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Abstract 26 

The sensing of pathogen effector by an intracellular receptor called nucleotide-binding 27 

leucine-rich repeat receptor (NLR), induces a robust immune response, effector-triggered 28 

immunity (ETI). Sustained reactive oxygen species (ROS) production is accomplished by 29 

Nicotiana benthamiana RBOHB, an NADPH oxidase. However, molecular mechanisms 30 

connecting effector recognition and ROS production are unclear. Here, we show that 31 

calcium-dependent protein kinases (CDPKs) contribute to sustained ROS production 32 

downstream of NLR activation. We found that NbCDPK4 and NbCDPK5 directly 33 
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phosphorylate NbRBOHB Ser-123 and provokes ROS production. In addition, 34 

constitutively active NbCDPKs upregulated NbRBOHB transcription. The 35 

phosphorylation of Ser-123 was significantly increased in a Ca2+-dependent manner 36 

during the ETI-like responses, which execute hypersensitive cell death. Moreover, 37 

transient expression of an autoactive helper NLR, NRC4, induced phosphorylation of Ser-38 

123 dependent on its N-terminal conserved motif required for Ca2+ channel activity. These 39 

findings uncover a critical role for the NbCDPK-NbRBOHB module in regulating 40 

sustained ROS production during ETI. 41 

 42 

Introduction 43 

Plant cells initiate the innate immune system following pathogen recognition. Pathogen-44 

associated molecular pattern (PAMP) recognition by cognate cell-surface receptors 45 

induces pattern-triggered immunity (PTI), and secreted effector recognition by 46 

intracellular receptors, nucleotide-binding leucine-rich repeat receptors (NLRs), induces 47 

effector-triggered immunity (ETI) (1). PTI is a transient defense response targeting a 48 

broad spectrum of pathogens, while ETI is a sustained and robust response, including 49 

hypersensitive cell death response (HR cell death), against specific pathogens (2). Recent 50 

studies showed that there is a crosstalk between PTI and ETI. PTI signaling components 51 

are required for the initiation of ETI responses (3). Effector recognition reinforces PTI 52 

signaling components by transcriptional reprogramming, leading to sustained and robust 53 

defense responses (4). Thus, PTI and ETI share a large part of signaling pathways and 54 

second messengers, such as mitogen-activated protein kinase (MAPK) activation, Ca2+ 55 

influx into the cytosol, and reactive oxygen species (ROS) production (5). 56 

NLRs govern the effector recognition and the induction of immune responses (6). 57 

NLRs are classified into three groups according to their variable domains in N-termini, 58 

including coiled-coil (CC) domain-containing NLRs (CNLs), toll/interleukin-1 receptor 59 

(TIR) domain-containing NLRs (TNLs), and resistance to powdery mildew 8 (RPW8) -60 

like CC domain-containing NLRs (RNLs) (7). Activated HOPZ-ACTIVATED 61 

RESISTANCE 1 (ZAR1), an Arabidopsis CNL, forms a pentameric higher-order complex, 62 

called resistosome, which functions as a Ca2+ channel on the plasma membrane (8). 63 

Although ZAR1 is defined as a singleton NLR for both effector recognition and immune 64 

signaling, many NLRs are functionally specialized into sensor NLRs or helper NLRs (9). 65 

The sensor and helper NLRs work in immune receptor network architectures for adapting 66 
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the diversification of pathogens. In Solanaceae plants, NLR required for cell death (NRC) 67 

subfamily proteins, known as helper NLRs, induce defense responses at the downstream 68 

of sensor NLRs (10). For instance, Rpi-blb2, a sensor NLR cloned from Solanum 69 

bulbocastanum, requires NRC4 to execute HR cell death (10). Activated NRC4 forms a 70 

hexameric resistosome and induce Ca2+ influx and HR cell death (11). Structural analysis 71 

reveals that the exposed α1-helix in the ZAR1 resistosome forms a funnel-like structure 72 

with a hydrophobic outer surface and a negatively charged inner surface, acting as a Ca2+ 73 

channel (8, 12). MADA motif corresponding to the ZAR1 α1-helix is conserved in helper 74 

NRCs and many CNLs (13). Mutation within the MADA motif of NRC4 impairs Ca2+ 75 

influx and HR cell death, indicating MADA motif play pivotal roles in the induction of 76 

immune responses (11, 13). Together, NLRs encode Ca2+ signals to induce downstream 77 

immune responses dependent on the N-terminal evolutionary conserved motif. 78 

ROS are required for development and stress responses in plants (14). Hydrogen 79 

peroxide acts as a second messenger through oxidative post-translational modification of 80 

cysteine residues (15). ROS production is strictly regulated, because excess ROS cause 81 

oxidative stress for plant cells. Upon pathogen attack, the plasma membrane-localized 82 

NADPH oxidase, respiratory burst oxidase homolog (RBOH), contributes to ROS 83 

production in the apoplastic region (16). In Nicotiana benthamiana, NbRBOHB is 84 

responsible for plant immune ROS production, which is required for the induction of HR 85 

cell death and defense against Phytophthora infestans (16). RBOH is a six-86 

transmembrane protein, and its activity is regulated by post-translational modification of 87 

the N- and C-terminal regions exposed to cytosol (17). For instance, phosphorylation in 88 

the N-terminal region of AtRBOHD by receptor-like cytoplasmic kinase (RLCK) 89 

activates RBOH upon PAMP recognition (18). A transmembrane kinase, cysteine-rich 90 

receptor kinase 2 (CRK2), also phosphorylates the C-terminal region of RBOH and plays 91 

a positive role in flg22-induced ROS production (19). Furthermore, phosphatidic acid 92 

(PA) binding to AtRBOHD positively regulates the RBOH-mediated ROS production by 93 

enhancing their protein accumulation (20, 21).  94 

RBOH activity is regulated in a Ca2+-dependent manner. Ca2+-chelator and Ca2+ 95 

channel blocker inhibit RBOH-dependent ROS production (22). Interaction between Ca2+ 96 

and EF-hand motifs in the N-terminus of RBOH are required for inducing ROS 97 

production (23). Calcium-dependent protein kinases (CDPKs) are serine/threonine 98 
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protein kinases containing a Ca2+-binding calmodulin-like domain (23). CDPKs regulate 99 

plant development, pollen tube growth, stomatal movements, and stress responses (24). 100 

CDPKs directly phosphorylate the N-termini of RBOH and activate ROS production. In 101 

potato tuber, StCDPK4 and StCDPK5 phosphorylate StRBOHB Ser-82 and Ser-97, and 102 

induce ROS production (25). In Arabidopsis, AtCPK4, AtCPK5, AtCPK6, and AtCPK11 103 

are responsible for the phosphorylation of AtRBOHD (18, 26). Transgenic potato plants 104 

containing constitutively active StCDPK5 under the control of a pathogen-inducible 105 

promoter show enhanced ROS accumulation and resistance against P. infestans, 106 

supporting the importance of CDPK-mediated ROS production in defense against near-107 

obligate biotrophic pathogens (27). 108 

In addition to post-translational modification of RBOH, transcriptional 109 

reprogramming of RBOH through the MAPK-WRKY pathway is required for the 110 

sustained ROS production during ETI (28). In contrast, overexpression of RBOH via 111 

Agrobacterium did not induce ROS production (27), supporting that sustained ROS 112 

production during ETI is accomplished by both transcriptional and post-translational 113 

regulation of RBOH. Given that cytosolic Ca2+ elevation occurred after NLR activation, 114 

CDPK might play a pivotal role in regulating downstream immune responses such as 115 

ROS production. However, the molecular mechanisms connecting NLR activation to 116 

defense responses have been still unknown. 117 

In this study, we show that NbCDPK4 and NbCDPK5, classified into subgroup I 118 

CDPK, directly phosphorylated NbRBOHB Ser-123 and regulated sustained ROS 119 

production during ETI in N. benthamiana. The phosphorylation of Ser-123 was 120 

significantly induced during an ETI-like response accompanied by HR cell death, but not 121 

during PTI. Moreover, transient expression of an autoactive helper NLR induced 122 

