine phosphorylation of CatC in wild-type seedlings was set to 1.00.
(D)and (E)CATactivity in riceshoots (D)androots (E)ofseedlingsgrownundernormal conditionsorafter100mMNaClstress for the indicatedperiods.Data
are presented as mean 6 SD (n = 3).
(F) and (G)H2O2 contents in rice shoots (F) and roots (G) of seedlings grown under normal conditions or after 100mMNaCl stress for the indicated periods.
Data are presented as mean 6 SD (n = 3).
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et al., 2001; Zhu, 2003). Among them, theSOS1 phosphorylated by
SOS2 can transport cytosol-accumulated Na+ out of the cell,
thereby enhancing salt tolerance (Quintero et al., 2011). In-
terestingly, in addition to an enhanced capacity of scavenging and
detoxification of ROS, STRK1-overexpressing plants exhibited
another important aspect of salt tolerance with a low Na+/K+ ratio
(Supplemental Figures 4C and 4D), meaning that STRK1 might
partially be involved in theSOSpathway to regulate the tolerance to
salt stress via the avoidance of Na+ accumulation in plants. This
possibility merits further investigation.

In rice, the spikelet fertility rate is highly correlated with grain
yield under stress conditions (Flowers, 2004). For example, the
reduced grain yield of gudk mutant plants was mainly due to
lower spikelet fertility under drought stress (Ramegowda et al.,
2014). In this study, the spikelet fertility rates were significantly

higher in STRK1-overexpressing plants but markedly lower in
STRK1-RNAi plants than those in the corresponding wild-type
plants (Figures 6D and 6G), which resulted in the increased and
reduced grain yield in STRK1-overexpressing and STRK1-RNAi
plants, respectively (Figures 7E and 7H). It is noteworthy that
there was no significant difference in panicle numbers between
transgenic and wild-type plants under both normal growth and
salt stress conditions (Figures 7C and 7F). According to the
development of inflorescences and spikelets (Ikeda et al., 2004),
most panicles (inflorescences) developed or started to develop
when the rice plants began to suffer from salt stress (Figures 7A
and 7B). Thus, the panicle numbers were hardly affected by salt
treatment. Together, these results suggest that STRK1 is
a promising candidate gene for yield improvement in rice under
salt stress conditions.

Figure 6. STRK1 Positively Regulates Oxidative Tolerance in Rice.

(A)Phenotypic comparisonof riceplants subjected toMVstress. Thegerminatedseedswere transplanted into either 0.53MSmediumor0.53MSmedium
supplemented with 2 mM MV for 6 d.
(B) to (D)Chlorophyll content in leaves (B), seedlingheight (C), andCATactivity in leaves (D)ofSTRK1 transgenic andwild-typeplants under normal andMV
stress conditions. Data are presented as mean 6 SD (n = 3, *P # 0.05, **P # 0.01, Student’s t test).
(E) Leaf phenotype of STRK1 transgenic and wild-type plants at the three-leaf stage under normal conditions or after 100 mM H2O2 stress for 2 d.
(F) DAB staining for H2O2 in leaves from unstressed and H2O2-stressed STRK1 transgenic and wild-type plants for 1 d.
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Figure 7. STRK1 Improves the Grain Yield of Rice under Salt Stress at the Reproductive Stage.

(A) and (B) Phenotypic comparison of rice plants under salt stress. Salt stress of plants was initiated at the panicle development stage (top) by exposure to
1% NaCl as indicated (down), and then the plants were recovered with irrigation for 10 d and harvested.
(C) to (E) Panicle number (C), spikelet fertility (D), and grain yield (E) of STRK1-overexpressing and wild-type plants in (A) after 10 d of recovery. Data are
presented as mean 6 SD (n = 20,*P # 0.05, **P # 0.01, Student’s t test).
(F) to (H)Panicle number (F), spikelet fertility (G), and grain yield (H) ofSTRK1-RNAi andwild-type plants in (B) after 10 d of recovery. Data are presented as
mean 6 SD (n = 20,*P # 0.05, **P # 0.01, Student’s t test).
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STRK1 Regulates H2O2 Homeostasis by Activating CatC

