Molecular Plant ¢ CellPress

Research Article Partner Journal

Transcriptional activation and phosphorylation of
OsCNGC9 confer enhanced chilling tolerance in
rice

Jiachang Wang'-2-°, Yulong Ren?-°, Xi Liu'-°, Sheng Luo?, Xiao Zhang', Xin Liu?, Qibing Lin?,
Shanshan Zhu?, Hua Wan', Yang Yang?, Yu Zhang', Bin Lei?, Chunlei Zhou, Tian Pan’,
Yongfei Wang', Mingming Wu', Ruonan jing', Yang Xu', Meng Han*, Fuging Wu?, Cailin Lei?,
Xiuping Guo?, Zhijun Cheng?, Xiaoming Zheng?, Yihua Wang', Zhigang Zhao', Ling Jiang’,
Xin Zhang?, Yong-Fei Wang?, Haiyang Wang? and Jianmin Wan™-2.*

"National Key Laboratory for Crop Genetics and Germplasm Enhancement, Jiangsu Plant Gene Engineering Research Center, Nanjing Agricultural University,
Nanjing 210095, China

2National Key Facility for Crop Gene Resources and Genetic Improvement, Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, Beijing 100081,
China

3National Key Laboratory of Plant Molecular Genetics, Institute of Plant Physiology and Ecology, CAS Center for Excellence in Molecular Plant Sciences, Chinese
Academy of Sciences, Shanghai 200032, China

“MOE Key Laboratory of Bioinformatics, School of Life Sciences, Tsinghua University, Beijing, 100084, China
5These authors contributed equally to this article.

*Correspondence: Jianmin Wan (wanjm@njau.edu.cn, wanjianmin@caas.cn)
https://doi.org/10.1016/j.molp.2020.11.022

ABSTRACT

Low temperature is a major environmental factor that limits plant growth and productivity. Although tran-
sient elevation of cytoplasmic calcium has long been recognized as a critical signal for plant cold tolerance,
the calcium channels responsible for this process have remained largely elusive. Here we report that
OsCNGC9, a cyclic nucleotide-gated channel, positively regulates chilling tolerance by mediating cyto-
plasmic calcium elevation in rice (Oryza sativa). We showed that the loss-of-function mutant of OsCNGC9
is defective in cold-induced calcium influx and more sensitive to prolonged cold treatment, whereas
OsCNGC9 overexpression confers enhanced cold tolerance. Mechanistically, we demonstrated that in
response to chilling stress, OsSAPK8, a homolog of Arabidopsis thaliana OST1, phosphorylates and acti-
vates OsCNGC9 to trigger Ca®* influx. Moreover, we found that the transcription of OsCNGC9 is activated
by arice dehydration-responsive element-binding transcription factor, OsDREB1A. Taken together, our re-
sults suggest that OsCNGC9 enhances chilling tolerance in rice through regulating cold-induced calcium
influx and cytoplasmic calcium elevation.
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INTRODUCTION tolerance could reduce cold-induced yield loss and enable the

expansion of rice cultivation. Previous studies have shown that
Cold stress is a major environmental stress that limits the growing cold stress induces the expression of cold-regulated (COR)
season and geographical distribution of plants in nature,  genes by C-repeat (CRT)-binding factors (CBFs)/dehydration-

frequently hampering crop production (Lesk et al., 2016; Zhu,  yegponsive element (DRE)-binding transcription factors (DREBS).
2016). Rice (Oryza sativa), a primary staple crop for more than

half of the world’s population, was domesticated in temperate
areas and is sensitive to chilling S‘tress (Sasaki and _Burr’ 2990; Published by the Molecular Plant Shanghai Editorial Office in association with
Zhang et al., 2019). Therefore, improvement of rice chilling  Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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CBFs/DREBSs can bind to the CRT/DRE cis elements in the pro-
moters of cold-regulated (COR) genes and activate a set of
COR genes, leading to enhanced cold tolerance (Stockinger
et al, 1997; Jaglo-Ottosen et al., 1998; Liu et al, 1998;
Thomashow, 1999).

It was recently shown that protein kinases play an important role
in the regulation of plant cold signaling transduction (Barrero-Gil
and Salinas, 2013). For example, OPEN STOMATA 1 (OST1), a
member of the SNF1-related protein kinase 2 (SnRK2) family,
positively regulates cold tolerance in Arabidopsis thaliana (Ding
et al., 2015). During cold stress, cold-activated OST1 interacts
with and phosphorylates INDUCER OF CBF EXPRESSION 1
(ICE1) to prevent its 26S proteasome-mediated degradation
and thus promote its binding activity to CBF proteins (Ding
et al., 2015). Moreover, OST1 also phosphorylates basic
transcription factor 3s (BTF3s) and promotes CBF protein
stability by interacting with CBF proteins (Ding et al., 2018).
Consistent with this finding, the ost7 mutant shows sensitivity
to cold stress, whereas OST1 overexpression transgenic lines
show increased cold tolerance (Ding et al., 2015). Although
previous studies have shown that OST1 is a key regulator of
cold signaling transduction in Arabidopsis, little is known about
the precise role of SnRK2s in cold signaling transduction in rice.

Ca?*, an important second messenger, has been shown to be
involved in plant response to environmental changes, including
cold stress (Knight et al., 1996; Yuan et al., 2018). Exposure to
cold stress induces a rapid and transient increase in cytoplasmic
calcium concentration ([Caz"]cyt), which triggers downstream
cold tolerance responses in plants (Sanders et al., 2002; Guo
et al., 2018). Furthermore, it has been demonstrated that Ca*
influx from the apoplast is critical for the cold-induced [Caz"]cyt
burst (Carpaneto et al., 2007; Ma et al.,, 2015); however, the
calcium-permeable channels responsible for cold-induced Ca?*
influx in plants remain largely unknown (Ding et al., 2019).
Recently, CHILLING TOLERANCE DIVERGENCE 1 (COLD1), a
plasma membrane and endoplasmic reticulum-localized trans-
membrane protein, was shown to work together with G-protein o
subunit 1 (RGA1) to mediate cold-induced Ca* influx to promote
cold stress tolerance in rice. Although it has been proposed that
COLD1 may function as a Ca®*-permeable channel or a subunit
of the Ca?* channel (Ma et al., 2015; Manishankar and Kudla,
2015), its exact molecular function still remains to be elucidated.

Cyclic nucleotide-gated channels (CNGCs), a kind of Ca®*-perme-
able nonspecific cation channel, have been demonstrated to play a
crucial role in thermal sensing and thermotolerance in Arabidopsis
and Physcomitrella patens (Finka et al., 2012; Gao et al., 2012;
Tunc-Ozdemir et al., 2013). In plants, CNGC-mediated Ca?*
signaling has been shown to participate in the regulation of
various signaling pathways (DeFalco et al., 2016a). We recently
showed that the plasma membrane-localized channel protein
OsCNGC9, a Ca2+-permeable nonspecific cation channel, medi-
ates Ca2* influx in rice innate immunity (Wang et al., 2019). In
this study, we provide evidence that OsCNGC9 also positively
regulates rice chiling tolerance by mediating Ca®* influx in
response to chiling stress. We further demonstrate that
OsSAPK8, a homolog of Arabidopsis OST1, physically interacts
with and phosphorylates OsCNGC9 to enhance its channel
activity. In addition, a rice DREB transcription factor,

OsCNGC9 regulates chilling tolerance

OsDREB1A, can directly bind to the promoter region of
OsCNGC9 to promote its transcription. Here, we reveal that a
regulatory pathway composed of OsDREB1A, OsSAPKS, and
OsCNGC9 plays a positive role in cold-induced cytoplasmic cal-
cium elevation and chilling tolerance in rice.