NbRBOHB-dependent ROS production and Ser-123 phosphorylation in Ca2+-dependent 123 

manner. Our results pave the way to reveal the regulatory molecular mechanisms 124 

connecting the helper NLR activation and downstream immune responses. 125 

 126 

RESULTS 127 

NbCDPK4 and NbCDPK5 interact with NbRBOHB and generate ROS production 128 

Multiple CDPKs participate in the post-translational activation of RBOH (18, 25). To 129 

estimate CDPKs that are involved in the regulation of NbRBOHB, we conducted a 130 

phylogenetic analysis of N. benthamiana CDPKs with selected plant CDPKs reported in 131 
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a previous study (29). This analysis identified NbCDPK4 (Niben101Scf09867g01003.1), 132 

NbCDPK5 (Niben101Scf01191g06012.1), which are the closest homologs of potato 133 

StCDPK4 and StCDPK5 respectively, and NbCDPK9 (Niben101Scf07616g00008.1), 134 

NbCDPK10 (Niben101Scf04216g07017.1), NbCDPK11 (Niben101Scf05534g01007.1), 135 

which are classified into the same clade with AtCPK4 and AtCPK11 (Fig. 1A). The CDPK 136 

family protein generally consists of an N-terminal variable (V) domain, a protein kinase 137 

(K) domain, a junction (J) domain, and a calmodulin-like (C) domain including four EF-138 

hand motifs (Fig. 1B) (30). NbCDPK4, NbCDPK5, NbCDPK9, NbCDPK10, and 139 

NbCDPK11 encode conventional CDPK containing VKJC domains. NbCDPK4 and 140 

NbCDPK5 carry estimated myristoylation and S-palmitoylation (S-acylation) sites (Gly-141 

2/Cys-5) at their N termini, which are required for plasma membrane anchoring, but 142 

NbCDPK9, NbCDPK10, and NbCDPK11 do not (fig S1). 143 

To investigate whether NbCDPK5 has a capacity to activate ROS production, we 144 

constructed variants of NbCDPK5. VK mutant is a truncated variant lacking J and C 145 

domains and is used as a constitutively active kinase mutant (Fig. 1B) (31, 32). K/M is a 146 

VK variant with a Lys-to-Met mutation at the ATP binding site (K110), disrupting its 147 

protein kinase activity (Fig. 1B, fig. S1) (33, 34). We measured ROS production after 148 

expressing NbCDPK5 variants (wild-type: WT, VK, and K/M) and b-glucuronidase 149 

(GUS) protein (negative control) in N. benthamiana leaves (Fig. 1C). NbCDPK5VK, but 150 

not NbCDPK5WT, NbCDPK5K/M and GUS, significantly induced ROS production 151 

when they are co-expressed with NbRBOHB (Fig. 1C). We further generated 152 

constitutively active VK mutants of NbCDPK4, NbCDPK9, NbCDPK10, and 153 

NbCDPK11. NbCDPK4VK and NbCDPK5VK induced ROS accumulation when 154 

expressed with NbRBOHB, while NbCDPK9VK, NbCDPK10VK, and NbCDPK11VK 155 

did not (Fig. 1D). These results indicate that NbCDPK4 and NbCDPK5 potentially 156 

activate NbRBOHB-dependent ROS production in N. benthamiana. 157 

CDPK physically interacts with RBOH on the plasma membrane (35). To examine 158 

the interaction between NbCDPKs and NbRBOHB, we performed a co-159 

immunoprecipitation (co-IP) assay. In this assay, we used NbCDPK5 and NbCDPK9 as 160 

representative CDPKs with or without myristylation and S-acylation sites, respectively. 161 

This co-IP experiment revealed that both of NbCDPK5 and NbCDPK9 interact with 162 

NbRBOHB. Notably, NbCDPK5-NbRBOHB interaction was stronger than that of 163 
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NbCDPK9 (Fig. 1E). Myristylation- and S-acylation-mediated plasma membrane 164 

localization of CDPK is required for the interaction between CDPK and RBOH (35). To 165 

confirm the subcellular localization of NbCDPKs, the fluorescence from GFP-fused 166 

NbCDPKs were observed under confocal microscopy (Fig. 1F, fig. S2). In this experiment, 167 

we used RFP-StREM1.3 as a plasma membrane marker (36). NbCDPK4-GFP and 168 

NbCDPK5-GFP were mainly localized to the plasma membrane, while NbCDPK9-GFP, 169 

NbCDPK10-GFP, and NbCDPK11-GFP were localized in the cytosol (Fig. 1F, fig. S2). 170 

GFP-fused NbCDPK5, NbCDPK9, NbCDPK10, and NbCDPK11 were also localized in 171 

the nucleus. In addition, NbCDPK4 and NbCDPK5 were highly accumulated in the 172 

microsome fractions, but NbCDPK9, NbCDPK10 and NbCDPK11 mainly existed in the 173 

soluble fractions (fig. S3). These results indicate that NbCDPK4 and NbCDPK5 are 174 

mainly localized to the plasma membrane, and presumably interact with NbRBOHB on 175 

the plasma membrane.  176 

 177 

NbCDPK4 and NbCDPK5 activate NbRBOHB by direct phosphorylation and 178 

transcriptional reprogramming 179 

In S. tuberosum, StCDPK4 and StCDPK5 activate ROS production by phosphorylating 180 

Ser-82 and Ser-97 of StRBOHB (25). Phosphorylation motifs at Ser-82 and Ser-97 of 181 

StRBOHB are conserved in NbRBOHB at Ser-123 and Ser-138 (Fig. 2A). To determine 182 

whether Ser-123 in NbRBOHB is phosphorylated by NbCDPKs, we prepared an anti-183 

phosphopeptide antibody against peptides including phospho-Ser-123 (pS123). Because 184 

the anti-StRBOHB pS97 antibody gave non-specific signals in a previous study and 185 

amino acid sequence including NbRBOHB Ser-138 showed high similarity, we could not 186 

prepare a specific antibody against peptides including pS138 (25). We purified NbCDPK5 187 

protein expressed in Escherichia coli. The recombinant NbCDPK5 protein 188 

phosphorylated Ser-123 site in the N-terminal fragment of NbRBOHB in a Ca2+-189 

dependent manner in vitro (Fig. 2B). Next, we examined whether NbCDPK5 190 

phosphorylates the Ser-123 of NbRBOHB in plants. NbCDPK5VK phosphorylated 191 

NbRBOHB Ser-123 compared with GUS, NbCDPK5WT, and NbCDPK5K/M, when 192 

expressed in N. benthamiana leaves (Fig. 2C). Consistent with ROS accumulation level, 193 

NbCDPK4VK and NbCDPK5VK strongly phosphorylated NbRBOHB Ser-123, while 194 

NbCDPK9VK, NbCDPK10VK and NbCDPK11VK did not (Fig. 1D, Fig. 2D). To 195 

validate the degree to which the Ser-123 phosphorylation contributes to NbRBOHB-196 
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mediated ROS production, we generated an alanine-substituted mutant of NbRBOHB 197 

(NbRBOHBS123A). ROS production caused by NbCDPK5VK expressed with 198 

NbRBOHBS123A was much less than that with NbRBOHBWT (Fig. 2E). These results 199 

indicate that NbCDPK5 activates NbRBOHB-dependent ROS production by direct 200 

phosphorylation of NbRBOHB Ser-123.  201 

Because these NbCDPKs were localized in nucleus, we hypothesized that NbCDPKs 202 

participate in the transcriptional reprogramming of NbRBOHB. To test this hypothesis, 203 

transcription levels of NbRBOHB were validated by RT-qPCR. VK mutants of NbCDPK4, 204 

NbCDPK5, NbCDPK9, NbCDPK10, and NbCDPK11 up-regulated NbRBOHB 205 

expression (Fig. 2F), indicating that NbCDPKs support ROS burst by transcriptional 206 

reprogramming of NbRBOHB. In addition, all tested VK mutants also induced NbWRKY8 207 

expression, which is a transcription factor regulating promoter activity of NbRBOHB (Fig. 208 

2G). These results suggest that NbCDPKs might induce NbRBOHB expression through 209 

the transcriptional regulation of NbWRKY8. 210 

 211 

The phosphorylation of NbRBOHB Ser-123 was strongly induced during immune 212 

responses associated with cell death  213 

To investigate whether the phosphorylation of NbRBOHB Ser-123 is induced during 214 

plant immune responses, we investigated the phosphorylation of Ser-123 in response to 215 