Although ROS can serve as vital signaling molecules in many
biological processes, excessive accumulation of ROS in living
plant cells results in cellular damage by oxidative stress (Apel and
Hirt, 2004;Mittler etal., 2004;Schippersetal., 2012;Schmidtetal.,
2013). Thus, the cytoplasmic concentration of ROS must be
strictly regulated. Abiotic stress induces ROS production in plant
cells, so a stronger ROS scavenging capacity often confers the
higher tolerance to abiotic stresses in plants (Apel andHirt, 2004).
For instance, overexpression of OsSIK2 in rice enhanced plant
tolerance to high salinity and drought stress through scavenging
and detoxification of ROS (Chen et al., 2013). OsCPK12-over-
expressing rice plants improved tolerance to salt stress by re-
ducingROSaccumulation (Asanoetal., 2012).Theospp18mutant
exhibited an increased sensitivity to drought and oxidative
stresses through the reduced activity of ROS scavenging en-
zymes (You et al., 2014). Strikingly, plants have evolved efficient
nonenzymatic and enzymatic detoxification mechanisms that
scavenge ROS. Nonenzymatic antioxidants include the major
cellular redox buffers, glutathione and ascorbate, as well as fla-
vonoids, alkaloids, tocopherol, and carotenoids. Enzymatic ROS-
scavenging mechanisms in plants include CAT (EC 1.11.1.6),
superoxide dismutase (SOD; EC 1.15.1.1), ascorbate peroxidase
(APX; EC 1.11.1.11), and glutathione peroxidase (EC 1.11.1.7)
(Apel andHirt, 2004;Mittler et al., 2004). Among them,CAT is a key
H2O2-scavenging enzyme that plays an important role in pro-
tecting plant cells against stresses (Xu et al., 2013).

Previous studies revealed that CAT activity is regulated by
phosphorylation in humans (Kumar et al., 2010; Rafikov et al.,
2014) and Arabidopsis (Zou et al., 2015). PKCd phosphorylated
CAT at Ser-167 in response to endothelin 1 and increased CAT
activity, leading to lower cellular H2O2 accumulation in humans
(Kumar et al., 2010; Rafikov et al., 2014). CPK8 can specifically
phosphorylate CAT3 at Ser-261 and regulate its activity to
maintain H2O2 homeostasis in response to drought stress in
Arabidopsis (Zou et al., 2015). In the this study, STRK1 phos-
phorylated CatC at Tyr-210 and stimulated its activity to regulate
H2O2homeostasisand improvesalt tolerance in rice (Figures1and
4). Especially, the mutated CatCY210D exhibits higher catalase
activity both in vitro and in planta (Figures 4E and 4F), which in-
dicates that Tyr-210 in CatC is an essential residue for CatC
activation by STRK1. In addition to the two reported phosphor-
ylation sites, Ser-167 in human CAT and Ser-261 in Arabidopsis
CAT3, theTyr-210 in riceCatC is the thirdandonly tyrosine residue
identified todate to bephosphorylated by adefinite protein kinase
in catalases. As the CAT family contains CatA, CatB, and CatC
in rice (Morita et al., 1994), the activity of CAT measured in planta
may be the sum of activity of CAT proteins. Although we focused
on the analysis of the STRK1-CatC interaction in this study, all
CAT proteins were found to interact with STRK1 (Figure 3;
Supplemental Figures11and12).Consequently, STRK1probably
stimulates the activities of CatA and CatB as well as CatC, which
will require further investigation. The increasedCATactivitywould
in turn result inH2O2degradationandenhance the tolerance tosalt
stress. These results suggested that STRK1 mediates salt tol-
erance through activating CatC activity and maintaining H2O2

homeostasis in rice.