RESULTS

OsCNGC9 is a positive regulator of chilling tolerance

A recent study showed that the expression of OsCNGC9 was
significantly induced in response to cold stress (Nawaz et al,,
2014). To investigate whether OsCNGC9 contributes to chilling
tolerance in rice, we examined the chilling tolerance of wild type
(WT) and cds1 (cell death and susceptible to blast 1), a loss-of-
function mutant of OsCNGC9 (Wang et al., 2019). After a 4-day
chilling treatment and a 7-day recovery, only ~10% of the cds?
seedlings survived, in contrast to ~92% of the WT plants
(Figure 1). In addition, two independent cds7 complementation
lines expressing OsCNGC9::0sCNGC9 (pGOsCNGC9; Wang
et al., 2019) completely rescued the chilling tolerance defect of
the cds1 mutant (Supplemental Figures 1 and 2A). Furthermore,
no significant difference in thermotolerance was detected
between WT and cds? (Supplemental Figure 3), indicating that
heat-shock signaling may be independent of OsCNGC9.
Together, these results suggest that OsCNGC9 is involved in rice
chilling tolerance.

We next investigated whether OsSCNGC9 could mediate Ca®*
influx in response to chilling shock in vivo using Non-invasive
Micro-test Technology (NMT) in rice roots (Ma et al., 2015). Upon
chilling stimulation, there was a rapid and robust extracellular
Ca?* influx in the roots of WT and the complementation lines of
cds1. By contrast, cds? showed no significant extracellular Ca®*
influx under the same conditions (Figure 2A). We also observed
that the maximum Ca®" influx under cold stress differed
significantly between cds7 and WT or pGOsCNGC9 (Figure 2B).
In addition, we used Yellow Cameleon 3.6 (YC3.6) as a
ratiometric fluorescent calcium indicator to further monitor
[Ca2+]cy1 elevation during cold stress (Behera et al., 2015). The
root cells of WT and pGOsCNGC9 showed very significant
cytoplasmic Ca®* elevation after cold treatment, whereas those
of cds? showed relatively weaker cytoplasmic Ca2* elevation in
response to cold shock (Figure 2C and 2D). Moreover, similar
results were observed when Fluo-4 acetoxymethyl (AM) ester
was used as a fluorescent [Ca2+]cyt indicator (Supplemental
Figure 4). Furthermore, qRT-PCR analysis showed that in
response to chilling stimulation, the induction levels of cold
stress-related calcium-dependent protein kinase genes (CPKSs)
and OsDREB1A were significantly lower in cds? than in WT and
the cds? complementation lines (Figure 2E-2G). On the other
hand, the expression of OsTT1 (a heat stress-related gene) was
not obviously induced by cold stress (Figure 2H), and heat
stress-induced Ca?* influx was not affected in cds? compared
with WT plants (Supplemental Figure 5). These results
suggest that OsCNGC9 participates in the regulation of chilling
tolerance by mediating chilling-induced Ca?* influx in rice.

To further assess the role of OsCNGCS in rice chilling tolerance,
we examined the chilling tolerance of OsCNGC9-overexpression
(OsCNGC9-0OE) transgenic lines in the japonica rice Kitaake
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Figure 1. OsCNGC9 positively regulates chilling tolerance in rice seedlings.
(A) Chilling tolerance phenotype of wild-type (WT) and cds17 plants. Seedlings were incubated at 4°C for the indicated days and then transferred back to
the normal temperature for 7 days of recovery. Shown are the front view (upper panel) and the vertical view (lower panel) of WT and cds7 plants before and

after chilling treatment. Red arrows indicate dead plants. Scale bars, 5 cm.

(B) The survival rate was measured after chilling treatment for the indicated number of days and recovery for 7 days. Values are means + SD, n = 6 (six
technical replicates per biological repeat, with at least 18 seedlings per technical replicate). *P < 0.05, **P < 0.01 (compared with WT; Student’s t-test).

DAC, days after chilling treatment.
The experiments were repeated three times with similar results.

background (Wang et al., 2019). OsCNGC9-OE transgenic seed-
lings showed significantly higher survival rates than Kitaake after
chilling treatment (Supplemental Figures 2B and 6). Moreover,
Ca?* flux and cytoplasm Ca?* assays showed that the
OsCNGC9-OE lines exhibited stronger extracellular Ca®* influx
and greater [Caz"]cyt elevation than Kitaake in response to chilling
shock (Supplemental Figure 7A-7C). In addition, a qRT-PCR
assay showed that the OsCNGC9-OE lines exhibited higher
cold stress-related gene expression than Kitaake after cold treat-
ment (Supplemental Figure 7D and 7E). Taken together, these
results suggest that OsCNGC9 positively regulates chilling
tolerance by mediating Ca* influx in rice.

OsCNGC9 physically interacts with OsSAPK8

To elucidate the regulatory mechanism of OsCNGC9 in chilling
tolerance, we sought to identify OsCNGC9-interacting proteins.
The OsCNGC9-GFP fusion protein or free GFP protein was tran-
siently expressed in rice protoplasts, followed by immunoprecipi-
tation using anti-GFP beads and liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Interestingly, one candidate pro-
tein identified in protoplasts expressing OsCNGC9-GFP, but not in
control protoplasts expressing free GFP, was OsSAPKS8, a SnRK2

protein kinase (Kobayashi et al., 2004; Sun et al, 2016)
(Supplemental Table 1). A very recent study has revealed that
OsSAPKS functions as a positive regulator in response to abiotic
stresses, including cold stress (Zhong et al., 2020). In addition,
OST1, the homolog of rice OsSAPKS, plays a crucial role in
the cold tolerance of Arabidopsis (Ding et al., 2015, 2018).
We therefore verified the interaction between OsSAPK8 and
OsCNGC9 using multiple assays. A yeast two-hybrid (Y2H) assay
showed that OsSAPK8 could directly interact with OsCNGC9
(Figure 3A). A split-luciferase complementation assay in Nicotiana
benthamiana showed that the co-expression of cLUC-OsCNGC9
and nLUC-OsSAPKS8 produced an obvious luciferase (LUC) signal
(Figure 3B). Furthermore, a co-immunoprecipitation (ColP) assay
in rice protoplasts confirmed that OsSAPK8 could be co-
immunoprecipitated with OsCNGC9-GFP using anti-GFP beads
(Figure 3C). Together, these results suggest that OsSAPKS8
physically interacts with OsCNGCS in vivo.

OsSAPKS8 phosphorylates OsCNGC9 to enhance its
Ca?* channel activity

The observed physical interaction between OsSAPKS8 and
OsCNGC9 prompted us to further investigate whether OsCNGC9
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Figure 2. OsCNGC9 is required for cold-
induced Ca?* influx and cold stress-related
gene expression.

(A) Comparison of extracellular calcium influx
in living roots of wild type (WT), cds?, and
pGOsCNGC9 transgenic plants upon cold shock.
The blue background indicates the duration
of cold treatment.