PAMP treatment or effector expression. Estradiol-induced expression of AVRblb2 in Rpi-216 

blb2 transgenic N. benthamiana leaves induced the phosphorylation of NbRBOHB Ser-217 

123 (Fig. 3A). NbRBOHB Ser-123 phosphorylation was also induced in response to INF1 218 

at 6, 12, and 24 hours after the treatment (Fig. 3B, fig. S4). INF1 treatment induces two-219 

peak ROS production, transient first peak (around an hour after treatment) and 220 

transcriptional reprogramming-dependent continuous second peak (28, 37). At early time 221 

points (10, 30 and 60 minutes after the INF1 treatment), the phosphorylation of Ser-123 222 

was not detected (Fig. 3B). In addition, flg22, which induces single-peak transient ROS 223 

production in N. benthamiana, did not induce the phosphorylation of NbRBOHB Ser-123, 224 

even though Ser-337, a predicted phosphorylation site by RLCK (18, 38), was 225 

phosphorylated (Fig. 3C). These results indicate that the phosphorylation of NbRBOHB 226 

Ser-123 was dominantly induced during ETI-like robust immune responses.  227 

Next, we examined whether NbCDPKs play an important role in the phosphorylation 228 

of NbRBOHB Ser-123 in response to the INF1 infiltration. The phosphorylation of 229 
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NbRBOHB Ser-123 was attenuated by about 30% in both NbCDPK4/5- and 230 

NbCDPK4/5/9/10/11-silenced plants (Fig. 3D). Moreover, INF1-induced 231 

phosphorylation of NbRBOHB Ser-123 was inhibited in the presence of LaCl3, a Ca2+-232 

channel blocker (Fig. 3E). These results suggest that NbCDPK4, NbCDPK5, and other 233 

kinases participate in the phosphorylation of NbRBOHB Ser-123, and at least this 234 

phosphorylation requires Ca2+ influx. 235 

To investigate whether NbCDPK5 is involved in immune responses induced by INF1, 236 

we examined ROS accumulation and the phosphorylation of NbRBOHB under 237 

NbCDPK5 overexpressing conditions. NbCDPK5WT, but not NbCDPK5K/M, 238 

overexpressing plants showed enhanced phosphorylation of NbRBOHB Ser-123 in 239 

response to INF1 (Fig. 3F). Consistent with the phosphorylation levels, INF1-induced 240 

ROS accumulation was increased by NbCDPK5WT overexpression (Fig. 3G). Moreover, 241 

transcription of NbCDPK5 was induced in response to INF1 (Fig. 3H), suggesting 242 

transcriptional increase in the NbCDPK5 contributes to the robust ROS production during 243 

ETI-like response. In addition, expression levels of NbCDPK4 and NbCDPK11 also 244 

increased by INF1, while those of NbCDPK9 and NbCDPK10 rather decreased (Fig. 3H). 245 

In contrast to INF1-induced ROS production, flg22-induced ROS production was not 246 

affected by NbCDPK5WT overexpression (fig. S5), which was not contradict with Ser-247 

123 phosphorylation status by flg22 (Fig 3C). These results indicate that NbCDPK5 248 

positively regulates sustained ROS burst in response to INF1, but not the transient ROS 249 

burst by flg22. 250 

 251 

The phosphorylation of NbRBOHB Ser-123 was induced during spontaneous cell 252 

death 253 

To further investigate the relationship between the phosphorylation of NbRBOHB and 254 

cell death, we examined the phosphorylation of NbRBOHB at Ser-123 and Ser-337 in 255 

response to several signal inputs that induce spontaneous cell death. For instance, 256 

transient expression of MEK2DD, a constitutively active mutant of immune-related 257 

MAPKK, induces NbRBOHB-dependent ROS production and cell death (28). 258 

NbRBOHB was phosphorylated at both Ser-123 and Ser-337 at 24 and 36 hours after 259 

agroinfiltration to express MEK2DD (Fig. 4A). Bax, inducing mitochondrial dysfunction-260 

mediated apoptosis (39), also induced Ser-123 phosphorylation (Fig. 4B). On the other 261 

hand, chemical-induced cell death caused by ethanol did not induce Ser-123 262 
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phosphorylation (Fig. 4C). These results indicate that the phosphorylation of NbRBOHB 263 

at Ser-123 is induced during biological spontaneous cell death, especially regulated by 264 

MAPK cascade and mitochondrial dysfunction. 265 

 266 

CDPKs activate NbRBOHB downstream of helper NLR 267 

Upon effector recognition, resistosome formation of helper NLR and its Ca2+-channel 268 

activity are required to proceed with the HR cell death (11). We investigated the 269 

involvement of the CDPK-RBOH module in executing HR cell death following helper 270 

NLR activation. Consistent with the previous report, transient expression of autoactive 271 

mutant NRC4D478V induced HR cell death, which was impaired by L9E mutation within 272 

the MADA motif located at the N-terminus of NRC4 (13) (fig. S6). The NRC4L9E/D478V 273 

can form the activated resistosome, but its Ca2+-channel activity is terminated (11). 274 

NRC4D478V expression induced apoplastic ROS accumulation and the phosphorylation of 275 

NbRBOHB Ser-123 at 18 and 24 hours after agroinfiltration, and the L9E mutation 276 

impaired these responses (Fig. 5A, B). Moreover, LaCl3 inhibited both apoplastic ROS 277 

accumulation and phosphorylation of NbRBOHB Ser-123 triggered by NRC4D478V (Fig. 278 

5C, D). To avoid the effect of LaCl3 treatment on transient expression via Agrobacterium 279 

tumefaciens, LaCl3 was infiltrated 12 hours after agroinfiltration in this experiment. We 280 

confirmed that NRC4 and RBOHB proteins accumulate similarly with or without the 281 

LaCl3 treatment (Fig. 5D). These results indicate that Ca2+ is a key signal messenger 282 

downstream of the helper NRC4 to induce ROS accumulation and NbRBOHB 283 

phosphorylation. 284 

Next, we investigated whether NbRBOHB contributes to apoplastic ROS 285 

accumulation induced by NRC4D478V. The NRC4D478V-mediated ROS accumulation was 286 

inhibited by NbRBOHB silencing (Fig. 5E). We found no significant difference in 287 

apoplastic ROS accumulation between NbCDPK4/5/9/10/11-silenced plants and TRV-288 

control (Fig. 5E). These results indicate that NbRBOHB plays a pivotal role in apoplastic 289 

ROS accumulation mediated by the NRC4 resistosome, and the NbRBOHB activity is 290 

presumably regulated not only by the CDPKs but also by other protein kinases.  291 

 292 

DISCUSSION 293 

Post-translational activation of RBOH is crucial for regulating ROS burst during plant 294 

immune responses. We previously reported that the phosphorylation of StRBOHB by 295 
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StCDPK4 and StCDPK5 activates ROS burst, and MAPK-WRKY pathway-dependent 296 

transcriptional reprogramming is required for sustained ROS burst during ETI (25, 28). 297 

However, molecular mechanisms regulating RBOH activity to maintain sustained ROS 298 

burst upon effector recognition have been poorly understood. Here, we showed that the 299 

phosphorylation of NbRBOHB Ser-123 by NbCDPK4 and NbCDPK5 played a dominant 300 

role in the regulation of ROS production downstream of NLR activation (Fig. 5F). We 301 

hypothesize that the resistosome-mediated Ca2+ influx releases the kinase domain of 302 

NbCDPKs from the calmodulin-like domain, resulting in NbRBOHB Ser-123 303 

phosphorylation. Furthermore, nuclear-localized NbCDPKs may participate in the 304 

transcriptional upregulation of NbRBOHB. Our findings show the importance of the 305 

CDPK-RBOH module in the regulation of sustained ROS burst, which might be a 306 

connecting mechanism between effector recognition to downstream defense responses. 307 

 308 

Diverse functions and redundancy of CDPKs for RBOH activation 309 

The phosphorylation of NbRBOHB Ser-123 was increased during ETI-like immune 310 

responses, which execute HR cell death (Fig. 3). Robust immune responses during ETI 311 

are accomplished by an increase in PTI signaling components transcriptionally and post-312 

translationally (4). In Arabidopsis, RNA-seq analysis revealed that expression levels of 313 

several CDPKs are upregulated by chemical-induced expression of avirulence effector 314 

