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SUMMARY 22 

Sphingolipids are the structural elements for membrane lipid bilayers and the signal 23 

molecules for many cellular processes. Serine palmitoyltransferase (SPT) is the first 24 

committed and rate-limiting enzyme in the de novo sphingolipids biosynthetic pathway. 25 

The core SPT was previously suggested as a heterodimer consisting of LCB1 and LCB2 26 

subunits. The SPT activity was shown to be inhibited by orosomucoid proteins (ORMs) 27 

and stimulated by small subunits of SPT (ssSPT). However, whether LCB1 is modified 28 

and how the modification regulates SPT activity have been unclear. Here, we show that 29 

activation of MPK3 and MPK6 by upstream MKK9 and Flg22 (a pathogen-associated 30 

molecular pattern) treatment increases SPT activity and induces the accumulation of 31 

sphingosine long-chain base (LCB) t18:0 in Arabidopsis thaliana; the activated MPK3 32 

and MPK6 phosphorylate AtLCB1. Phosphorylation of AtLCB1 strengthens its binding 33 

with AtLCB2b, promotes its binding with ssSPTs, and stimulates the higher-order-34 

oligomer and active SPT complexes formation. Our findings suggest a novel regulatory 35 

mechanism of SPT activity.  36 

  37 



Introduction 38 

Sphingolipids, a class of natural lipids composed of a sphingoid base backbone 39 

(sphingosine), are ubiquitous in all eukaryotes and a few species of prokaryotes. 40 

Sphingosine N-acylated with a fatty acid (FA) forms ceramide (Cer). Through the 41 

addition of a variety of charged, neutral, glycosylated, or phosphorylated moieties, 42 

ceramides further form hundreds of complex sphingolipid species. Sphingolipids 43 

typically represent about 10 to 20% of cellular lipids and serve either as structural 44 

components of membranes modulating the physical properties of lipid bilayers and the 45 

activity of transmembrane proteins 1,2 or as the signal molecules regulating various 46 

physiological processes and stress responses 3-8.  47 

The main aspects of sphingolipids biosynthesis and metabolism in eukaryotes are 48 

largely conserved, however, these compounds also show considerable diversity, as 49 

suggested by the finding that many sphingolipid structural modifications exist only in 50 

plants 8,9. Most of the current knowledge about sphingolipids derives from research in 51 

animals and yeast. Apart from their structural roles, functions of sphingolipids in 52 

signaling plant (mostly in Arabidopsis thaliana based on mutant and chemical 53 

treatment analysis) development and stress responses have recently been reported, but 54 

the mechanisms are far from clear. Analysis of sphingosine kinase (SPHK) mutant 55 

(sphk) plants and of the effects of treatment with sphingosine-1-phosphate (the product 56 

of SPHK) indicate that sphingolipids are involved in abscisic acid-dependent regulation 57 

of stomatal closure 10. The cell death phenotypes of ceramide kinase mutant (acd5) 58 

plants 11 and ceramide synthase (LOH2)-overexpressing plants 12, the early senescence 59 

phenotype of ORM knockdown mutants 13, and cell division and growth phenotypes of 60 

LOH1- and LOH3-overexpressing plants 12 and of LCB2s knockdown plants indicate 61 

that sphingolipids mediate the regulation of cell growth and cell death processes. 62 

Defects of pollen formation in lcb2a/lcb2b and ssspta mutants 14, embryo development 63 

in lcb1 mutants 15, and reproductive growth transition in sbh1/sbh2 mutants 16 reveal 64 

that sphingolipids are required for reproductive processes. Finally, the reduced 65 

sensitivity of lcbk2 mutants to cold stress 17, the enhanced tolerance of Atclb mutants to 66 

salt and drought 18, and the identification of GIPC sphingolipids as NLP toxin receptors 67 