(B) Calculated maximum Ca2* influxes from (A).
Values are means + SD (n = 6, compared with WT;

**P < 0.01, Student’s t-test).
(C) Cold-induced [Ca®*].,: accumulation in live
root cells using Yellow Cameleon (NES-YC3.6).
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is a substrate of OsSAPKS. Previous studies have revealed that
phosphorylation of the C terminus of plant CNGCs is involved
in their regulation (He et al., 2019; Tian et al., 2019; Wang et al.,
2019; Yu et al., 2019). Consistent with this finding, our Y2H
assay showed that OsCNGC9 interacts with OsSAPKS via its C
terminus (Supplemental Figure 8). Therefore, we next examined
whether OsSAPK8 could phosphorylate the C terminus of
OsCNGC9 (OsCNGC9-C) using an in vitro phosphorylation
assay. A Phos-tag SDS-PAGE assay showed that OsCNGC9-C
was clearly phosphorylated by OsSAPK8 (Figure 3D). To
examine whether OsCNGC9 is phosphorylated during cold
stress in planta, we performed an in vivo phosphorylation

The red rectangles represent regions of interest
(ROls) used for ratiometric measurements. Ratio
images were acquired at the indicated times. The
[Ca2+]cy1 responses were visualized using a color
gradient from low (blue) to high (red). Scale bars,
10 pum.

(D) Normalized ratio (cpVenus/ECFP) values
showing [Caz"]cyt changes upon cold treatment in
the live root cells of WT, cds7, and pGOsCNGC9
transgenic plants. The blue background indicates
the duration of cold treatment. Scale bars, 10 um.
Values are means + SD (n = 6). Error bars are
indicated every 30 s for clarity. The experiments
were replicated at least three times.

(E-H) Dynamic change in the expression levels of
cold stress-related genes (OsCPK6, OsCPK13,
and OsDREB1A) and the heat stress-related gene
OsTT1in WT, cds1, and pGOsCNGC9 transgenic
plants in response to cold stress. Values are
means + SD (n = 3, compared with WT; *P < 0.05,
**P < 0.01, Student’s t-test).

WT -@- cds?
—©- pGOsCNGC9-1

/ All experiments were repeated three times with
similar results.
/ »
/—/.// *
0 %ic (41°c) 15 assay. Indeed, the phosphorylation level
of OsCNGC9-C was markedly increased
WT - cdsT within  minutes after cold treatment
PGOSCNGC9-1 (Figure 3E). Next, we examined whether
'Y OsCNGC9 is phosphorylated in an
— \‘—\\‘Ti; OsSAPK8-dependent manner during cold
i stress in planta by comparing the phosphor-
ylation level of OsCNGC9-C in the OsSAPK8
knockout line (OsSAPK8-KO; Supplemental
0 05 1 15 Figure 9) with that in the corresponding WT,
DAC (4 °C)

Nipponbare. The relative phosphorylation
intensity of OsCNGC9-C was induced to
a lesser extent in protoplasts from the
OsSAPK8-KO knockout plants than in those from Nipponbare af-
ter cold shock (Figure 3F). Together, these results suggest that
OsCNGCS9 is an authentic substrate of OsSAPKS.

To elucidate the role of phosphorylation by OsSAPK8 on the
Ca?* channel activity of OsCNGC9, we performed a calcium
imaging assay in HEK293T cells. After treatment with 10 mM
external CaCl,, HEK293T cells co-expressing OsSAPK8 and
OsCNGC9 showed a stronger increase in cytosolic Ca®*
than HEK293T cells expressing OsCNGC9 alone (Figure 3G-
3l). In addition, no significant cytosolic Ca?* increase was
observed in intact HEK293T cells expressing OsSAPKS8 alone

318 Molecular Plant 14, 315-329, February 1 2021 © The Author 2020.



OsCNGC9 regulates chilling tolerance Molecular Plant
A B C

Input P

OsSAPK8-FLAG + + + +
OsCNGC9-GFP + - + —
(o GFP = * = &
a
OsCNGC9-Cub, f\ 50 - — o-FLAG
+0OsSAPK8-Nub cLuc-OsCNGC9 | cLuc-OsCNGC9
Cub e a nLuc-OsSAPK8 | nLuc-GW5 1300 -
+0sSAPK8-Nub 100
cLuc-GW5 cLuc-OsCNGC9
+SEENGCQ-CUb nLuc-OsSAPKS | nLuc-OsRLCK185 a-GFP
SD/-LT SD/-LTHA —
High s Low 37 -
A
A0
o Yy
O
D E F & o
OSSAPKE-His - Ll OsCNGCO-C-FLAG 5 =+ + =
OsCNGC9-C-FLAG + Cold treatment 25 5 Cold treatment
0.06
pPOSCNGCY-C-FLAG —= pOsCNGC9-C-FLAG —= pOsCNGC9-C-FLAG —=
a-FLAG

a-FLAG

a-FLAG kDa
25 | eun e

100 ‘E — n |-HSP82 100 >’ | .HsPs2

N H = OsCNGCY+OsSAPKS I
= OSCNGC9

Time (min)

Ratio (FRET/CFP)

Peak ratio (FRET/CFP)
@
&
o

. 2
High me—Low Time (min)

%

7/

L9
Xo ~
o

Figure 3. OsSAPKS8 physically interacts with and phosphorylates OsCNGC9 to enhance its channel activity.

(A) Yeast two-hybrid assay showing the interaction between OsCNGC9 and OsSAPK8. SD/-LT, Synthetic Dropout/-Leu-Trp; SD/-LTHA, Synthetic
Dropout/-Leu-Trp-His-Ade.

(B) Split-luciferase complementation assay showing the interaction between OsCNGC9 and OsSAPKS in N. benthamiana leaves. GW5 was used as a
negative control, and OsRLCK185 was used as a positive control in the LUC assay. cLUC, C terminus of LUC; nLUC, N terminus of LUC.

(C) Co-immunoprecipitation (Co-IP) of OsCNGC9 and OsSAPKS in rice protoplasts. The plus (+) and minus (—) signs denote the presence and absence of
the protein in each sample.

(D) In vitro phosphorylation assay showing that the C terminus of OsCNGC9 (OsCNGC9-C) is phosphorylated by OsSAPK8. The phosphorylation of
OsCNGC9-C was examined using a Phos-tag SDS-PAGE assay (upper panel) and SDS-PAGE (lower panel).

(E) Cold stress induces OsCNGC9-C phosphorylation in vivo. Protein extracts from rice protoplasts expressing OsCNGC9-C-FLAG were separated in a
Phos-tag gel (upper panel) and SDS-PAGE (lower panel), and then detected with the indicated antibodies. The relative intensity of each shifted phos-
phorylated band is indicated.

(F) In vivo phosphorylation assay of OsCNGC9-C under cold stress in Nipponbare and the OsSAPK8-KO plants. Protein extracts from Nipponbare and
OsSAPK8-KO protoplasts expressing OsCNGC9-C-FLAG were treated with or without cold stress for 5 min before protein extraction. The relative in-
tensity of shifted phosphorylated bands is indicated. The plus (+) and minus (—) signs denote the presence or absence of the protein in each sample. The
relative intensity of each shifted phosphorylated band is indicated.

(G-1) Ca%* imaging in HEK293T cells showing the activation of OsCNGC9 by OsSAPKS and the consequent increase in [Caz"]cyt. Typical fluorescent
images (G), average fluorescence intensity changes (H), and peak fluorescence intensity () in HEK293T cells transiently expressing various tested
proteins are indicated. The [Ca“]cvt responses were visualized using a color gradient from low (blue) to high (red). Values are means + SD (n > 30;
P < 0.05, Student’s t-test). Significant differences are indicated by different lowercase letters.

All experiments were repeated three times with similar results.

(Supplemental Figure 10). These results suggest that OsSAPK8 Phosphorylation of OsCNGC9-Ser645 enhances chilling
was able to activate OsCNGC9 channel activity. The above tolerance in rice

data collectively suggest that the phosphorylation of OsCNGC9 To identify phospho-sites in OsCNGC9-C before and after cold
by OsSAPK8 enhances OsCNGC9 channel activity in response shock, we expressed an OsCNGC9-C-FLAG fusion protein in

to cold stress. rice protoplasts and then treated them with or without cold stress.