(4). Our results indicated that NbCDPK4, NbCDPK5, and NbCDPK11 are 315 

transcriptionally upregulated in response to INF1 (Fig. 3H). WRKY-type transcription 316 

factors play pivotal roles in transcriptional reprogramming for plant immune responses 317 

(40). Indeed, NbCDPK4 expression is upregulated by constitutively active mutants of 318 

MAPKK in a WRKY-dependent manner (28). In potato, changes in the expression level 319 

of 15 CDPKs were observed and the phosphorylation activities of CDPK are enhanced in 320 

response to pathogens (41). Given that overexpression of NbCDPK5 enhanced INF1-321 

induced ROS production and the phosphorylation of NbRBOHB Ser-123 (Fig. 3F, G), 322 

transcriptional upregulation of CDPKs might be involved in the strong phosphorylation 323 

of the target site during ETI. 324 

Multiple gene silencing of NbCDPK4/5/9/10/11 attenuated NbRBOHB Ser-123 325 

phosphorylation in response to INF1, but Ser-123 phosphorylation was still observed (Fig. 326 

3D). Likewise, the phosphorylation of potato StRBOHB Ser-82 was also not affected by 327 
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NbCDPK4 and NbCDPK5 knockdown in the heterologous expression system using N. 328 

benthamiana (25). Several studies identified the consensus motifs for CDPK-dependent 329 

phosphorylation (42-44). In addition to consensus motif sequence for substrate, 330 

subcellular localization of both substrates and CDPK are indispensable for the 331 

phosphorylation (35). To phosphorylate RBOH, CDPKs need to be anchored to the 332 

plasma membrane via myristoylation and S-acylation of the N-terminal V domain (35). 333 

Indeed, NbCDPK4 and NbCDPK5 containing myristoylation and S-acylation sites 334 

phosphorylated NbRBOHB, but NbCDPK9, NbCDPK10, and NbCDPK11 lacking 335 

myristoylation and S-acylation sites did not (Fig. 2D). Although myristoylation and S-336 

acylation are necessary for plasma membrane localization of CDPK, acylated CDPKs do 337 

not always localize to the plasma membrane. For instance, the V domain of SlCDPK2 is 338 

responsible for the localization to the trans-Golgi network did not phosphorylate RBOH 339 

(35).  340 

The CDPK gene family includes several paralogs that share a significant level of 341 

homology, which most likely emerged following a recent gene duplication event (45). 342 

The N. benthamiana genome encodes at least 80 CDPKs (Fig. 1A), of which about 50 343 

contain myristoylation and S-acylation sites in their N-terminal V domain. Since Ser-123 344 

phosphorylation was completely inhibited by the Ca2+-channel blocker, LaCl3 (Figs. 3D, 345 

5D), suggesting that CDPKs are involved, but CDPKs that phosphorylate NbRBOHB 346 

could exist beside NbCDPK4 and NbCDPK5 identified in this study. In addition, 347 

NbRBOHB Ser-123 is shared with the consensus motif (LxRxxpS), which is 348 

phosphorylated by Snf1-related kinase (SnRK) (46). SnRK phosphorylates RBOH to 349 

enhance the tolerance to low nitrogen in tomato (47). We cannot rule out the possibility 350 

that diverse kinases, such as CDPKs, SnRK, RLCK, contribute to the regulation of RBOH 351 

activity cooperatively during ETI. 352 

Multiple knockouts of AtCPK4, AtCPK5, AtCPK6 and AtCPK11 compromise flg22-353 

induced PTI-ROS burst (26). The phosphorylation levels of AtRBOHD Ser-163, Ser-343, 354 

and Ser-347 are increased in response to flg22 and AvrRpt2 (38). AtRBOHD Ser-347 is 355 

shared with both CDPK- and RLCK-dependent phosphorylation motifs that are also 356 

conserved in NbRBOHB, implicating that phosphorylation of such motifs contributes to 357 

the ROS production during PTI and ETI. Our results indicated that NbRBOHB Ser-123 358 

was not phosphorylated during PTI (Fig. 3C). The phosphorylation of AtRBOHD Ser-359 
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133, which corresponds to NbRBOHB Ser-123, during immune response, has not been 360 

determined by LC-MS/MS analysis due to the technical limitation (18). We think the 361 

possibility that the intensity of ROS production is regulated by the specific 362 

phosphorylation site dependent on signal inputs. 363 

 364 

CDPK-regulated ROS production and execution of HR cell death 365 

The RBOH-dependent ROS production and spontaneous cell death are deeply connected. 366 

For instance, knockdown of NbRBOHB compromises HR cell death caused by INF1 and 367 

MEK2DD transient expression (16). Transcription factor Alfin-like 7 positively regulates 368 

NLR-dependent HR cell death by suppressing the expression of ROS scavenging genes 369 

(48). CDPK might be involved in the induction of cell death through the regulation of 370 

RBOH activity. For example, Transgenic potato plants containing StCDPK5VK under the 371 

control of a pathogen-inducible promoter induce ROS accumulation and HR cell death in 372 

response to the virulent isolate of P. infestans (27). Moreover, ROS accumulation induced 373 

by the phosphorylation of OsRBOHH by OsCDPK5 and OsCDPK13 is required for 374 

programmed cell death to adopt a low oxygen environment in rice roots (49).  375 

ROS are the second messenger to deliver the signal via oxidative post-translational 376 

modification (oxiPTM) of Cysteine (Cys) residues (15). NbRBOHB contributes to S-377 

sulfenylation, one of the oxiPTM of cysteine, during plant immune response, which 378 

affects HR cell death (50). A recent study reported that S-sulfenylation of the transcription 379 

factor CCA1 HIKING EXPEDITION (CHE), in a RBOH-dependent manner, is required 380 

for the establishment of systemic acquired resistance (SAR) in local attack by avirulent 381 

strain of bacterial pathogen (51). These reports support that ROS can regulate immune 382 

responses including HR cell death by acting as intracellular- or intercellular second 383 

messengers. Furthermore, ROS lead to lipid peroxidation via iron-dependent Fenton 384 

reaction resulting in ferroptosis (52). A recent study showed that iron-, Ca2+- and ROS-385 

dependent ferroptotic cell death is induced during rice immune responses (53, 54). 386 

CDPK-RBOH module might regulate HR cell death by oxiPTMs of proteins and execute 387 

ferroptosis with iron. 388 

 389 

CDPK is an important signaling hub connecting between Ca2+ and ROS 390 

Upon PAMPs recognition, cyclic nucleotide-gated channels (CNGC) are activated by 391 

RLCK, and transient elevation of cytosolic Ca2+ is formed (55). Several other types of 392 
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channels appear to contribute to the formation of the Ca2+ signature (56). Upon effector 393 

recognition, helper NLR forms a resistosome and causes Ca2+ influx at the plasma 394 

membrane (11). Recent progress indicates that following effector recognition by TNLs, 395 

their TIR-domain catalyzes the metabolism of NAD+, ATP, and other nucleic acids, and 396 

generates nucleotide metabolites acting as second messengers (57). These molecules 397 

induce the formation of helper NLR resistosome, ADR1 and NRG1, resulting in Ca2+ 398 

influx (58). Furthermore, mixed-lineage kinase domain-like (MLKL) contributes to Ca2+ 399 

influx downstream of TNLs activation (59). Thus, the elevation of cytosolic Ca2+ is a 400 

common event between PTI and ETI. MADA-motif conserved in the N-terminal of helper 401 

NLR is required for their Ca2+ channel activity and induction of HR cell death (11, 13). 402 

Our results showed that MADA-motif is also required for NbRBOHB-dependent ROS 403 

production and phosphorylation of NbRBOHB Ser-123 (Fig. 5). Notably, NbRBOHB 404 

Ser-337, which is predicted phosphorylation site by RLCK according to the 405 

phosphorylation motif SxxL (60), also phosphorylated in a Ca2+-dependent manner (Fig. 406 

5B, D). These results indicate that CDPKs work as a hub connecting the Ca2+ channel 407 

activity of NLR and defense responses, such as ROS production. It is possible that CDPKs 408 

could be located upstream of RLCKs and initiate phosphorylation relay during ETI. 409 

Because sustained Ca2+ elevation is induced by any type of effector-NLR pair, the CDPK-410 