Tolerant species have an excellent capacity for protecting
themselves from salt-induced oxidative stress through mecha-
nisms of antioxidant protection (Azevedo-Neto et al., 2006). The
transgenic Nicotiana benthamiana plants heterologously ex-
pressing GhWRKY39-1 exhibited improved tolerance to high salt
and oxidative stress resulted from an increased capacity for ROS
scavenging (Shi et al., 2014). Overexpression of HSFA4A in
Arabidopsis reduced H2O2 accumulation and lipid peroxidation,
which resulted in the enhancement of salt and oxidative stress
tolerance (Pérez-Salamó et al., 2014). In this study, induction of
STRK1uponH2O2 treatment suggests that it functions inoxidative
stress adaptation. MDA, an important intermediate in ROS
scavenging, is toxic to plant cells if it accumulates excessively, so
it is often used as an indicator of oxidative attack on membrane
lipids (Apel and Hirt, 2004; Mittler et al., 2004). Thus, the reduced
MDA contents in STRK1-overexpressing plants (Figure 1E) in-
dicated that less oxidative damage occurred in the cells than in
those of the wild type during salt stress treatment. Relevant to
these findings, the STRK1-overexpressing seedlings exhibited
higher chlorophyll content, seedling height, and CAT activity as
well as less accumulation of H2O2 than wild-type plants under
oxidative stress (Figure 6). By contrast, STRK1-RNAi seedlings
showed reduced tolerance to oxidative stress. These results

Figure 8. A Proposed Model for the Role of STRK1 in Regulating Salt or
Oxidative Stress Tolerance.

Salt or oxidative stress induces H2O2 accumulation, which causes oxi-
dative damage to the cell. In response to salt or oxidative stress, the ex-
tracellular signals are transmitted from an unknown RLK to STRK1,
amembrane-anchored RLCK by palmitoylation, through phosphorylation.
The phosphorylated STRK1 stimulates CatC activity via phosphorylation
(P) mainly at Tyr-210, which in turn inhibits H2O2 accumulation and, ulti-
mately, increases the salt or oxidative stress tolerance in plants. The
question mark indicates an unknown RLK. The wavy lines indicate the
palmitoyl groups. The step marked with a black dashed line with an arrow
between the unknown RLK and STRK1 is currently unknown.
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confirmed that the function of STRK1 in salt tolerance is asso-
ciated with the increase of antioxidation ability.

STRK1 Might Act as a Key Component of Receptor Kinase
Complex-Mediated Salt or Oxidative Stress Signaling

Typically, RLKs are transmembrane proteins that perceive the
signals through their extracellular domains and propagate the
signals via their intracellular kinase domains (Shiu et al., 2004).
Protein phosphorylation cascades via RLKs plays important roles
in plant responses to abiotic stress. For instance, a rice leucine-
rich repeat RLK, OsSIK1, mediates tolerance to drought and salt
stress in rice through activating the antioxidative system (Ouyang
et al., 2010). A rice lectin RLK, SIT1, mediates salt stress signal
transduction from the cell surface to intracellular MAPK3/6
modules (Li et al., 2014). So far, some RLCKs have also been
reported to be involved in abiotic stress responses (Giri et al.,
2011; Sun et al., 2013; Ramegowda et al., 2014; Liu et al., 2017).
Similar to RLKs, although some RLCKs lack the extracellular and
transmembrane proteins, they are potentially anchored to the
plasma membrane through formation of a complex with RLK
(Tanakaet al., 2012;Yamaguchi et al., 2013) orN-terminal putative
palmitoylation and/ormyristoylationmotifs (Veronese et al., 2006;
Tang et al., 2008; Kim et al., 2011; Li et al., 2016). Membrane-
anchored proteins have various functions, including cellular
regulation, signal transduction, and translocation (Podell and
Gribskov, 2004). In this study, STRK1, a member of the RLCK XIII
family in rice, can be anchored to the plasma membrane by
palmitoylation (Figure 2A; Supplemental Figure 6). Moreover, the
plasmamembrane localization is required for STRK1 to function in
salt signal transduction (Supplemental Figure 7). Localization of
STRK1 to theplasmamembrane implies thatSTRK1mayact asan
early component of theplant salt stress response, either directly in
salt stress signal recognition or early in the signaling cascade.
However, as STRK1 lacks both an extracellular domain and
a transmembrane domain, it cannot directly sense the extracel-
lular signal of salt stress. Previous studies showed that RLCKs
often functionally and physically associate with RLKs as a com-
plex that relays intracellular signaling via transphosphorylation
events (Lin et al., 2013). BIK1, a plant RLCK that is anchored to the
plasma membrane by myristoylation, is rapidly phosphorylated
upon flagellin perception in a FLAGELLIN-SENSING2- andBAK1-
dependent manner to regulate plant innate immunity (Veronese
et al., 2006; Lu et al., 2010). Constitutive differential growth 1,
a member of the RLCK VIIc family that is anchored to the plasma
membrane by palmitoylation, can be activated by BRI1 trans-
phosphorylation to transduce the BR signal from BRI1 receptor
kinase to theBSU1phosphatase andBIN2kinase (Kimet al., 2011).
Thus, it is possible that there is a RLK that directly senses and
transmits the extracellular signal of salt or oxidative stress toSTRK1
through phosphorylation. As a consequence, the phosphorylated
STRK1 phosphorylates CatC and stimulates its activity to maintain
H2O2 homeostasis in response to salt or oxidative stress. Based on
this hypothesis, we propose aworkingmodel of STRK1 under early
events of salt or oxidative stress signaling (Figure 8).