19 suggest that sphingolipids also have roles in signaling responses to abiotic and biotic 68 

stresses.  69 

The pathway of sphingolipids de novo synthesis starts with the condensation of serine 70 

and palmitoyl CoA into 3-ketodihydrosphingosine, which is catalyzed by a serine 71 

palmitoyltransferase (SPT). All known eukaryotic SPT core enzymes are suggested as 72 

endoplasmic reticulum (ER)-membrane-associated heterodimers composed of LCB1 73 

and LCB2 subunits 15,20. Loss of SPT activity is lethal 15,21,22. SPT is believed to be the 74 

key point of sphingolipid biosynthesis regulation. Orosomucoid proteins (ORMs) and 75 

small subunits of SPTs (such as ssSPTs in animals and plants, and Tsc3p in yeast) are 76 

the currently known major regulators of SPT activity. By interacting with LCB1 and 77 

LCB2, ssSPTs or Tsc3p stimulate 23-25 and ORMs inhibit SPT activity 26-28. In yeast, 78 

phosphorylation of ORMs by the Ypk1 protein kinase interferes with their interaction 79 

to reverse the inhibition 29; however, the phosphorylation domain does not exist in the 80 

ORMs of animals and plants 30. The recent finding that Arabidopsis ORMs interact with 81 

ssSPT to inhibit SPT activity suggests another way that ORM could regulate SPT 82 

activity 13. Considering the importance of sphingolipids and the irreplaceable role of 83 

SPT in sphingolipids biosynthesis, it seems plausible that the mechanisms regulating 84 

SPT activity may not be as simple as the ORM and ssSPT regulation. Indeed, 85 

phosphorylation of LCB2 by an unknown kinase in HeLa and HEK293 cells 31,32 and 86 

phosphorylation of LCB1 by BCR-ABL kinase in chronic myeloid leukemia cells each 87 

inhibit SPT activity 33. This implies that phosphorylation of LCB1 and LCB2 may also 88 

be a way to regulate SPT activity. However, the universality of LCB1 and LCB2 89 

phosphorylation, the kinase(s) responsible for the phosphorylation, and the effects of 90 

their phosphorylation on SPT activity regulation are unknown.  91 

Mitogen-activated protein kinase (MAPK) cascades, highly conserved signaling 92 

modules in eukaryotes, are composed of MAPKKK, MAPKK, and MAPK (known as 93 

MKKK, MKK, and MPK, respectively, in plants according to systemic nomenclature) 94 

34. After receiving signals from receptors or sensors, MAPK cascades are activated 95 

through sequential phosphorylation of the three kinases. The activated MAPKs, in turn, 96 

phosphorylate their targets to mediate the regulation of cellular processes. MAPK 97 



cascades have been shown to play important roles in signaling plant growth, 98 

development, and stress responses. Arabidopsis MPK3 and MPK6 are the highly 99 

studied plant MAPKs to date. Upon activation by different upstream MKKs, MPK3 and 100 

MPK6 perform distinct functions. For example, MKK2-MPK4/MPK6 regulates cold 101 

and salt stress responses 35; MKK3-MPK6 mediates jasmonic acid signaling 36; MKK4- 102 

and/or MKK5-MPK3/MPK6 regulates reactive oxygen species signaling 37,38, cold, 103 

abscisic acid, and defense responses 39-42, and stomata and ovule development 43,44; 104 

MKK7-MPK6 regulates polar auxin transport 45; MKK4-, MKK5-, and/or MKK9-105 

MPK3/MPK6 regulate ethylene and camalexin biosynthesis 46,47, phosphate 106 

homeostasis, and ethylene signaling48,49; and MKK10-MPK6 regulates the red light 107 

response 50. Two recent studies showing that exogenous LCB treatment activates MPK6 108 

imply that the MAPK cascade is involved in sphingolipids signaling transduction 17,51; 109 

however, whether and how a particular MAPK cascade regulates sphingolipids 110 

biosynthesis are not known. 111 

Here, we show that after activation by upstream MKK9 and Flg22 (one of the microbe-112 

associated molecular patterns) treatment, MPK3 and MPK6 phosphorylate AtLCB1; 113 