RBOH module seems to commonly regulate ROS production and further downstream 411 

defense responses.  412 

There are positive feedback circuits between ROS and Ca2+ (61). ROS signals are 413 

received by so called ROS sensors, such as receptor-like kinase, hydrogen-peroxide-414 

induced Ca2+ increases (HPCA), and initiate Ca2+ elevation (62). On the other hand, ROS 415 

production by RBOH is activated by Ca2+ binding to the EF-hand motif in N-terminal 416 

(23). ROS production and Ca2+ influx induce each other, and as a result, cell-to-cell signal 417 

transduction, called ROS-Ca2+ wave, is formed (61, 63). This work showed that CDPK 418 

activated in a Ca2+-dependent manner, and phosphorylated RBOH to induce ROS 419 

production during ETI, supporting that the CDPK-RBOH module plays a pivotal role in 420 

the establishment of ROS-Ca2+ wave. AtCPK5 has been reported to contribute to the 421 

phosphorylation of AtRBOHD in the distal tissue (64). HR cell death is a local response 422 

at the attacked cells by avirulent pathogens, but ETI simultaneously induces systemic 423 

immune responses (65). Since RBOH plays a pivotal role in the establishment of SAR, 424 
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the CDPK-RBOH module might be important to connect attacked cells with their 425 

surrounding cells, conferring effective defense responses.  426 

 427 

MATERIALS AND METHODS 428 

Plant materials and treatments 429 

N. benthamiana plants were grown at 23°C under a 16-hour photoperiod and an 8-hour 430 

dark period in environmentally controlled growth cabinets. 431 

 432 

Agrobacterium-mediated transient expression in N. benthamiana (agroinfiltration) 433 

The cDNAs of CDPKs were amplified by PCR from an N. benthamiana cDNA library as 434 

a template (16). The PCR products were cloned into pGEM-T Easy (Promega) and were 435 

sequenced. The CDPK and RBOH variants were generated using PrimeSTAR® 436 

Mutagenesis Basal Kit (TAKARA). CDPK and RBOH variants were cloned into pGreen 437 

binary vector (66) and pGD binary vector (67), respectively using the primers listed in 438 

the table S1. pGreen vector containing NtMEK2DD, pER8 vector carrying AVRblb2, and 439 

pICH47742 vector carrying NRC4 were described by Ishihama et al., (69) and Adachi et 440 

al., (13, 28, 68), respectively. 441 

Agroinfiltration was done as described by Asai et al., (69). These plasmids were 442 

transformed into Agrobacterium strain GV3101, which included the transformation 443 

helper plasmid pSoup (70) by electroporation. The overnight culture was diluted 3-fold 444 

in LB/kanamycin/rifampicin and was cultured for 2-3 hours. The cells were harvested by 445 

centrifugation and were resuspended in 10 mM MES-NaOH, pH 5.6, and 10 mM MgCl2. 446 

The suspensions were adjusted to OD600 = 0.5, and acetosyringone was added to 150 µM 447 

in final. The bacterial suspensions were incubated for 1 hour at room temperature and 448 

then, were infiltrated into leaves of 4-week-old N. benthamiana plants using a needleless 449 

syringe (16). Expression of AVRblb2 by estradiol-inducible promoter in pER8 was 450 

induced by 20 µM β-estradiol infiltration 24 hours after the agroinfiltration. 451 

 452 

Virus-induced gene silencing (VIGS) 453 

Virus-induced gene silencing was done as described by Ratcliff et al. (71) and Ishihama 454 

et al. (68). The cDNA fragments were amplified from the N. benthamiana cDNA library 455 

using the primers listed in the table S1, and cloned into TRV vector pTV00 (16). The 456 
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pTV00 vectors previously reported were used to silence NbRBOHB (69). 457 

 458 

Preparation of protein extracts 459 

Microsomal proteins from N. benthamiana leaves were prepared as described by 460 

Kobayashi et al. with minor modifications (27). The leaves were thoroughly pulverized 461 

by Shake Master (Bio Medical Science), and mixed with protein extraction buffer (50 462 

mM MOPS-KOH (pH 7.6), 0.5 M sorbitol, 10 mM DTT, 5 mM EGTA, 5 mM EDTA, 0.1 463 

M NaF, 1 mM Na3VO4, 50 mM β-glycerophosphate, 0.1 mM AEBSF and 1 µM E-64), 464 

filtered through four layers of gauze, and centrifuged at 10,000g for 15 minutes at 4℃. 465 

The supernatant was centrifuged at 150,000g for 40 minutes at 4℃. The pellet was 466 

suspended in suspension buffer (150 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10% glycerol, 467 

10 mM EDTA, 10 mM DTT, 1% IGEPAL CA630, 1 mM Na2MoO4, 2 mM NaF, 1 mM 468 

PMSF, 1.5 mM Na3VO4, 1% protease inhibitor cocktail for plant cell (Sigma Aldrich) and 469 

50 mM β-glycerophosphate), and the suspension was used as microsomal proteins. The 470 

protein concentration was determined using the Protein Assay Dye Reagent (Bio-Rad) 471 

with BSA as a standard. 472 

 473 

Antibody production and immunoblotting 474 

Immunoblotting was done using as primary antibodies against CDPKs-HA, NRC4s-475 

6xHA (Clone H 9658; Sigma-Aldrich), FLAG-RBOH, FLAG-MEK2 (clone M2; Sigma- 476 

Aldrich), NbRBOHB pS123, pS337, and as secondary antibodies horseradish peroxidase-477 

conjugated anti-rabbit or anti-mouse IgG antibody (Cytiva). The pS123 antibody and 478 

pS337 antibody for NbRBOHB were produced by Japan Bioserum Co., Ltd. using pS123 479 

peptide (LVRNAS[PO3H2]SRIRQVSQELRRLA) and pS337 peptide 480 

(CSRNLS[PO3H2]QMLSQKLKH), respectively. 481 

Equal amounts of proteins were separated on a 10% SDS-polyacrylamide gel and 482 

were transferred to a nitrocellulose membrane (Cytiva). After blocking in Block Ace 483 

(Yukizirushi) overnight at 4℃, the membranes were incubated with primary antibodies 484 

diluted with TBS-T (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, 0.1% Tween 20) at room 485 

temperature for 1 hour. After washing with TBS-T, the membranes were incubated with 486 

horseradish peroxidase-conjugated secondary antibodies diluted with TBS-T for 1 hour 487 

at room temperature. The antibody-antigen complex was detected using the Super Signal 488 
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West Dura Substrate (Thermo scientific) and the Light-Capture system (Luminograph III, 489 

ATTO), and immunostained bands were analyzed by the CS Analyzer 4 (ATTO). Protein 490 

loading control was stained using Ponceau 4R (72). The membranes were incubated in 491 

5% acetic acid with 0.3% Ponceau 4R (Red food coloring; Kyoritsu-food Co., Ltd.), and 492 

washed in 1% acetic acid. 493 

 494 

RNA isolation and RT-PCR 495 

Total RNA from N. benthamiana leaves was prepared using TRI Reagent® (Cosmo Bio 496 

Co., Ltd.) according to the manufacturer’s procedure. The reverse transcription was done 497 

using the ReverTra Ace qPCR RT kit (Toyobo). RT-qPCR was performed using the 498 

StepOnePlus Real-Time PCR system (Applied Biosystems) with THUNDERBIRDTM 499 

SYBR® qPCR Mix (TOYOBO). The expression of NbRBOHB, NbWRKY8 and 500 

NbCDPKs were normalized to the expression of EF-1a. The gene-specific primers used 501 

for each sequence are listed in the table S1. 502 

 503 

Expression and purification of recombinant proteins 504 

Unpurified proteins containing INF1 were prepared from E. coli carrying pFB53 (inf1 in 505 

pFLAG-ATS) (73). The overnight culture of E. coli carrying pFB53 was diluted 50-fold 506 

in LB/ampicillin and was cultured to OD600 = 0.6. Then, 1 mM IPTG was added to the 507 

culture to induce inf1 expression and it was further cultured for 4 hours. The culture was 508 

centrifuged, and its supernatant was filtrated and dialyzed in distilled water for 24 hours. 509 

Protein concentration was adjusted to 100 µg/mL. 510 

pET30a (+) vectors containing NbRBOHB N-terminal fragments were transformed 511 

into E. coli cells of strain BL21-CodonPlus (DE3)-RIPL (Agilent). Expression of 512 

recombinant proteins were induced using Overnight ExpressTM Autoinduction System1 513 