Recently, tyrosine phosphorylation has been revealed to be an
essential regulatory mechanism in the initiation and transduction
of RLK/RLCK-mediated BR and innate immune signaling (Macho

et al., 2015). For instance, two RLKs, EFR and BAK1, the receptor
andcoreceptor for abacterial elongation factorTu (EF-Tu; or elf18)
are phosphorylated at Tyr-836 and Tyr-610, respectively, to ini-
tiate plant immune responses after elf18 perception. Sub-
sequently, a plant RLCK BIK1 is rapidly autophosphorylated and
phosphorylated by BAK1 at multiple tyrosine residues, including
Tyr-23, Tyr-150, Tyr-168, Tyr-214, Tyr-234, Tyr-243, and Tyr-250,
in addition to serine/threonine residues to positively regulate plant
innate immunity (Veronese et al., 2006; Luet al., 2010). It shouldbe
noted that phosphorylation of these particular, distinct tyrosine
residues is required for activation of EFR and downstream im-
munity to thephytopathogenicbacteriumPseudomonassyringae.
Interestingly, a tyrosine phosphatase, HopAO1, secreted by the
pathogen P. syringae, can reduce EFR tyrosine phosphorylation
and prevent subsequent immune responses (Macho et al., 2014).
In this study, CatC was phosphorylated by STRK1 at Tyr-210
(Figure 4), and both STRK1 and CatC tyrosine phosphorylation
were promptly increased in response to salt stress (Figure 5A),
which means that a tyrosine phosphorylation cascade might
exist in the initiation and transduction of RLK/RLCK-mediated
salt or oxidative stress signaling. We propose that, similar to
BIK1 in innate immune signaling, STRK1 might act as a key
component that transduces the signal from an unknown receptor
kinase complex to the downstream effector CatC via tyrosine
phosphorylation tomaintainH2O2 homeostasis in response to salt
or oxidative stress (Figure 8). However, this hypothesis remains to
be tested.
Insummary, the resultspresented in thisstudydemonstrate that

STRK1 functions inmaintaining H2O2 homeostasis in response to
salt or oxidative stress by phosphorylating CatC at Tyr-210 and
regulating its activity. The significantly improved growth and yield
under salt stress of STRK1-overexpressing rice plants indicates
that STRK1 is a promising candidate gene for maintaining yield in
crop plants exposed to salt stress.