Molecular Plant 14, 315-329, February 1 2021 © The Author 2020. 319
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Figure 4. The Ser645 phosphorylation of OsCNGC9 plays a positive role in rice chilling tolerance.

(A) LC-MS/MS analysis revealed that OsCNGC9 Ser645 is phosphorylated by OsSAPKS.

(B) In vitro phosphorylation assay showed that the Ser645A mutant of OSCNGC9-C (OsCNGC9-CS%4%4) and the Ser®*14/Ser®764/Ser®394/Ser8454/Ser®74A
quintuple mutant of OsCNGC9-C (OsCNGC9-C®?) exhibit compromised phosphorylation by OsSAPK8. Proteins were fractionated by SDS-PAGE
containing Phos-tag acrylamide (upper panel) and normal SDS-PAGE (lower panel). The relative intensity of shifted phosphorylated bands is indi-
cated. The plus (+) and minus (—) signs denote the presence and absence of the protein in each sample. The relative intensity of each shifted phos-
phorylated band is indicated.

(C) In vivo phosphorylation assay of OsSCNGC9-C, OsCNGC9-C4%A, and OsCNGC9-C®* under cold stress in Nipponbare protoplasts. Protein extracts
from Nipponbare protoplasts expressing OSCNGC9-C-FLAG, OsCNGC9-CS8**4-F| AG, and OsCNGC9-C*A-FLAG were treated with or without cold
stress for 5 min before protein extraction. The relative intensity of shifted phosphorylated bands is indicated. The plus (+) and minus (—) signs denote the
presence and absence of the protein in each sample. The relative intensity of each shifted phosphorylated band is indicated.

(D) Expression level of OsCNGC9 in the leaves of Kitaake, OsCNGC9-OE transgenic plants, and the phosphomimetic OsCNGC9 transgenic plants
(OsCNGC9%5%°P_OF). WT OsCNGC9 or OsCNGC9%%#°° was overexpressed in Kitaake, and T2 transgenic lines were used to examine the expression level
of OsCNGC9. Values are means + SD (n = 3; NS, not significant, Student’s t-test).

(E) The chilling tolerance of phosphomimetic OsCNGC9 mutants is significantly enhanced. Seedlings were incubated at 4°C for the indicated days and
then transferred back to the normal temperature for 7 days of recovery. DAC, days after cold treatment. Scale bars, 5 cm.

(legend continued on next page)
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The OsCNGC9-C-FLAG protein was enriched by affinity purifica-
tion and then subjected to LC-MS/MS analysis. Five specific
phospho-sites were identified in OsCNGC9-C purified from the
protoplasts treated with chiling shock (Supplemental
Figure 11). Strikingly, Ser645 of OsCNGC9 showed the highest
phosphorylation intensity after the chilling treatment among all
identified phospho-sites (Figure 4A and Supplemental Table 2),
indicating that Ser645 is likely a major phosphorylation site
under chilling conditions in vivo. Amino acid sequence analysis
showed that Ser645 is located in the RXXS/T domain that is
specifically recognized by SnRK2 kinases (Supplemental
Figure 11; Kobayashi et al., 2005). To determine whether
OsSAPK8 phosphorylates OsCNGC9 at Ser645, we conducted
an in vitro phosphorylation assay. OsSAPK8-phosphorylated
OsCNGC9-C-FLAG protein was subjected to LC-MS/MS assay.
We also identified multiple confident OsSAPK8 phosphorylation
sites on OsCNGC9-C (Supplemental Figure 11). Consistently,
the phosphorylation intensity of Ser645 was the highest among
all identified OsSAPK8 phosphorylation sites on OsCNGC9
(Supplemental Table 3). Site-directed mutagenesis showed that
the substitution of Ser645 with Ala (OsCNGC9-CS4%%) signifi-
cantly reduced OsCNGC9-C phosphorylation by OsSAPKS,
and the Ser®*'ASer®"6Ager839Aggr84%43er%74A quintuple mutant
(OsCNGC9-C®") almost completely lacked OsSAPKS-
dependent phosphorylation in vitro (Figure 4B). Similarly, we
found that cold stress-induced phosphorylation of OsCNGC9
was weakened in protoplasts expressing OsCNGC9-CS%%°A and
was almost completely lost in protoplasts expressing the
Ser®t1AgerS76Age 839G gr845Ag e 674A quintuple mutant
(Figure 4C). Together, these results suggest that Ser645 of
OsCNGCS9 is a major site of phosphorylation by OsSAPKS8 in
response to chilling stress in rice.

To elucidate the role of OsCNGC9 Ser645 in rice chilling toler-
ance, we generated phosphomimetic OsSCNGC9-S645D overex-
pression (OsCNGC9%%#°P-OF) transgenic lines. We selected
OsCNGC9-OE and OsCNGC95%4°P-OF transgenic lines with
similar OsCNGC9 expression levels and compared their chilling
tolerance (Figure 4D). After chilling treatment and recovery, the
survival rate of OsCNGC9%%#°P-OF plants was greater than
65%, whereas that of OsCNGC9-OE plants was only about
40% under the same conditions (Figure 4E and 4F;
Supplemental Figure 2C). Together, these results suggest that
the phosphorylation of OsCNGC9 Ser645 by OsSAPKS8
enhances chilling tolerance in rice.

To further verify whether the phosphorylation status of
OsCNGC9 Ser645 affects the channel activity of OsCNGC9,
we performed a calcium imaging assay using OsCNGC9,
OsCNGC95%%°P and OsCNGC95%4%A. As shown in Figure 4G
and 4H, cytosolic Ca®* elevation was significantly enhanced
in intact HEK293T cells expressing OsCNGC95%#°P compared
with those expressing OsCNGC9 upon the application of
10 mM external CaCl,. By contrast, HEK293T cells
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expressing OsCNGC9%%#4°* showed impaired cytosolic CaZ*
elevation compared with those expressing OsCNGC9
(Figure 4G and 4H). These results indicate that the
phosphorylation status of Ser645 positively regulates the
calcium channel activity of OsCNGC9. Collectively, these
data suggest that the phosphorylation of OsCNGC9 Ser645
by OsSAPK8 promotes cytosolic Ca2* influx, thus enhancing
chilling tolerance in rice.

OsSAPKS positively regulates chilling tolerance and
cold-induced Ca?* influx in rice

To further test whether OsSAPKS plays a role in the regulation of
rice chilling tolerance, we conducted a chilling tolerance assay
using two independent OsSAPK8 knockout lines (Supplemental
Figure 9). Consistent with a previous study (Zhong et al., 2020),
the survival rate of the OsSAPK8 knockout mutant plants was
clearly lower than that of the corresponding WT (Nipponbare)
seedlings after chiling treatment (Figure 5A and 5B;
Supplemental Figure 2D). Interestingly, a Ca2* flux assay
showed that root cells of Nipponbare but not those of the
OsSAPKS8 knockout mutants exhibited more significant Ca®*
influx after cold treatment (Figure 5C and 5D). In addition, a
cytoplasmic Ca?* assay showed that the OsSAPKS8 knockout
mutants also exhibited lower [Ca2+]cyt cold responses
compared with Nipponbare (Figure 5E). qRT-PCR analysis
showed that in response to chilling stimulation, the induction of
cold stress-related gene expression was significantly lower in
OsSAPK8 knockout mutants than in Nipponbare (Figure 5F and
5G). These results collectively suggest that OsSAPKS8
participates in the regulation of chilling tolerance and cold-
induced Ca?* influx in rice.