AtLCB1 phosphorylation then leads to the formation of high-oligomer and high-114 

activity SPT and subsequently to increased-free LCB t18:0 accumulation. Our results 115 

suggest that phosphorylation of AtLCB1 is a previously unknown mechanism of SPT 116 

activity regulation in sphingolipids biosynthesis.   117 

 118 

Results 119 

Activation of MKK9-MPK3/MPK6 induces sphingolipids biosynthesis in 120 

transgenic plants.  121 

In this study, we initially analyzed the profiles of methanol-extracted metabolites from 122 

the inducible promoter controlled MKK9DD (a kinase-active form of MKK9) transgenic 123 

seedlings before (-DEX) or after (+DEX) the transgene induction. Surprisingly, except 124 

for camalexin that we have reported previously47,52, a second strongly induced 125 

compound was found in the extract from MKK9DD seedlings after MKK9DD induction 126 

(+DEX); this compound is further identified as 4-hydroxysphinganine (LCB t18:0), a 127 



major species of the long-chain bases that is the basal backbone of sphingolipids in 128 

plants (Figure 1a). This finding leads a speculation that MKK9 may regulate 129 

sphingolipids homeostasis.  130 

We then conducted a sphingolipidomic analysis by extraction with an established 131 

sphingolipids extraction procedure and detection with an Exion UPLC system coupled 132 

to a triple quodrupole/ion trap mass spectrometer (QTRAP 6500 Plus, Sciex) (Figure 133 

1b). The results showed that all four major classes of sphingolipids (ceramides, 134 

hydroxyceramides, GlcCers, and GIPCs) along with free LCB(P)s (LCBs and 135 

phosphorylated LCBs) were identified in MKK9DD seedlings either before or after 136 

MKK9DD induction. Comparison showed that total amounts of free LCB(P)s and 137 

ceramides were significantly increased in MKK9DD seedlings after MKK9DD induction 138 

(+DEX), of about 5-fold and 1.8-fold of that in seedlings before MKK9DD induction (-139 

DEX), respectively, while total amounts of hydroxyceramides, GIPCs, and 140 

glucosylceramides in MKK9DD seedlings before (-DEX) or after (+DEX) MKK9DD 141 

induction did not show significantly difference. Further analysis of individual species 142 

in all classes of sphingolipids revealed that some free LCB(P)s (t18:0-P, t18:1, and 143 

t18:0) and most of the t18:0-containing ceramides were strongly increased, while some 144 

t18:1-containing glucosylceramides (h22:0, h24:1, h26:1, and h26:0) were slightly 145 

decreased in MKK9DD seedlings after MKK9DD induction (+DEX). Notably, the 146 

amounts of free LCB t18:0 and t18:0/c16:0 ceramide in MKK9DD seedlings after 147 

MKK9DD induction (+DEX) were 9.4-fold and 11.6-fold higher than that in MKK9DD 148 

seedlings before MKK9DD induction (-DEX), respectively. The over-accumulation of 149 

free LCB t18:0 and t18:0-containing ceramides after MKK9DD induction suggests that 150 

the activation of MKK9 activates sphingolipids biosynthetic pathway. Since, LCBs 151 

contents are generally used to reflect the amount of sphingolipids15, to simplify further 152 

description, LCBs in seedlings were measured using HPLC as described by Chen et al 153 

(Figure S1)16, and only the contents of free LCB t18:0 were presented in our later 154 

contexts. 155 

Two independent homozygous transgenic lines for MKK9DD were further analyzed, and 156 

two MKK9KR (a kinase-inactive form of MKK9) transgenic lines (lines 178 and B106) 157 



and one empty vector transgenic line (as Vector) were used as controls. The results 158 

showed that MKK9DD seedlings (lines 129 and B63) produced much higher levels of 159 

free LCB t18:0 than MKK9KR and Vector seedlings, which produced comparable and 160 

relatively low levels of free LCB t18:0; the levels of free LCB t18:0 in MKK9DD 161 

seedlings were 12-fold higher for line 129 and 17-fold higher for line B63 than Vector 162 

seedlings (Figure 1c). Kinase activity assay showed the strong activation of MPK3 and 163 