METHODS

Plant Materials and Stress Treatments

Fifteen-day-old rice seedlings (Oryza sativa cv Kitaake) were treated with
150 mMNaCl for various time periods and then an RT-qPCR analysis was
performed to investigate the gene expression of RLKs selected based on
chipdata (Tyagi et al., 2007;Vij et al., 2008) (primers shown inSupplemental
Table 1). Constructs of overexpression for these candidate RLK/RLCK
genes were made and introduced into Kitaake via Agrobacterium tume-
faciens-mediated transformation as described previously (Lin et al., 2009;
primers shown in Supplemental Table 1). All plants were grown in
a greenhouse with white fluorescent light provided at a photon flux density
of 300 to 350 mmol m22 s21 and with a 16-h-light/8-h-dark cycle at 30°C.
The relative humidity in the greenhouse was maintained at 60 to 70%.

The T2 generation of transgenic rice plants was used to investigate the
stress response. For salt stress at the seedling stage, 15-d-old seedlings
(40plants eachgenotype)were transferred to ahydroponic culture solution
(Ren et al., 2005) containing 140 mM NaCl. To obtain more apparent
phenotypes between transgenic and wild-type plants, 8- and 10-d NaCl
treatments were applied for STRK1-RNAi and STRK1-overexpressing
seedlings as well as their corresponding wild-type seedlings, respectively.
Then, the seedlings were transferred to a normal hydroponic culture solution
to recover for 6 d and thesurvival ratesweremeasured.Meanwhile, all leaves
of15-d-oldseedlings (40plantseachgenotype) treatedwith100mMNaCl for
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7 dwere used for themeasurement of chlorophyll content, and those treated
with 100 mM NaCl for 24 h were used for the measurements of MDA con-
centration and relative ion leakage. The salt stress at the reproductive stage
was performed in plastic buckets. One wild-type plant and one positive
transgenic plant each were planted per plastic bucket (20 plants each ge-
notype). Plants were exposed to 1%NaCl at the panicle development stage.
Then,NaClsolutionwasremovedfromtheplasticbucket,andtheplantswere
recoveredwith irrigation for 10dandharvested.Thepaniclenumber, spikelet
fertility, and grain yield were measured. For the MV treatment, germinated
seeds (30 seeds per genotype) were transplanted onto hydroponic culture
solution supplemented with 2mMMV, and after 6 d, the chlorophyll content,
CAT activity in the leaves, and seedling height were measured. For the H2O2

treatment, three-leaf stage seedlings (30 plants each genotype) were sub-
merged into 100 mM H2O2 solution. After 1 d, the leaves were stained with
DAB following the previously described method (Ouyang et al., 2010). Each
data point represents theaverageof three replicates.Eachstressexperiment
wasrepeatedthreetimes,andtheresultswereconsistent.Theresult fromone
set of experiments is presented here.

To study the significance of phosphorylated Tyr-210 of CatC in planta,
the coding sequence of mutated CatC (CatCY210F and CatCY210D) was
generated by site-directed mutagenesis and subcloned into the pCAM-
BIA2300vector (primers listed inSupplemental Table 2). ThemutatedCatC
(CatCY210F and CatCY210D) sequences were overexpressed in Ri11,
a STRK1-RNAi line, via Agrobacterium-mediated transformation as de-
scribedpreviously (Linetal., 2009). Theseedlings (T0) regenerated fromthe
positive transgenic calli were used to measure the CAT activity and H2O2

content. The Kitaake (wild type) and Ri11 seedlings regenerated from the
corresponding calli were used as controls.

RT-qPCR Analysis

To measure the transcript level of STRK1 under various stresses, Kitaake
rice seedlings at the three-leaf stage were treatedwith salt stress (150mM
NaCl) or oxidative stress (1% [v/v] H2O2). After treatment, the shoots and
rootsweresampledat0,2,4,6,12,and24handused for totalRNA isolation
using TRIzol reagent (Invitrogen). The synthesis of first-stand cDNAs and
real-time PCR analysis was performed as described previously (Li et al.,
2016). Rice Actin1 was used as an internal control.