To evaluate the potential value of OsSAPKS8 in crop genetic
improvement, we performed a chilling tolerance assay in the
OsSAPK8-GFP overexpression line (Lin et al., 2015) and
Nipponbare. gRT-PCR analysis confirmed the overexpression
of OsSAPKS8 in OsSAPK8-GFP overexpression plants compared
with Nipponbare (Supplemental Figure 12A). After chilling
treatment and recovery, the survival rate of the OsSAPK8-GFP
overexpression plants was greater than 60%, whereas that of
Nipponbare plants was less than 30% under the same conditions
(Supplemental Figures 2E, 12B, and 12C). An in vivo
phosphorylation assay showed that the relative phosphorylation
intensity of OsCNGC9-C was more strongly induced in the
OsSAPK8-GFP overexpression plants than in Nipponbare after
cold shock (Supplemental Figure 13A). In addition, a Ca®* flux
assay showed that in response to cold stimulation, root cells of
the OsSAPK8-GFP overexpression plants exhibited stronger
Ca?" influx than those of Nipponbare (Supplemental Figure 13B
and 13C). After cold shock, the OsSAPK8-GFP overexpression
plants consistently showed higher levels of cold stress-related
gene expression compared with Nipponbare (Supplemental
Figure 13D and 13E), suggesting that OsSAPK8-mediated

(F) Survival rate of Kitaake, OSCNGC9-OE, and OsCNGC9°%#°P-QOE plants before and after cold treatment. Values are means = SD (n = 6, six technical
replicates per biological repeat and at least 18 seedlings per technical replicate; *P < 0.05, **P < 0.01, Student’s t-test).

(G and H) Ca®* imaging of the HEK293T cells showing the channel activity of OSCNGC9, OsCNGC9-CS®**A, and OsCNGC9%%4°P, Average fluorescence
intensity changes (G) and peak fluorescence intensity (H) in HEK293T cells transiently expressing various tested proteins as indicated. Values are means
+ 8D (n > 30; P < 0.05, Student’s t-test). Significant differences are indicated by different lowercase letters.

All experiments except LC-MS/MS were repeated three times with similar results.
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Figure 5. The OsSAPKS8 knockout mutants showed impaired chilling tolerance, cold-induced Ca2* influx, and cold stress-related
gene expression.

(A) Chilling tolerance phenotype of Nipponbare and the OsSAPK8 knockout mutant plants. Seedlings were incubated at 4°C for the indicated days and
then transferred back to the normal temperature for 7 days of recovery. DAC, days after cold treatment. Scale bars, 5 cm.

(B) Survival rates of Nipponbare and the OsSAPK8 knockout mutant plants before and after cold treatment. Values are means + SD (n = 6, six technical
replicates per biological repeat and at least 18 seedlings per technical replicate; compared with Nipponbare, **P < 0.01, Student’s t-test).

(C) Comparison of extracellular calcium influx in the living roots of Nipponbare and the OsSAPK8 knockout plants upon cold shock. The blue background
indicates the duration of cold treatment.

(D) Calculated maximum Ca?* influxes from (C). Values are means + SD (n = 6; compared with Nipponbare, **P < 0.01, Student’s t-test).

(E) Quantification of the Fluo-4/AM fluorescence intensity. Data were obtained from 20 000 protoplast cells using flow cytometry. The fluorescence
intensity of the room temperature sample was defined as 1. Values are means + SD (n = 3; *P < 0.05, **P < 0.01, Student’s t-test).

(F and G) Dynamic change in the expression levels of the cold stress-related genes OsCPK13 and OsDREB1A in Nipponbare and the OsSAPK8 knockout
mutant plants in response to cold stress. Values are means + SD (n = 3; compared with Nipponbare, *P < 0.05, **P < 0.01, Student’s t-test).

All experiments were repeated at least three times with similar results.
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Figure 6. OsDREB1A promotes OsCNGC?9 transcription by directly binding to the DRE-box motif in the OsCNGC9 promoter.
(A) The transcript level of OsCNGC9 can be induced by cold treatment. Values are means + SD (n = 3; compared with the value at DAC 0, *P < 0.05, **P <

0.01, Student’s t-test). DAC, days after cold treatment.

(B) Schematic diagram of the DRE-box (5'-CCGAC-3') motif in the OsCNGC9 promoter. DRE-box, a putative DREB-binding site.
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phosphorylation of OsCNGC9 plays an important role in rice chill-
ing tolerance.

OsDREB1A promotes OsCNGC9 transcription by
directly binding to the DRE-box motif in the OsCNGC9
promoter

Consistent with a previous study (Nawaz et al., 2014), our gRT-
PCR analysis showed that the transcription of OsCNGC9 was
significantly induced by chilling stress (Figure 6A). To obtain
further insights into the regulatory mechanism of OsCNGC9
at the transcriptional level, we analyzed the OsCNGC9
promoter with PlantPAN 2.0 and identified one dehydration
response element (DRE/CRT) that has been reported to
participate in cold, drought, and salt stress responses
(Figure 6B) (Yamaguchi-Shinozaki and Shinozaki, 1994; Chow
et al., 2016). Previous studies have shown that OsDREB1A, a
DRE-box motif-binding protein in rice, positively regulates
cold tolerance by inducing stress-related gene expression
(Dubouzet et al., 2003). Therefore, we investigated whether
OsDREB1A directly regulates OsCNGC9 transcription by
binding to the DRE-box motif in vitro using a DNA electrophoretic
mobility shift assay (EMSA). The OsDREB1A-GST fusion protein,
but not the free GST (glutathione S-transferase) protein, was able
to bind to the DNA probe containing the DRE-box element
(Figure 6C). Moreover, a DRE-box probe without biotin labeling
effectively competed for OsDREB1A binding with the DRE-box-
containing probe. In addition, the OsDREB1A-GST fusion protein
could not bind to DRE-box-mu, a mutant version of the DRE-box
probe (Figure 6C). We further performed chromatin
immunoprecipitation (ChIP}-qPCR to examine the ability of
OsDREB1A to bind to different regions of the OsCNGC9
promoter, and only the P1 fragment containing the DRE-box
motif was significantly enriched (Figure 6D).

To further verify that OsCNGC9 is a direct target of OsDREB1A,
we conducted a transient transfection assay in rice protoplasts.
We observed a positive effect of OsDREB1A on the expression
level of the LUC reporter gene driven by the OsCNGC9 promoter
(Figure 6E and 6F). We also conducted a chilling tolerance assay
using two independent OsDREB1A knockout lines (OsDREB1A-
KO; Supplemental Figure 14). Consistent with previous reports,
the loss of OsDREB1A function increased susceptibility to

OsCNGC9 regulates chilling tolerance

chilling stress compared with the WT, Kitaake (Figure 6G and
6H; Supplemental Figure 2F). In addition, a Ca®** flux assay
showed that the OsDREB1A-KO plants exhibited weaker
extracellular Ca2* influx compared with Kitaake in response to
cold stress (Figure 61 and 6J). Consistently, gRT-PCR analysis
showed that the transcript level of OsCNGC9 was induced to a
lesser extent in the OsDREB1A-KO plants compared with
Kitaake in response to chilling stimulation (Figure 6K). Taken
together, these results indicate that chilling stimulation
promotes OsCNGC9 expression through an OsDREB1A-
dependent pathway.