MPK6 in MKK9DD transgenic lines (Figure S2a). The requirement of MPK3 and MPK6 164 

activities for the induction of free LCB t18:0 was further analyzed using MKK9DD, 165 

MKK9DD/mpk3, and MKK9DD/mpk6 seedlings. MKK9DD induction in all three 166 

genotypes could induce an elevation of free LCB t18:0, however, MKK9DD/mpk3 and 167 

MKK9DD/mpk6 seedlings produced nearly 70% lower levels of free LCB t18:0 168 

compared with MKK9DD seedlings at 4 h after MKK9DD induction (Figure 1d). 169 

Immunoblotting and kinase activity assays revealed the complete loss of MPK3 activity 170 

in MKK9DD/mpk3 seedlings and MPK6 activity in MKK9DD/mpk6 seedlings (Figure 171 

S2b). These results suggest that activation of MKK9-MPK3/MPK6 in seedlings 172 

activates sphingolipids biosynthesis.  173 

 174 

Flg22 induces LCB t18:0 elevation through activating MKK9-MPK3/MPK6. 175 

MPK3 and MPK6 are known previously as two stresses-activated MAPKs in 176 

Arabidopsis 35,36,41,46,49,50,53,54. To explore whether and which stresses could activate the 177 

two kinases and subsequently activate sphingolipids pathway, LCB t18:0 contents and 178 

kinase activities in Arabidopsis seedlings under a variety of stimuli were analyzed. The 179 

results showed that compared with the level in untreated seedlings (Control), Flg22 and 180 

H2O2 treatments significantly stimulated the increases of free LCB t18:0, of about 360% 181 

and 140%, respectively, but NaCl and cold (4C) treatments did not alter the free LCB 182 

t18:0 contents (Figure 2a). Kinase activity assays showed the strong activation of 46- 183 

and 43-kD kinases by Flg22 treatment and of 46-kD kinase by H2O2 treatment, but only 184 

weak activation of the 46-kD kinase and moderate activation of a 40-kD kinase by NaCl 185 

and cold treatments (Figure 2b). Analyses of kinase activities and LCB t18:0 levels in 186 

seedlings of mpk3 and mpk6, the knockout mutants of MPK3 and MPK6, showed that 187 



although Flg22 treatment still induced the increasing of free LCB t18:0 contents in 188 

mpk3 and mpk6 seedlings, however, the degree of induction in mpk3 and mpk6 189 

seedlings were significantly suppressed: mpk3 and mpk6 seedlings treated with Flg22 190 

produced 30% and 45% less free LCB t18:0, respectively, than Col-0 seedlings (Figure 191 

2c). The concurrent disappearance of 43-kD kinase activity in mpk3 seedlings and 46-192 

kD kinase activity in mpk6 seedlings treated with Flg22 confirmed that the 43- and 46-193 

kD kinases were MPK3 and MPK6, respectively (Figure 2d). Since MKK9 was showed 194 

to induce the increasing of LCB t18:0 in transgenic seedlings by activating MPK3 and 195 

MPK6, a T-DNA insertion MKK9-null mutant line (mkk9) was also analyzed. The 196 

results revealed that the level of free LCB t18:0 elevation induced by Flg22 was 197 

significantly suppressed in mkk9 seedlings, so that the mutant seedlings produced about 198 

30% less free LCB t18:0 than Col-0 seedlings (Figure 2e). The kinase activities of 199 

MPK3 and MPK6 induced by Flg22 were significantly compromised in mkk9 seedlings 200 

compared with Col-0 seedlings (Figure 2f). These results suggest that Flg22 treatment 201 

induces the elevation of free LCB t18:0 through activating MKK9-MPK3/MPK6 202 

cascade. 203 

 204 

MKK9-MPK3/MPK6 induces LCB t18:0 via activating its de novo synthesis. 205 

Sphingolipids catabolism and LCB de novo synthesis are the major pathways 206 

influencing the cellular free LCB pool. To assess which of these pathways is 207 

predominantly required for the MAPK cascade-induced free LCB t18:0, we compared 208 

the free LCB t18:0 levels produced in MKK9DD and MKK9DD/lcb2a/lcb2b i seedlings. 209 