Physiological Measurements

Total chlorophyll content was measured according to the method de-
scribed previously (Ouyang et al., 2010) with slight modification. The leaf
samples (150 mg) were ground in liquid nitrogen and then transferred to
a 10-mL falcon tube. Then, 2.5 mL of 80% acetone was added to the tube,
and the samples were mixed thoroughly and incubated in darkness
overnight at 4°C. Themixtureswere centrifuged at 5000g for 15min at 4°C.
Supernatant was transferred to a colorimetric tube for absorbance mea-
surement at 663 and 645 nm with a spectrophotometer (Shimadzu). The
total chlorophyll content was calculated and expressed as mg g21 FW.

The MDA content was determined as previously described (Ouyang
et al., 2010) with slight modification. Briefly, ;0.5 g of rice leaves was
homogenized in 5mLof 10% trichloroacetic acid and centrifuged at 5000g
for 10min at 4°C. Twomilliliters of the supernatantwas reactedwith2mLof
0.6% (w/v) thiobarbituric acid (made in 10% trichloroacetic acid). The
mixture was boiled for 15min and centrifuged at 12,000g at 4°C for 10min.
The absorbance of the supernatant was read at 450, 532, and 600 nm. The
MDAcontentwasestimatedusing theextinctioncoefficient of155 (nmol/L/
cm) and expressed as mmol g21 FW.

The relative ion leakage was measured according to the method de-
scribed previously (Cao et al., 2007).

TheCATactivitywasdetermined bymeasuring the rate of decomposed
H2O2 according to the method described previously (Ouyang et al., 2010).

The reaction mixture (2 mL) contained 50 mM phosphate buffer (pH 7.0),
10 mM H2O2, and 10 mL enzyme extract. One unit of CAT activity was
defined as 0.01 absorbance decrease per minute at 240 nm. The enzyme
activitywasexpressed asUmin21mg21 protein. The concentrationofH2O2

was determined using commercial kits (Beyotime) according to the
manufacturer’s instructions.

The relative ion accumulation ofNa+andK+wasmeasuredaccording to
the method described previously (Schmidt et al., 2013).

For the above parameters, each data point represents the average of
three replicates. Three experiments were performed, and the results were
consistent. The result from one set of experiments is presented here.

Subcellular Localization Analysis

For detection of the subcellular localization of STRK1, the coding region of
STRK1 or the mutational coding sequence of STRK1 were amplified and
respectively subcloned into the pCAMBIA1300-YFP vector, in which the
YFP-coding sequence was fused in frame to the 39 end of theSTRK1 gene
sequence. Primers are listed in Supplemental Table 2. The plasmid con-
structs were transformed into rice protoplasts and calli as described
previously (Lin et al., 2009; Lv et al., 2014). The fluorescence was then
observed with a confocal laser scanning microscope (Olympus FV1000).

BiFC Assays

For generation of the BiFC vectors, the coding sequence of STRK1 was
cloned into pE3449 vector, resulting in STRK1-cCFP, and the coding
regions of STRK1, CatA, CatB, and CatC were respectively cloned into
pE3228 vector, resulting in nVenus-STRK1, nVenus-CatA, nVenus-CatB,
and nVenus-CatC. Primers used are listed in Supplemental Table 2.
TransientArabidopsis thaliana protoplast expressionwas performed using
thePEG-mediated transformationmethoddescribedpreviously (Yooetal.,
2007). Fluorescence was visualized in Arabidopsis protoplasts by a con-
focal laser scanning microscope (Olympus FV1000).

Coimmunoprecipitation Assays

For co-IP assays, the constructs Ubi:STRK1-FLAG and 35S:CatC-GFP
were generated as described previously (Earley et al., 2006; Zhou et al.,
2014, 2015). Then two constructs were transiently expressed in 3-week-
old Nicotiana benthamiana leaves by Agrobacterium infiltration. The co-IP
assay was performed as described previously (Feng et al., 2008). Anti-
FLAG beads (Sigma-Aldrich) were used to immunoprecipitate protein
complexes. The immunoprecipitated proteinswere subsequently released
by boiling in 2.53 SDS sample buffer and subjected to 10% SDS-PAGE.
Immunoblot analyses using anti-GFP (Abmart; catalog no. M20004) and
anti-FLAG (Abmart; catalog no. M20008) antibodies were then performed.