DISCUSSION

Although calcium channels have been implicated as key compo-
nents in cold signal transduction, the long-sought-after calcium
channels responsible for cold stress signaling pathways in plants
have remained elusive. In this study, we present several lines of
evidence to support the notion that OsCNGC9 acts as a calcium
channel required for chilling tolerance. First, we showed that the
cds1 knockout mutant is hypersensitive to chilling, whereas
OsCNGC9 overexpression plants exhibit significantly enhanced
chilling tolerance (Figure 1 and Supplemental Figure 6).
Second, we demonstrated that OsCNGC9, a Ca®*-permeable
divalent cation-selective inward channel, is required for extracel-
lular Ca2* influx, [Ca2+]cyt elevation, and cold stress-related gene
expression in response to cold stress in rice (Figure 2 and
Supplemental Figure 4). Third, we used multiple assays to show
that elevated OsCNGC9 level is important for cold shock-
dependent changes in Ca?* influx (Supplemental Figure 7). In
addition, we found that a SnRK2 kinase, OsSAPKS, interacts
with and phosphorylates OsCNGC9 at Ser645 to enhance its
channel activity under cold stress, resulting in [Caz"]cyt
elevation and enhanced chilling tolerance in rice (Figures 3 and
4). Consistently, we showed that OsSAPKS8 also functions as a
positive regulator of cold tolerance and extracellular Ca®* influx
upon cold shock (Figure 5; Supplemental Figures 12 and 13).
Furthermore, we demonstrated that the expression of
OsCNGC9 can be directly activated by OsDREB1A in response
to chilling stimulation and that the knockout of OsDREB1A
causes impaired cold tolerance, weaker cold-induced Ca2*
influx, and lower OsCNGC9 expression compared with Kitaake
(Figure 6).

(C) An EMSA assay shows that OsDREB1A directly binds to the DRE-box motif in the OsCNGC9 promoter. Arrow indicates the shifted band representing
the protein-DNA complex. The plus (+) and minus (—) signs denote the presence or absence of the protein in each sample.

(D) An in vitro ChIP-gPCR assay showed that OsDREB1A binds to the OsCNGC9 promoter. The DRE-box motif is located 980 bp upstream of the start
codon of OsCNGC9. Black horizontal lines show the amplified regions of qRT-PCR analysis. The fold enrichment was normalized against the rice
UBIQUITIN promoter. Values are means + SD (n = 3; *P < 0.05, **P < 0.01, Student’s t-test).

(E and F) Anin vivo split-luciferase assay verified the binding of OsSDREB1A to the OsCNGC9 promoter region in rice protoplasts. Various constructs used
in the luciferase assay are shown on the left of the histogram. Immunoblots show the levels of protein accumulation (F). Values are means + SD (n = 3;

**P < 0.01, Student’s t-test).

(G) Chilling tolerance phenotype of Kitaake and the OsDREB1A knockout plants. Seedlings were incubated at 4°C for the indicated days and then
transferred back to normal temperature for recovery. DAC, days after cold treatment. Scale bars, 5 cm.

(H) Survival rate of Kitaake and the OsDREB1A knockout plants before and after cold treatment. Values are means + SD (n = 6, six technical replicates per
biological repeat and at least 18 seedlings per technical replicate; **P < 0.01, Student’s t-test).

(I) Comparison of extracellular calcium influx in the living roots of Kitaake and the OsDREB1A-KO plants upon cold shock. The blue background indicates

the duration of cold treatment.

(J) Calculated maximum Ca2* influxes from (l). Values are means = SD (n = 6; compared with Kitaake, **P < 0.01, Student’s t-test).
(K) Expression level of OsCNGC9 in Kitaake and the OsDREB1A knockout plants before and after cold treatment. Values are means + SD (n = 3;

compared with Kitaake, *P < 0.05, **P < 0.01, Student’s t-test).

All experiments except (B) were repeated three times with similar results.
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Based on the data collected above, we propose a working model
of rice cold stress response in which OsSAPK8 phosphorylates
and activates OsCNGC9, triggering Ca* influx and the activation
of cold stress-related genes. In addition, the expression of
OsCNGC9 is enhanced by OsDREB1A, leading to enhanced
OsCNGC9-mediated Ca?* influx and chilling tolerance in rice
(Figure 7). Our model is consistent with earlier reports that
OsSAPK8 functions as a positive regulator of responses to
abiotic stresses, including cold stress (Zhong et al., 2020), and
that Arabidopsis OST1, a homolog of rice OsSAPKS, positively
regulates cold tolerance by phosphorylating critical regulators
upstream of CBFs (Ding et al., 2015, 2018, 2019). Together with
these previous findings, our results suggest that a conserved
regulatory mechanism composed of SnRKs-CNGCs may regu-
late cold-triggered cytoplasmic calcium elevation and chilling
tolerance in both monocots and dicots.

A recent study showed that COLD1 works together with RGA1 to
activate the Ca®* channel and then mediates cold-induced Ca®*
influx to promote cold stress tolerance in rice. However, it re-
mains unclear whether COLD1 functions as a Ca?*-permeable
channel or a subunit of the Ca®* channel in this process (Ma
et al,, 2015; Manishankar and Kudla, 2015). In the future, it
will be interesting to study whether OsCNGC9 functions
cooperatively with COLD1 in chilling tolerance.

In this study, we showed that OsSAPK8 phosphorylates the C ter-
minus of OsCNGC9 to enhance its channel activity upon cold
stress and that Ser645 is a major phosphorylation site for
OsSAPKS8 in response to cold stress (Figures 3 and 4). It is
notable that the Ser645A mutation only partially abolishes
OsSAPK8-mediated or cold stress-induced phosphorylation of
OsCNGC9-C (Figure 4B and 4C), indicating that other putative
phosphorylation sites at the C terminus of OsCNGC9 may also
contribute to OsSAPK8-mediated OsCNGC9 activation in
response to chilling stress. This notion is consistent with reports
that the C terminus of mammalian CNGCs is important for subunit
interactions and channel activity (Lee and MacKinnon, 2017) and
that multiple phosphorylation sites in the CNGC protein are
involved in the regulation of innate immunity and cell death in
Arabidopsis (Tian et al., 2019; Yu et al., 2019). The physiological
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Figure 7. Proposed working model depicting
the roles of OsCNGCY9 in cold stress
°® signaling.

OsSAPK8, a homolog of Arabidopsis OST1, is
inactive under normal temperature conditions, and
the channel activity of OsCNGC9 is relatively low to
maintain a resting [Ca2+]cyt level. In response to cold
stress, OsSAPK8 phosphorylates and activates
0sCNGCY9, triggering Ca2* influx and the activation
of cold stress-related genes (e.g., CPKs and Os-
DREB1A). OsDREB1A in turn promotes OsCNGC9
transcription by directly binding to the DRE-box
motif in the OsCNGC9 promoter. Thus, OsSAPK8-
mediated OsCNGC9  phosphorylation  and
OsDREB1A-mediated OsCNGC9 expression form
a potential positive feedback loop, leading to
enhanced OsCNGC9-mediated Ca®* influx and
chilling tolerance in rice. “OsCNGC9/?” represents
the potential homomeric and/or heteromeric tetra-
mers that contain OsCNGC9.

@
Other channels

role of these additional phosphorylation sites remains to be
characterized in the future.

Earlier studies have documented that the activity of CNGCs can
be regulated by calmodulin (CaM) and 3',5'-cyclic nucleotide
monophosphate (cNMP) (DeFalco et al., 2016b; Pan et al.,
2019; Tian et al., 2019). For example, it has been reported that
active AtBIK1 phosphorylates and activates the CaM-gated
AtCNGC2-AtCNGC4 channel to trigger Ca®* influx and
enhance defense against plant pathogens (Tian et al., 2019),
indicating that AtBIK1 may relieve the inhibition of CaM on
CNGC channel activity in plant cells. Interestingly, the
C-terminal cytosolic part of OsCNGC9 contains a potential
CaM-binding domain (CaMBD) and a potential cyclic
nucleotide-binding domain, suggesting that OsCNGC9 may
also be regulated by OsCaMs or cNMP (Supplemental
Figure 11). This possibility awaits further testing.