(Novagen) according to the manufacturer’s procedure. Cells were harbored from 514 

overnight culture and resuspended in extraction buffer (20 mM HEPES-NaOH, pH 7.5). 515 

The suspension was sonicated and centrifuged at 20,000g for 5 minutes at 4℃. The pellet 516 

was resuspended in extraction buffer containing 8 M urea and centrifuged at 20,000g for 517 

5 minutes at 4℃. The supernatant was dialyzed against 20 mM HEPES-KOH, pH 7.6. 518 

pET32a (+) vectors containing NbCDPK5 was transformed into E. coli cells of strain 519 

BL21-Gold (DE3) pLysS (Stratagene). The overnight culture at 37℃ was transferred to 520 
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100-fold LB/ampicillin medium and cultured until OD600 was 0.6 at 37℃. Expression 521 

was induced by the addition of 0.4 mM IPTG for 3 hours at 28℃ . Extraction and 522 

purification of CDPK proteins and Trx proteins were performed with Strep-Tactin Spin 523 

Columns (IBA). 524 

 525 

In vitro kinase assay 526 

Kinase activity was determined in 15 µL of buffer (20 mM HEPES-KOH, pH 7.6, 1 mM 527 

DTT, and 5 mM MgCl2, 5 mM ATP with 0.1 mM CaCl2 or 2 mM EGTA) containing 0.7 528 

mg of NbRBOHB N-terminal peptides and 70 ng of CDPKs incubated 30 minutes at room 529 

temperature. The reactions were stopped by the addition of SDS-PAGE sample buffer and 530 

incubation at 95℃ for 5 minutes.  531 

 532 

Measurement of ROS 533 

Measurement of ROS in N. benthamiana leaves was performed as described by 534 

Kobayashi et al. (25). 0.5 mM L-012 in 10 mM MOPS-KOH, pH 7.4, was infiltrated into 535 

N. benthamiana leaves using a needleless syringe. The chemiluminescence was 536 

monitored continuously by a Light-Capture system (Luminograph III, ATTO) for 5 537 

minutes. The intensity of chemiluminescence was quantified using CS Analyzer 4 538 

(ATTO). 539 

 540 

Supplementary materials 541 

Supplemental figure 1. Multiple alignments of the N-terminal region of CDPKs. 542 

Supplemental figure 2. Subcellular localization of NbCDPK4, NbCDPK10 and 543 

NbCDPK11. 544 

Supplemental figure 3. NbCDPK4 and NbCDPK5 were enriched in microsome fraction. 545 

Supplemental figure 4. The phosphorylation of NbRBOHB Ser-123 induced by INF1. 546 

Supplemental figure 5. Overexpression of NbCDPK5 did not affect PTI-ROS burst. 547 

Supplemental figure 6. HR cell death induced by transient expression of NRC4 variants. 548 

Supplemental table 1. Primers used for this study. 549 
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 576 

Figure legends 577 

Fig. 1. NbCDPK4 and NbCDPK5 interact with NbRBOHB and generate ROS 578 

production.  579 

(A) Phylogenetic tree of Nicotiana benthamiana NbCDPKs with selected plant CDPKs; 580 

Arabidopsis (At), rice (Os), soybean (Gm), potato (St), barley (Hv), tobacco (Nt), coyote 581 

tobacco (Na), tomato (Le) and grapevine (ACPK1), maize (Zm), alfalfa (Mt), ice plant 582 

(Mc) and peanut (Ah) (29). The clade including NbCDPK4 and NbCDPK5 is indicated 583 

by the green area, and the clade including NbCDPK9, NbCDPK10 and NbCDPK11 is 584 

indicated by the blue area. Predicted NbCDPK sequences were obtained from iTAK Plant 585 

Transcription factor & Protein Kinase Identifier and Classifier. Phylogenetic analyses 586 
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using the neighbor-joining method were done in MEGA7.  587 

(B) Schematic structures of NbCDPK with variable, kinase, junction, and calmodulin-588 

like domains. K/M is a truncated kinase inactive variant with substitution in Lys (K) of 589 

the ATP binding motif to Met (M).  590 

(C) ROS production in N. benthamiana leaves expressing NbCDPK5 variants. A. 591 

tumefaciens harboring NbCDPK5 variants or GUS, and NbRBOHB or empty vector (EV) 592 

were mixed 1:4 (OD600 = 0.5) and infiltrated. To detect ROS generation, leaves were 593 

infiltrated with 0.5 mM L-012 solution two days after agroinfiltration. Letters represent 594 

each significance group, determined through Tukey’s multiple range test. 595 

(D) ROS production induced by expressing constitutively active variants (VK) of 596 

subgroup I NbCDPKs with NbRBOHB. A. tumefaciens harboring NbCDPK and 597 

NbRBOHB were mixed 1:4, and were infiltrated. Asterisks indicate statistically 598 

significant differences compared to GUS control (t test, ***P < 0.005). 599 

(E) Interaction between NbCDPKs and NbRBOHB. Co-immunoprecipitation was 600 

performed with extracts from N. benthamiana leaves co-expressing HA-tagged 601 

NbCDPK5 or NbCDPK9 with FLAG-tagged NbRBOHB. µMACS magnetic beads with 602 

anti-FLAG antibody were used for immunoprecipitation, and anti-HA and anti-FLAG 603 

antibodies were used to detect the related proteins in the immunoprecipitants. Magenta 604 

pentagrams indicate the signals of NbRBOHB. Protein loads were monitored by Ponceau 605 

4R staining of the bands corresponding to Rubisco large subunit (RBCL). 606 

(F) Subcellular localization of NbCDPK5 and NbCDPK9. GFP-tagged NbCDPK5 or 607 

NbCDPK9 were transiently co-expressed with RFP-StREM1.3, and observed under the 608 

confocal microscope 3 days after agroinfiltration. Arrows indicate the nucleus. White bars 609 

= 50 µm, yellow bars = 10 µm. 610 

 611 

 612 

Fig. 2. NbCDPK4 and NbCDPK5 activate NbRBOHB by direct phosphorylation 613 

and transcriptional reprogramming. 614 

(A) Conservation of potato StCDPK5-mediated StRBOHB phosphorylation sites (Ser-82 615 

and Ser-97 corresponding to Ser-123 and Ser-138 of Nicotiana benthamiana NbRBOHB). 616 

The amino acid sequences of plant immune RBOHs, Arabidopsis AtRBOHD, StRBOHB, 617 

StRBOHC and NbRBOHB were aligned by ClustalW. A consensus motif for CDPK-618 

mediated phosphorylation is indicated upper the sequences of RBOHs. 619 
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(B) Ca2+-dependent phosphorylation of NbRBOHB Ser-123 by NbCDPK5 in vitro. 620 

Purified N-terminal peptides of NbRBOHB were used as substrates for Trx-NbCDPK5. 621 

Phosphorylation of NRBOHB was detected using anti-pS123 antibody. Protein loads 622 

were monitored by MemCode staining.  623 

(C and D) Phosphorylation of NbRBOHB Ser-123 by constitutively active NbCDPK5 624 

(C) and subgroup I NbCDPKs (D) in plants. NbCDPK variants or GUS were co-expressed 625 

with NbRBOHB (mixed 1:4). Microsomal fractions were prepared two days after 626 

agroinfiltration. Immunoblot analyses were performed using anti-pS123, anti-flag and 627 

anti-HA antibodies. Protein loads were monitored by MemCode staining of the bands 628 

corresponding to Rubisco large subunit (RBCL). Magenta pentagrams indicate the signals 629 

of anti-HA antibody. 630 

(E) Effects of mutations of Ser-123 on the ROS production induced by NbCDPK5VK. A. 631 

tumefaciens harboring NbCDPK5 and NbRBOHB variants were mixed 1:4, and were 632 

infiltrated. To detect ROS generation, leaves were infiltrated with 0.5 mM L-012 solution 633 

two days after agroinfiltration. Asterisks indicate statistically significant differences (t test, 634 