The in vivo pull-down assay was performed as described previously
(Wang et al., 2013). CatC was expressed in Escherichia coli using the
pCold-TF expression system according to themanufacturer’s instructions
(Takara; catalog no. 3365). His-TF-CatC fusion protein was affinity purified
using Ni-NTA agarose beads (Invitrogen). Total plant proteins (1mg) of the
STRK1-overexpressing line (OE18) were incubated with 10 mg of purified
His-TF-CatCprotein bound toNi-NTA agarose overnight at 4°Con a rotary
shaker.

Yeast Two-Hybrid Assays

Yeast two-hybrid analysis was performed using the Matchmaker Gold
Yeast Two-Hybrid System (Clontech) according to the manufacturer’s
instructions. Full-length STRK1 was cloned into the pGBKT7 vector, and
then the construct was transformed into the yeast strain Y2HGold. The
transformed Y2HGold yeast strain was fused with the Y187 yeast strain
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containing a rice cDNA library.Medium lacking Leu-Trp-His-Adewas used
for selection. Positive clones were selected for sequencing.

The interactions between STRK1 and CATs or STRK1 were verified by
yeast two-hybrid assays as described previously (Jing et al., 2015). The
coding region of STRK1, CatA, CatB, and CatCwere cloned into pGADT7
preyplasmidandcotransformed into theyeaststrainAH109withSTRK1bait,
respectively.Primersusedarelisted inSupplementalTable2.Mediumlacking
Leu-Trp-His-Adewasused for selection. Theb-galactosidaseanalyseswere
performed according to the manufacturer’s recommendations (Clontech),
using chlorophenol red-b-D-galactopyranoside as the substrate.

Promoter-GUS Analysis

For the promoter-GUS reporter assay, theSTRK1 promoter (1771-bpDNA
fragment upstream of the translation start site) was amplified from rice
genomicDNAbyPCRwithapair of primers, STRK1-ProF/R (Supplemental
Table 2). TheamplifiedSTRK1promoterwasdigestedwithHindIII andNcoI
and then cloned into the corresponding restriction site of the pCAM-
BIA1301 vector with a GUS reporter gene to generate pCAMBIA1301-
STRK1pro:GUS. The primer sequences are listed in Supplemental Table 2.
The construct was transformed into rice (O. sativa cv Kitaake) by Agro-
bacterium-mediated transformation as described previously (Lin et al.,
2009). Histochemical GUS staining was performed according to the
method described previously (Asano et al., 2012).

Kinase Assay

The STRK1 expressed in E. coli as GST fusions using pGEX4T-1 (Amer-
sham Biosciences) was purified with glutathione agarose beads (Roche)
and subjected to an in vitro kinase assay as described previously (Tanaka
et al., 2012).

For the in vitro phosphorylation assay of the MBP (Sigma-Aldrich) and
rice CatC by recombinant STRK1, 10 mg of MBP, His-TF-CatC, His-TF-
CatCS9,10,11,18,205A, His-TF-CatCT19,209,211,292A, His-TF-CatCY210,360F,
His-TF-CatCY210F, and His-TF-CatCY360F expressed and purified from
E. coli were incubated respectively with 0.5 mg of GST-STRK1 in kinase
reaction buffer (50 mM HEPES, pH 7.4, 50 mM NaCl, 0.1% Triton X-100,
10% glycerol, 0.1 mM Na3VO4, 10 mM MgCl2, 10 mM MnCl2, 1 mM DTT,
and8mCi [g-32P]ATP) for 1.5hat30°C.Kinase reactionswere terminatedby
adding an appropriate volume of 23 SDS sample buffer. The phosphor-
ylated proteins were analyzed by 10% SDS-PAGE and autoradiography.