We previously reported that the cds? mutant shows reduced
pathogen resistance at the seedling stage and a lesion-mimic
phenotype after flowering (Wang et al., 2019). Interestingly, the
Arabidopsis cpr22 mutant (a gain-of-function mutant of CNGCs)
also displays a lesion-mimic phenotype, and its programmed
cell death (PCD) phenotype is temperature sensitive (Yoshioka
et al,, 2001; Mosher et al., 2010). Low temperature (16°C)
enhances the cpr22 mutant’s PCD phenotype, and like cdsT,
this mutant will die under 4°C treatment (Chin et al., 2010;
Mosher et al., 2010). The null mutants for CNGC2 (dnd1) and
CNGC4 (dnd2) also show temperature-sensitive and autoim-
mune phenotypes (Yu et al., 1998; Jurkowski et al., 2004; Finka
et al., 2012). Moreover, both Arabidopsis CNGC2 and its
putative moss ortholog PobCNGCb have been shown to play a
critical role in thermotolerance (Finka et al., 2012). Whether and
how the temperature regulation of OsCNGC9 channel activity is
related to the lesion-mimic phenotype of the cds? mutant
remains unknown. It is worth noting that tobacco mosaic virus
resistance conferred by the N gene is temperature sensitive
(Takabatake et al., 2006). Another recent study showed that
the lesion-mimic phenotype of bak7 is dependent on ADRTs,
a group of NLRs (Wu et al., 2020). Because the cds?
mutant has no lesion-mimic phenotype at the seedling stage,
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we speculated that an unknown developmental stage-dependent
activation of NLR (nucleotide-binding domain leucine-rich repeat
containing protein) may be involved in triggering the autoimmu-
nity phenotype of cds? after flowering (Wang et al., 2019), a
hypothesis that remains to be tested in future studies.

Low environmental temperature negatively affects crop growth
and development. Therefore, chilling tolerance is one of the most
critical traits to consider in crop genetic improvement (Zhang
et al.,, 2019). Our results show that the precise regulation of
OsCNGC9 and OsSAPK8 can improve chilling tolerance in rice
(Figure 4; Supplemental Figures 6 and 12), thus providing a
useful strategy for the improvement of chilling tolerance in rice.

METHODS

Plant materials and growth conditions

The cds1 mutant, as well as OsCNGC9 complementation (pGOsCNGC9),
OsCNGC9 overexpression (OsCNGC9-OE), and OsSAPK8 overexpres-
sion (OsSAPK8-GFP) lines, were described previously (Lin et al., 2015;
Wang et al.,, 2019). The OsSAPK8 and OsDREB1A knockout lines
and OsCNGC9%¢%P-OF transgenic lines were generated using
Agrobacterium-mediated transformation. All plants were grown in a
greenhouse or a controlled growth chamber at the Chinese Academy of
Agricultural Sciences (Beijing) for phenotypic analyses.

Evaluation of chilling and heat tolerance

Cold treatments were performed as described previously with minor mod-
ifications (Ma et al., 2015). In brief, rice seedlings were grown in a
controlled growth chamber (12 h light at 30°C/12 h darkness at 28°C,
relative humidity of ~70%, and light intensity of ~800 pmol m~2 s~7) for
about 2 weeks, then exposed to chilling treatment (4°C) or heat
treatment (45°C) under the same photoperiod conditions. The
evaluation of chilling tolerance or heat tolerance based on survival rate
was measured after chilling or heat treatment for the indicated number
of days and 7 days of recovery.

Ca?* flux assay with non-invasive micro-test technology

Net Ca?* flux was measured using NMT (NMT-YG-100; Younger USA,
Ambherst, MA, USA) as previously described with minor modifications
(Ma et al., 2015). Roots sampled from rice seedlings were immobilized
in the measuring buffer (0.1 mM KCI, 0.1 mM CaCl,, 0.1 mM MgCl,,
0.5 mM NaCl, 0.3 mM 2-(N-morpholino)ethanesulfonic acid [MES], and
0.2 mM Na,SO,4; pH 6.0) for 30 min of equilibration, and the steady-
state fluxes in rice root cells were then continuously recorded for the
indicated times at room temperature prior to cold treatments. To avoid
the adverse effects of system operation, data recording was stopped
during the preparation for cold treatment. During this period, the
samples were kept at normal temperature. Cold treatment was carried
out by replacing the room-temperature test buffer with ice-cold test
buffer. Ice-cold test buffer was added quickly to the container around
the roots, and the transient flux of Ca®* was recorded. Ca* flux was
examined in a zone about 500 um from the root tip. All measurement
results were imported and converted into net Ca®* flux using JCal
v3.3 (a free Microsoft Excel spreadsheet available from youngerusa.com
or xbi.org).

Measurement of [Caz"]cyt with YC3.6 and Fluo-4 AM

For YC3.6 fluorescence observation, the WT, cds?7, and
PGOsCNGC9 were each crossed with UBQ10::YC3.6 transgenic plants
(Behera et al., 2015). Roots of the WT, homozygous mutants, and
PGOsCNGC9-containing mutants from F2 populations were excised
with a razor. The roots of 5-day-old rice seedlings were fixed to the bottom
of a glass dish with medical fabric. To maintain moisture, 250 pl of half-
strength Murashige and Skoog (1/2 MS) buffer was added to the roots
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in the dish. For cold shock, 3 ml of ice-cold 1/2 MS buffer was added to
the glass dish without interrupting image acquisition. YC3.6 fluorescence
was examined in a zone about 500 um from the root tip cell at the single-
cell level. Ca®* imaging was performed directly on a confocal laser scan-
ning microscope (Zeiss LSM980) at 458 nm (excitation) and 525 nm
(detection). The imaging parameters were as follows: image dimension
(256 x 256), pinhole (1 airy unit), and line sequential. Images were ac-
quired every 2 s, and a ZEN microscope and imaging software were
used to monitor the mean fluorescence intensity. The mean fluorescence
intensity at CFP and YFP channels was recorded, and the YFP/CFP ratio
was calculated. The [Caz*]cyt level was directly indicated by the YFP/CFP
ratio, as described previously (Krebs et al., 2012).

For Fluo-4 AM staining, rice protoplasts were prepared as described pre-
viously (Zhang et al., 2011). In brief, 0.5- to 1-mm strips from leaves of rice
seedlings were digested in an enzyme solution containing 1.5% cellulose
and 0.3% macerozyme in darkness. The strips were incubated in the
enzyme solution for about 4 h in the dark with gentle shaking (40 rpm) at
room temperature (28°C). The enzyme solution was then removed
and W5 medium (154 mM NaCl, 125 mM CaCl,, 5 mM KCI, and 2 mM
MES; pH 5.7) was added. Next, the W5 medium containing the
protoplasts was transferred and the protoplasts filtered through a
35-um nylon mesh. The W5 medium was carefully removed after
centrifugation. The protoplasts were resuspended with SM solution
(0.4 M mannitol, 20 mM CacCl,, and 5 mM MES; pH 5.7). For Fluo-4 AM
staining, 5 mM Fluo-4 AM and 0.02% Pluronic F-127 (Beijing Solarbio Sci-
ence & Technology) were added to the suspension buffer containing the
protoplasts and incubated at 37°C for 1 h (Hillson and Hallett,
2007). The samples were placed on ice for 1 min for cold treatment.
Fluorescence intensity was measured using a flow cytometer (MoFlo
XDP; Beckman Coulter, USA). Fluo-4 AM-labeled cells out of 20 000
were selected and detected. Fluorescence from the protoplasts loaded
with Fluo-4/AM was also detected using a laser scanning confocal micro-
scope (Zeiss LSM 700) at 488 nm (excitation) and 520 nm (detection).