The lcb2a/lcb2b i line is a previously used double mutant, that AtLCB2a is knocked out 210 

(lcb2a) by T-DNA insertion and AtLCB2b is knocked down (lcb2b i) by an inducible 211 

small interfering RNA (siRNA) expression (induced by methoxyfenozide [Meth]), and 212 

the de novo biosynthesis of LCBs in this mutant is significantly reduced after Meth 213 

application14. After MKK9DD induction (+ DEX), MKK9DD/lcb2a/lcb2b i seedlings 214 

produced 62% less of free LCB t18:0 than MKK9DD seedlings in the absence of Meth 215 

(+ DEX, - Meth), and 90% less of free LCB t18:0 than MKK9DD seedlings in the 216 

presence of Meth (+DEX, +Meth) (Figure 3). This near abolishment of the MAPK-217 



cascade-induced free LCB t18:0 elevation in MKK9DD/lcb2a/lcb2b i seedlings suggests 218 

that the elevated free LCB t18:0 is generated through the LCB de novo biosynthetic 219 

pathway.   220 

 221 

MKK9-MPK3/MPK6 interacts and phosphorylates AtLCB1.  222 

To explore the mechanism of MAPK-cascade-induced LCB t18:0 biosynthesis, we first 223 

used quantitative PCR to detect the transcription of the genes encoding the enzymes 224 

(including SPT, KSR, and SBH ) and their regulators (ORMs and ssSPT) controlling 225 

the conversion of serine and palmitoyl CoA to LCB t18:0 9. We adapted a change of 226 

more than 2-fold as indicating significant induction or reduction. The results revealed 227 

that AtLCB1 was significantly induced in Col-0, mpk3, mpk6, and mkk9 seedlings after 228 

Flg22 treatment, although its induction in mpk3, mpk6, and mkk9 seedlings was a little 229 

suppressed compared with that in Col-0; AtLCB2b was also significantly induced after 230 

Flg22 treatment, to a comparable level in all four genotypes; ssSPTa and ssSPTb were 231 

unaltered in Col-0 and mpk6 seedlings but significantly reduced in mpk3 and mkk9 232 

seedlings after Flg22 treatment; the transcription of ORM1, ORM2, TSC10A, TSC10B, 233 

SBH1, and SBH2 did not show significant change among the four genotypes (Figure 234 

S3a). Analysis of the transcription of these genes in the MKK9 transgenic variants 235 

MKK9DD and MKK9KR, and crosses of MKK9DD with mpk3 and mpk6, showed that 236 

MKK9DD induction (+DEX) in MKK9DD seedlings significantly induced transcription 237 

of AtLCB1 and AtLCB2b but suppressed that of TSC10B and ssSPTa, while MKK9KR 238 

induction (+DEX) in MKK9KR seedlings did not alter the transcription of any of these 239 

genes. The induction of AtLCB1 and reduction of TSC10B were partially suppressed in 240 

MKK9DD/mpk3 and MKK9DD/mpk6 seedlings, and the induction of AtLCB2b was 241 

unaffected in MKK9DD/mpk3 seedlings and suppressed in MKK9DD/mpk6 seedlings 242 

(Figure S3b). The results suggest that transcription of the various genes in the LCB 243 

t18:0 biosynthetic pathway is differentially regulated by MKK9-MPK3/MPK6. 244 

Next, we analyzed the contribution of MKK9-MPK3/MPK6-regulated genes 245 

transcription to the elevation of free LCB t18:0 level by comparing free LCB t18:0 246 

contents in MKK9DD seedlings treated with actinomycin D (ActD), an inhibitor of gene 247 



transcription, to those in untreated controls. MPK3 and MPK6 were effectively 248 

activated in MKK9DD seedlings by 1 h after MKK9DD induction (Figure S2b), whereas 249 