*P < 0.05). 635 

(F and G) Expression of NbRBOHB (F) and NbWRKY8 (G) induced by constitutively 636 

active variants (VK) of subgroup I NbCDPKs. Total RNAs were extracted from leaves 637 

two days after agroinfiltration, and were used for RT-qPCR. Letters represent each 638 

significance group, determined through Tukey’s multiple range test. 639 

 640 

Fig. 3. The phosphorylation of NbRBOHB Ser-123 was strongly induced during ETI. 641 

(A to C) Phosphorylation of NbRBOHB Ser-123 in response to (A) AVRblb2, (B) INF1 642 

peptide, and (C) flg22 peptide. NbRBOHB was transiently expressed by agroinfiltration. 643 

Two days after agroinfiltration, the leaves were treated with elicitors. Microsomal 644 

fractions were prepared at an indicated time after treatment. Immunoblot analyses were 645 

performed using anti-pS123, anti-pS337 and anti-flag antibodies. Protein loads were 646 

monitored by MemCode staining of the bands corresponding to RBCL. 647 

(D) Ca2+-channel blocker impaired the phosphorylation of NbRBOHB Ser-123. 648 

NbRBOHB-expressing leaves were infiltrated with 5 mM LaCl3 an hour before INF1 649 

treatment. Microsomal fractions were prepared 6 hours after INF1 treatment. 650 

(E) Silencing of NbCDPKs attenuated the phosphorylation of NbRBOHB Ser-123. 651 

Microsomal fractions were prepared from NbCDPKs multiple silenced N. benthamiana 652 
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6 hours after INF1 treatment. The relative intensity of anti-pS123 was indicated below 653 

the top panel. 654 

(F) Overexpression of NbCDPK5 enhanced the phosphorylation of NbRBOHB Ser-123. 655 

NbCDPK5WT, NbCDPK5K/M, or GUS were co-expressed with NbRBOHB by 656 

agroinfiltration (mixed 1:4) for two days. Microsomal fractions were prepared 6 hours 657 

after INF1 treatment. 658 

(G) Effects of NbCDPK5 overexpression on the ROS production induced by INF1. A. 659 

tumefaciens harboring NbCDPK5 variants were infiltrated. Leaves were treated with 660 

INF1 two days after agroinfiltration. To detect ROS generation, leaves were infiltrated 661 

with 0.5 mM L-012 solution 6 hours after INF1 treatment. Letters represent each 662 

significance group, determined through Tukey’s multiple range test. 663 

(H) Expression of NbCDPKs in response to INF1. Total RNAs were extracted from leaves 664 

24 hours after INF1 treatment and were used for RT-qPCR. Asterisks indicate statistically 665 

significant differences compared to water treatment (t test, **P < 0.01, ***P < 0.005). 666 

 667 

Fig. 4. The phosphorylation of NbRBOHB Ser-123 was induced during spontaneous 668 

cell death. 669 

(A) Phosphorylation of NbRBOHB Ser-123 induced by constitutively active MAPKK. A. 670 

tumefaciens harboring NtMEK2 and NbRBOHB were mixed 1:1, and were infiltrated. 671 

Microsomal fractions were prepared at an indicated time after agroinfiltration. 672 

Immunoblot analyses were performed using anti-pS123, anti-pS337 and anti-flag 673 

antibodies. Protein loads were monitored by MemCode staining of the bands 674 

corresponding to RBCL.  675 

(B) Phosphorylation of NbRBOHB Ser-123 induced by Bax. NtMEK2DD, INF1, Bax or 676 

GUS were co-expressed with NbRBOHB by agroinfiltration (mixed 1:1). Microsomal 677 

fractions were prepared a day after agroinfiltration. Protein loads were monitored by 678 

Ponceau 4R staining of the bands corresponding to RBCL . 679 

(C) Ethanol did not induce phosphorylation of NbRBOHB Ser-123. NbRBOHB was 680 

transiently expressed via Agrobacterium. Two days after agroinfiltration, the leaves were 681 

treated with 20% (v/v) ethanol or INF1. Microsomal fractions were prepared six hours 682 

after treatment. Protein loads were monitored by Ponceau 4R staining of the bands 683 

corresponding to RBCL. 684 

 685 
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Fig. 5. CDPKs activate NbRBOHB downstream of autoactive helper NLR. 686 

(A) ROS production induced by expression of autoactive NRC4D478V, but not by inactive 687 

NRC4L9ED478V. A. tumefaciens harboring NRC4 variants (OD600
 = 0.2) were infiltrated. 688 

To detect ROS generation, leaves were infiltrated with 0.5 mM L-012 solution 18 hours 689 

after agroinfiltration. Letters represent each significance group, determined through 690 

Tukey’s multiple range test. 691 

(B) Phosphorylation of NbRBOHB Ser-123 after expression of NRC4 variants. NRC4 692 

variants were co-expressed with NbRBOHB by agroinfiltration (mixed 1:4; OD600 = 0.5). 693 

Microsomal fractions were prepared 24 hours after agroinfiltration. Immunoblot analyses 694 

were performed using anti-pS123, anti-pS337, anti-flag and anti-HA antibodies. Protein 695 

loads were monitored by ponceau 4R staining of the bands corresponding to RBCL. 696 

Magenta pentagrams indicate the signals of anti-HA antibody. 697 

(C) Ca2+-channel blocker impaired ROS production induced by NRC4D478V. ROS 698 

production was measured by chemiluminescence mediated by 0.5 mM L-012 18 hours 699 

after infiltration of A. tumefaciens. 5 mM LaCl3 was infiltrated 12 hours after 700 

agroinfiltration. Asterisks indicate statistically significant differences compared to mock 701 

treatment (t test, ***P < 0.005). 702 

(D) Ca2+-channel blocker impaired phosphorylation of NbRBOHB Ser-123 induced by 703 

NRC4D478V. NRC4 variants were co-expressed with NbRBOHB by agroinfiltration 704 

(mixed 1:4; OD600 = 0.5). 5 mM LaCl3 was infiltrated, and microsomal fractions were 705 

prepared 12 and 24 hours after agroinfiltration, respectively. Protein loads were monitored 706 

by ponceau 4R staining of the bands corresponding to RBCL. 707 

(E) NRC4D478V induced NbRBOHB-dependent ROS production. A. tumefaciens 708 

harboring NRC4D478V or GUS (OD600 = 0.2) were infiltrated into NbRBOHB-silenced or 709 

NbCDPKs-silenced N. benthamiana leaves. Asterisks indicate statistically significant 710 

differences compared to TRV control (t test, **P < 0.01). 711 

(F) Model of the regulatory mechanism of sustained ROS bursts by CDPKs during ETI-712 

like responses. Recognition of effectors induces continuous elevation of Ca2+ 713 

concentrations in cytosol by activating helper NLR resistosome and Ca2+ channels. The 714 

NbCDPK4 and NbCDPK5, etc. localizing to plasma membrane directory phosphorylate 715 

NbRBOHB Ser-123, followed by ROS production under high Ca2+ concentrations. 716 

NbCDPK4, NbCDPK5, NbCDPK9, NbCDPK10, and NbCDPK11 increase 717 
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transcriptional levels of NbRBOHB and NbWRKY8, resulting in the supply of newly 718 

synthesized NbRBOHB. 719 
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NbCDPK9 45 104CTEKSSGNLYACKTIPKKKLICKEDYEDVWKEIQIMHHLSEHPNVVRIKGTYEDALYVHI

NbCDPK10 51 110CTEKATGLQYACKSIPKRKLLCREDYEDVWREIQIMHHLSEHPNVVRIKGTYEDNLFVHI

NbCDPK11 48 107CIEIATGVEYACKSIPKRKLLCREDYEDVWREIQIMHHLSEHPYVVRIKGTYEDNVFVHI

AtCPK4 42 101CTEKSSSANYACKSIPKRKLVCREDYEDVWREIQIMHHLSEHPNVVRIKGTYEDSVFVHI

AtCPK11 43 102CTEKSTSANYACKSIPKRKLVCREDYEDVWREIQIMHHLSEHPNVVRIKGTYEDSVFVHI
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Fig. S1. Multiple alignments of the N-terminal region of CDPKs.

The amino acid sequences of N-terminal regions of CDPKs, Arabidopsis AtCPK4, AtCPK5, 

AtCPK6, AtCPK11, potato StCDPK4, StCDPK5, and Nicotiana benthamiana NbCDPK4, 

NbCDPK5, NbCDPK9, NbCDPK10, NbCDPK11 were aligned by ClustalW. Red 

arrowheads indicate the predicted myristoylation and S-acylation sites. Blue arrowhead 

indicates the ATP binding sites.