Plasmid construction and plant transformation

To generate CRISPR/Cas9 constructs, an 18-bp gene-specific sequence
of OsSAPK8 or OsDREB1A was synthesized and annealed to form an
oligo adaptor. The oligo adaptors were then cloned into the pOs-Cas9
vector to generate CRISPR/Cas9 constructs (Miao et al., 2013). The
CRISPR/Cas9 plasmids were introduced into rice using Agrobacterium-
mediated transformation. Positive lines were confirmed by PCR
followed by sequencing. Stable T2 or T3 transgenic progenies were
analyzed. All primer sequences used here and in the following sections
are listed in Supplemental Table 4.

RNA isolation and qRT-PCR assays

Total RNA isolation and qRT-PCR assays were performed as previously
described (Wang et al., 2016). In brief, total RNA was extracted from
rice tissues using an RNeasy Plant Mini Kit (Zymo). Reverse
transcription was performed using a QuantiTect Reverse Transcription
Kit (Qiagen), and qRT-PCR was performed using a SYBR Premix Ex
Taqg Kit (TaKaRa) and an ABI Prism 7500 Real-Time PCR System.

Electrophoretic mobility shift assay

The electrophoretic mobility shift assay was carried out using the Light-
Shift Chemiluminescent EMSA Kit (Thermo Fisher) according to the man-
ufacturer’s instructions. Recombinant OsDREB1A-GST fusion proteins
were purified using BeaverBeads GSH (Beaver) after incubation. Biotin-
labeled DNA probes were synthesized by Invitrogen (Shanghai, China).
Photos were obtained with a charge-coupled device camera.

In vitro ChIP assay

The ChIP assay was performed as described previously (Li et al., 2017).
Total DNA was extracted from 1-month-old Kitaake rice plants and
sheared into fragments of 100-500 bp. The DNA fragments and
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OsDREB1A-GST fusion protein were co-incubated in an incubation buffer
for 2 h. After washing and breaking down, the DNA fragments were ex-
tracted for ChIP-qgPCR.

Luciferase reporter assay

The luciferase reporter assay was performed as described previously
(Duan et al., 2019). To generate the effector construct, we cloned the
full-length coding sequence of OsDREB1A into the pAN580 vector. To
generate the reporter construct, we cloned the promoter region of
OsCNGC9 into the pGreenll vector. Effector and reporter plasmids were
then co-transformed into rice protoplasts for the luciferase activity assay.
Luciferase activity was measured using the Dual-Luciferase reporter
assay system (E1910; Promega).

Yeast two-hybrid assay

A Y2H assay was used to detect protein interactions using the DUAL-
hunter system (Dualsystems Biotech). The indicated sequences were
fused to the Cub fragment in the pXGY17 vector or to the Nub fragment
in the pXGY18 vector. The Y2H assay was conducted according to a
method described previously (Xu et al., 2017).

Luciferase complementation assay

The luciferase complementation assay was conducted as described pre-
viously (Chen et al., 2008). Agrobacterium cells harboring the nLUC and
cLUC constructs were co-infiltrated into N. benthamiana leaves. Leaves
were harvested 2 days later and incubated with 1 mM luciferin, and lumi-
nescence activity was recorded with the NightSHADE LB 985 system
(Berthold). The interactions with GW5 were used as negative controls,
and the interaction between OsCNGC9 and OsRLCK185 was used as
the positive control (Liu et al., 2017; Wang et al., 2019).

Co-immunoprecipitation assays in rice protoplasts

To verify the in vivo interaction between OsCNGC9 and OsSAPKS, we per-
formed co-immunoprecipitation assays as described previously (Wang
et al,, 2019). Rice protoplasts were transfected with the indicated
plasmids and incubated overnight. Total protein was extracted with 10
ml of ice-cold IP buffer (150 mM KCI, 50 mM HEPES [pH 7.5], 1 mM dithio-
threitol [DTT], 0.4% Triton-X 100, and proteinase inhibitor cocktail). Debris
was removed from the lysate by centrifugation at 12 000 g for 30 min. Su-
pernatants of 100 pl were stored as input samples, and the remaining su-
pernatant was incubated with GFP-Trap magnetic beads (ChromoTek).
Western blots were conducted with anti-GFP (Roche 11814460001, dilu-
tion 1:3000) and anti-FLAG (MBL M185-7, dilution 1:3000) antibodies.

In vitro phosphorylation assay

The in vitro phosphorylation assay was performed as previously described
with slight modifications (Wang et al., 2019). In brief, the HIS-OsSAPK8
recombinant protein was expressed in Escherichia coli strain BL21, and
the OsCNGC9-C-FLAG, OsCNGC9-CS***A-FLAG, or OsCNGC9-C**-
FLAG recombinant protein was expressed in rice protoplasts. Phosphor-
ylation assays were performed with purified beads containing HIS-
OsSAPKS and different versions of OsCNGC9-C-FLAG in 30 pl of kinase
buffer (40 mM HEPES [pH 7.5], 20 mM MgCl,, 1 mM DTT, 2 mM ATP, pro-
teinase inhibitor cocktail, and phosphatase inhibitor cocktail) for 90 min at
30°C, and the reaction was stopped by adding SDS loading buffer.
Different versions of OsCNGC9-C-FLAG phosphorylation were detected
by the Phos-tag assay with an anti-FLAG antibody (MBL M185-7, dilution
1:3000).

In vivo phosphorylation assay

The in vivo phosphorylation assay was carried out as described previously
(Bi et al., 2018). Rice protoplasts were transfected with the indicated
plasmids and treated with cold stress, and proteins were extracted
using IP buffer without EDTA. The samples were subsequently analyzed
using 10% SDS-polyacrylamide gels with or without 100 uM MnCl, and
75 uM Phos-tag acrylamide AAL-107 (NARD Institute). For Phos-tag
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SDS-PAGE, after electrophoresis the gel was incubated in transfer buffer
containing 1 mM EDTA three times for 20 min each, followed by incubation
in transfer buffer without EDTA three times. The samples were then trans-
ferred to polyvinylidene fluoride membranes, followed by immunoblot
analysis with anti-FLAG (MBL M185-7, dilution 1:3000) and anti-HSP82
(Beijing Protein Innovation AbM51099-31-PU, dilution 1:3000) antibodies.

Calcium imaging assay

Changes in intracellular Ca®* were assessed in HEK293T cells as
described previously with minor modifications (Wang et al., 2019). Prior
to Ca®* imaging, HEK293T cells were transfected with the indicated
plasmids and cultured in a CO, incubator at 37°C for 2 days. YC3.6
fluorescence was recorded using an inverted microscope (D1; Carl
Zeiss, Germany) by monitoring the ratio (535 nm/480 nm) of YC3.6. Data
acquisition and analysis were carried out using MAG Biosystems 7.5
software (MetaMorph, USA). For each experiment, images were
acquired every 4 s and the field was recorded for about 7 min. The
standard external working solution (120 mM NaCl, 10 mM HEPES,
10 mM glucose, 3 mM KCI, 1.2 mM NaHCO3, and 1 mM MgCl,; pH 7.2)
was used for the Ca?* imaging assay. External Ca®* was added to the
standard external working solution as indicated.
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