AtLCB1 and AtLCB2b transcription and free LCB t18:0 accumulation were not yet 250 

induced at that time point (Figure S4a and Figure 1d), we therefore started the ActD 251 

treatment 1 h after DEX addition. The results showed that MKK9-MPK3/MPK6-252 

induced transcription of AtLCB1 and AtLCB2b was effectively blocked (Figure S4b), 253 

and MPK3 and MPK6 were activated substantially in MKK9DD seedlings in the 254 

presence of ActD plus DEX (Figure S4c). However, MKK9DD seedlings treated with 255 

ActD plus DEX accumulated similar levels of free LCB t18:0 compared to the seedlings 256 

treated with DEX alone (Figure S4d). These results suggest that MKK9-MPK3/MPK6-257 

induced free LCB t18:0 accumulation does not rely on the transcriptional regulation of 258 

LCB biosynthetic genes. 259 

We further analyzed the possibility that MKK9-MPK3/MPK6 phosphorylates free 260 

LCB t18:0 de novo biosynthetic enzymes or an assortment of their regulators. We used 261 

a yeast two-hybrid (Y2H) assay to initially screen the candidate of MPK3 or MPK6 262 

targets in these proteins. Among the proteins tested, AtLCB1 and the two ssSPTs 263 

(ssSPTa and ssSPTb) interacted with MPK3 and MPK6, as indicated by a 3-AT 264 

containing synthetic drop-out (SD) medium growth assay with β-galactosidase 265 

visualization (Figure 4a). Since ssSPTs did not contain a putative MAPK 266 

phosphorylation site, we therefore selected AtLCB1 for further study. Then, we tested 267 

the interaction between MPK3/MPK6 and AtLCB1 using a split bimolecular 268 

complementation (split-BiFC) assay. We detected YFP fluorescence signals when 269 

AtLCB1-YFP NE was co-expressed with either MPK3-YFP CE or MPK6-YFP CE, 270 

whereas expression of AtLCB1-YFP NE or MPK3-YFP CE or MPK6-YFP CE alone 271 

did not yield detectable YFP fluorescence (Figure 4b). These results suggest that 272 

AtLCB1 may be a target of MPK3 and MPK6.  273 

We further investigated the in vitro phosphorylation of AtLCB1 by activated 274 

MPK3 and MPK6. In-solution kinase assays showed that MKK9-activated MPK6 275 

strongly and MPK3 very weakly phosphorylated ∆AtLCB1WT, a truncated AtLCB1 276 

protein with its putative transmembrane region (1-60 amino acid residues) deleted. 277 



Similar assays of mutants with Thr169 and/or Ser398, the putative MAPK 278 

phosphorylation sites in ∆AtLCB1WT protein, replaced by Ala revealed a strong 279 

reduction in the phosphorylation of ∆AtLCB1T169A and ∆AtLCB1T169A/S398A and 280 

moderately reduction in that of ∆AtLCB1S398A phosphorylation (Figure 4c). These 281 

results suggest that MKK9-MPK3/MPK6 phosphorylates AtLCB1 protein in vitro, and 282 

that Thr169 and Ser398 are the potential phosphorylation sites.  283 

For in vivo AtLCB1 phosphorylation assays, protein samples from seedlings were 284 

separated by SDS-PAGE or Phos-tag gel, and AtLCB1 was detected by 285 

immunoblotting using an AtLCB1-specific antibody raised in this study (Figure S5). 286 

The antibody detected a single AtLCB1 band in each sample from Col-0, mpk3, and 287 

mpk6 seedlings with or without Flg22 treatment, and from MKK9DD transgenic and 288 

crossed seedlings with or without MKK9DD induction, after separation by SDS-PAGE 289 

(Figure 4d). However, three AtLCB1 bands were detected in each sample from 290 

seedlings of all genotypes after separation on a Phos-tag gel. When the samples from 291 

Flg22-treated Col-0 seedlings and MKK9DD-induced MKK9DD seedlings were 292 

incubated with alkaline phosphatase (+ CIAP), the single AtLCB1 band separated by 293 