N
b
1
1
-G

F
P

N
b
4
-G

F
P

N
b
1
0
-G
F
P

GFP RFP-StREM1.3 Marge GFP RFP-StREM1.3 Marge

Close-up

Fig. S2. Subcellular localization of NbCDPK4, NbCDPK10, and NbCDPK11.

GFP-fused NbCDPKs were transiently co-expressed with RFP-StREM1.3 via agroinfiltration. 

GFP- and RFP-fluorescence were observed under confocal microscope 3 days after 

agroinfiltration. Arrows indicate the nucleus. White bars = 50 µm, yellow bars = 10 µm. 



Fig S3. NbCDPK4 and NbCDPK5 were enriched in microsome fraction.

A. tumefaciens harboring HA-tagged NbCDPKVKs were infiltrated into N. benthamiana 

leaves. Two days after agroinfiltration, total protein (T), supernatant fraction (S), and 

microsome fraction (M) were prepared. Immunoblot analyses were performed using anti-HA 

antibody. Protein loads were monitored by MemCode staining of the bands corresponding to 

Rubisco large subunit (RBCL). 
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Fig. S4. The phosphorylation of NbRBOHB Ser-123 induced by INF1.

(A and B) Phosphorylation of NbRBOHB Ser-123 in response to INF1 peptide 

infiltration. NbRBOHB were transiently expressed by agroinfiltration. Two days after 

agroinfiltration, the leaves were treated with INF1 peptide. Microsomal fractions were 

prepared (A) 12 hours and (B) 24 hours after INF1 treatment. Immunoblot analyses were 

performed using anti-pS123 and anti-flag antibodies. Protein loads were monitored by 

ponceau 4R staining of the bands corresponding to RBCL. 
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Fig. S5. Overexpression of NbCDPK5 did not affect PTI-ROS burst.

flg22-triggered ROS bursts in N. benthamiana leaves overexpressing NbCDPK5 

variants or GUS control two days after agroinfiltration. ROS production was 

measured by monitoring chemiluminescence of luminol every minute for an hour. 

Letters represent each significance group, determined through Tukey’s multiple 

range test.
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Fig. S6.HR cell death induced by transient expression of NRC4 variants.

L9E single mutation (NRC4D478V/L9E) impaired cell death by NRC4DV. 

NRC4WT-6xHA, NRC4D478V-6xHA, NRC4D478V/L9E-6xHA and GUS-HA were 

expressed and photographed at 5 days after agroinfiltration.



Primers Used for Making Overexpression Vectors

Name Forward Primer (5'-3') Reverse Primer (5'-3')

NbCDPK4VK-HA GGCATCGATATGGGCAATACATGAAGTGG GGCGTCGACAACACCATTTTCGCAAATCC

NbCDPK5WT-HA GGCATCGATGGGCAATACATGCCGTGGATC GGCGTCGACATGAGCTCCAGGCGCATCTCTC

NbCDPK5VK-HA GGCATCGATGGGCAATACATGCCGTGGATC GGCGTCGACGCCATTTTCACATATCCAAGG

NbCDPK9WT-HA GGCATCGATATGGAACCAAAACCAGCAAC GGCGTCGACTAAGTTTTCTTCACTCTGTAC

NbCDPK9VK-HA GGCATCGATATGGAACCAAAACCAGCAAC GGCGTCGACCATTGTGTCATCCACAATCC

NbCDPK10VK-HA GGCATCGATATGGCACAAGCTGCAGCAAAG GGCGTCGACAGCTGCATCGTCCACAAGCC

NbCDPK11VK-HA GTTGGGCCCATGGAAATCCCAAATAGC GGCGGTACCAACGTTGTCGTCCACAATCC

NbCDPK4-GFP GGTCTCAAATTATGGGCAATACATGCCGTGG GGTCTCGCACCATGAGCTCCTGCTGCATCTC

NbCDPK5-GFP
GGTCTCAAATTATGCGAAAAAGGAAACAAGGAG

G
GGTCTCGCACCATGAGCTCCAGGCGCATCTCTC

NbCDPK9-GFP GGTCTCAAATTATGGAACCAAAACCAGCAAC GGTCTCGCACCTAAGTTTTCTTCACTCTGTAC

NbCDPK10-GFP GGTCTCAAATTATGGCACAAGCTGCAGCAAAG GGTCTCGCACCTTGATTTTTCTCACTGTCAT

NbCDPK11-GFP GGTCTCAAATTATGGAAATCCCAAATAGC GGTCTCGCACCGTGATCTTTGTCACTGTCAC

FLAG-NbRBOHB CTCGAGAAATGCAAAATTCTGAAAATC GTCGACTCAAAAATTTTCTTTATGGAAATC

Note: The restriction enzyme sites are underlined

Primers Used for Point-mutation

Name Forward Primer (5'-3') Reverse Primer (5'-3')

NbCDPK5 K110M - TTCTCTTGGCAATAGACATACAGGCGTACTCGATCC

NbRBOHB S123A AATGCTGCGTCTAGAATTCGGCAAGTG TCTAGACGCAGCATTTCGAACAAGTGA

StRBOHC S120A AAATGCTGCTTCGAGAATCCGGCAAG CTCGAAGCAGCATTTCGGACAAGTGA

Note: The  point mutation sites are in bold

Primers Used for Making Expression Vectors in E. coli

Name Forward Primer (5'-3') Reverse Primer (5'-3')

NbCDPK5 TTCTGGCCATATGGGCAATACATGCCGTGG
GGTGCTCGAGTCACTTTTCGAACTGCGGGTGGCTCCAACCATGA

GCTCCAGGCGCATCTCTC

Note: The restriction enzyme sites are underlined

Primers Used for Making VIGS Vectors

Name Forward Primer (5'-3') Reverse Primer (5'-3')

NbCDPK4 (4/5) ACTAGTCACTTGGTGGAGGCAAATAGCAG CTTCATGCTTGCTTTGACATGAGAGATGCAG

NbCDPK5 (4/5) CTCATGTCAAAGCAAGCATGAAGCCTCAAC GGTACCTAGCATGAGAGATGCGCCTG

NbCDPK4 (4/5/9/10/11) ACTAGTCACTTGGTGGAGGCAAATAGCAG CTTCATGCTTGCTTTGACATGAGAGATGCAG

NbCDPK5 (4/5/9/10/11) CTCATGTCAAAGCAAGCATGAAGCCTCAAC GATTTTGTTTTCTAGCATGAGAGATGCGCCTG

NbCDPK9 (4/5/9/10/11) CCTTCTTCATTTCCAAACATCCTCATAATC GAGAACATTAAAAGCCCCAACTTTTTGTTTTCC

NbCDPK10 ( 4/5/9/10/11) GTTGGGGCTTTTAATGTTCTCTTAATCTTGG GGTACCACTGTTAATCCCCCCAAAATAAC

NbCDPK11 ( 4/5/9/10/11) CTCTCATGCTAGAAAACAAAATCAGAC GATGTTTGGAAATGAAGAAGGGAAATACAG

Note: The restriction enzyme sites are underlined, the overlapped sites are in bold.

Primers Used for RT-qPCR

Name Forward Primer (5'-3') Reverse Primer (5'-3')

NbEF1α CCTCAAGAAGGTTGGATACAAC TCTTGGGCTCATTAATCTGGTC

NbRBOHB TTTTCTCTGAGGTTTGCCAGCCACCA GCCTTCATGTTGTTGAACAATGTCTTT

NbWRKY8 AACAATGGTGCCAATAATGC TGCATATCCTGAGAAACCATT

NbCDPK4 AGGACTACGCTCAGCCCGA TAAGCCTGATTACTACCCGTACG

NbCDPK5 CAACCAGTCCTATTACGTG TTACAGGCGTACTCGATC

NbCDPK9 AGGTGAAACATTTTCGGATG AAGTAATATGTACAAGATAACTCC

NbCDPK10 TTGTCCATTTTCTATAAGCCTGG GTATAAGATGACACCAGCACTC

NbCDPK11 TCCAGTAAATAACACGATCCCTAC TCTTGATGTCTACCTGCTTTTGTTTC

Supplemental table 1. Primers used for this study