For immunocomplex kinase assays, the OE18 transgenic seedlings
expressing STRK1-FLAG were treated with NaCl for the indicated time
period. Next, the STRK1-FLAG and endogenous CatC were immuno-
precipitated by anti-FLAG beads (Sigma-Aldrich) and anti-CatC antibody
(Abmart; its specificity shown in Supplemental Figure 17) as previously
described (Li et al., 2014). The tyrosine phosphorylation of STRK1-FLAG
and CatC were analyzed by immunoblot using anti-phospho-tyrosine
antibody (Abcam;catalogno. ab17302).Meanwhile, thecatalaseactivityof
CatC was measured as described previously (Ouyang et al., 2010).

Phylogenetic Analysis

TheaminoacidsequencesofSTRK1and itshomologs (SupplementalData
Set 1) were aligned using ClustalX2, and the resulting alignment was used
to construct a phylogenetic tree usingMEGA5 softwarewith the neighbor-
joining method. Bootstrap values were derived from 1000 replications and
are shown at branch nodes.

Accession Numbers

Sequencedata from this article canbe found in theMichiganStateUniversity
RiceGenomeAnnotationProjectdatabase(http://rice.plantbiology.msu.edu)
(Ouyangetal., 2007)using theMichiganStateUniversityaccessionnumbers:

STRK1 (Os04g45730), CatA (Os02g02400), CatB (Os06g51150), CatC
(Os03g03910), and Actin1 (Os03g50890). The RLK genes include LOC_
Os01g12720, LOC_Os01g49920, LOC_Os03g17300, LOC_Os04g44910,
LOC_Os05g03620,LOC_Os05g24010,LOC_Os07g03810,LOC_Os08g03020,
and LOC_Os11g40970 in Supplemental Figure 1. The RLCK genes include
LOC_Os01g05960,LOC_Os04g45730,LOC_Os06g07070,LOC_Os07g48730,
LOC_Os08g28710, and LOC_Os09g39930 in Supplemental Figure 1.

Supplemental Data

Supplemental Figure 1. The expression profiles of RLKs genes under
salt stress.

Supplemental Figure 2. Diagrammatic representation of the vector
constructs and expression analysis of STRK1 in transgenic plants.

Supplemental Figure 3. Sequence similarity matrix of STRK1.

Supplemental Figure 4. Effect of STRK1 on biomass reduction and
ion accumulation under salt stress.

Supplemental Figure 5. Schematic overview of the STRK1 protein.

Supplemental Figure 6. Subcellular localization of STRK1 in trans-
genic rice plants.

Supplemental Figure 7. Mislocalized STRK1 failed to activate salt
stress signaling.

Supplemental Figure 8. Chlorophyll content in the leaves of wild-type
and transgenic rice seedlings treated with 100 mM NaCl for 7 d.

Supplemental Figure 9. RT-qPCR analyses of STRK1 expression in
young root, stem, leaf, leaf sheath, and young spikelet from rice.

Supplemental Figure 10. Sequence similarity matrix of CAT family
members in rice.

Supplemental Figure 11. CAT family members CatA and CatB also
interact with STRK1.

Supplemental Figure 12. b-Galactosidase assay showing interaction
of STRK1 with members of the rice CAT family in yeast cells.

Supplemental Figure 13. The GST-STRK1 shows strong autophos-
phorylation and substrate (MBP) phosphorylation.

Supplemental Figure 14. Preliminary identification of phosphorylation
sites of CatC recognized by STRK1.

Supplemental Figure 15. Phosphorylation sites of CAT proteins
identified to date to be phosphorylated by definite protein kinases.

Supplemental Figure 16. Relative expression levels of STRK1 and
CatC in transgenic seedlings (T0) overexpressing CatCY210F and
CatCY210D under the Ri11 background, a STRK1 knockdown mutant,
as determined by RT-qPCR.

Supplemental Figure 17. Specificity verification of a polyclonal anti-
CatC antibody.

Supplemental Table 1. Primers for analysis of the candidate RLK/
RLCK genes induced by salt stress.

Supplemental Table 2. The other primers used in this study.

Supplemental Data Set 1. The amino acid sequences of STRK1 and
its homologs used for constructing a phylogenetic tree.
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