SDS-PAGE showed a slight downshift; furthermore, the two upper AtLCB1 bands 294 

separated by the Phos-tag gel were missing and the bottom AtLCB1 band showed 295 

increased intensity. These results suggest that two upper bands are the phosphorylated 296 

forms of AtLCB1 and that both phosphorylated (the two upper bands) and 297 

unphosphorylated (the bottom band) AtLCB1 exist in seedlings. Analysis of the ratio 298 

of phosphorylated AtLCB1 to total AtLCB1 revealed that Flg22 treatment and 299 

MKK9DD induction each increased the levels of phosphorylated AtLCB1 and that loss 300 

of either MPK3 or MPK6 function lessened this increase. The results suggest that 301 

MPK3 and MPK6 activated by either Flg22 or MKK9 phosphorylates AtLCB1 in vivo.  302 

 303 

Phosphorylation of AtLCB1 enhances SPT activity.  304 

Since, AtLCB1, one of the core subunits of SPT, is phosphorylated by MKK9-305 

MPK3/MPK6, we further explored the effects of AtLCB1 phosphorylation on SPT 306 

activity. The results showed that SPT activities in Col-0, mkk9, mpk3, and mpk6 307 



seedlings in the absence of Flg22 were all comparable and that they all increased upon 308 

the Flg22 treatment, but to different degrees: the levels in mkk9, mpk3, and mpk6 309 

seedlings were 17%, 10.5%, and 20% lower, respectively, than that in Col-0 (Figure 310 

5a). The SPT activities in MKK9DD, MKK9DD/mpk3, and MKK9DD/mpk6 seedlings were 311 

all significantly increased upon MKK9DD induction (+DEX) compared with those seen 312 

in the absence of MKK9DD induction (-DEX), but the +DEX levels in MKK9DD/mpk3 313 

and MKK9DD/mpk6 seedlings were 18% and 28% lower than that in MKK9DD seedlings, 314 

respectively (Figure 5b). The correlation between SPT activity and AtLCB1 315 

phosphorylation (Figure 4c and 4d) suggests that phosphorylation of AtLCB1 may 316 

activate SPT activity.   317 

We initially analyzed the effect of AtLCB1 phosphorylation on SPT activity using 318 

a yeast lcb1 mutant growth rescue assay by expressing AtLCB1 variants in lcb1 mutant. 319 

Since a previous report had shown that restoring SPT activity in the yeast lcb1 mutant 320 

required the co-expression of AtLCB1 and AtLCB2 15, we also adopted this strategy in 321 

our experiments. Co-expression of AtLCB1WT or AtLCB1DD (in which both Thr169 322 

and Ser398 are mutated to Asp to mimic phosphorylated AtLCB1) with AtLCB2b in 323 

the yeast lcb1 mutant rescued the mutant’s growth-deficient phenotype, whereas co-324 

expression of the nonphosphorylatable variant AtLCB1AA (in which both Thr169 and 325 

Ser398 are mutated to Ala) with AtLCB2b did not (Figure 5c). Moreover, when we 326 

added PD98059, an inhibitor of MAPKK activity, to the growth media to block MAPKs 327 

activation, the ability of AtLCB1WT and AtLCB2b to rescue the yeast lcb1 mutant 328 

growth phenotype was clearly lost. Immunoblotting results confirmed the successful 329 

expression of AtLCB1 variants and AtLCB2b in the transformed lcb1 cells (Figure S6). 330 

The results suggest that phosphorylation of AtLCB1 is required for the SPT activity in 331 

yeast cells. 332 

Transgenic Arabidopsis plants carrying MYC-tagged AtLCB1 variants encoding 333 

genes under the control of the 35S promoter or the steroid-inducible promoter were 334 

tried to generate to investigate the functions of these variants in plants 55; however, no 335 

AtLCB1DD transgenic plants obtained expressed detectable MYC- AtLCB1DD proteins. 336 

To fill this gap, we set out to generate transgenic plants with MYC-AtLCB1 variant 337 



encoding genes by the native AtLCB1 promoter, and we selected the two homozygous 338 

lines for each genotype with the highest MYC-AtLCB1 protein levels for further 339 

analysis. In the absence of Flg22 treatment, very low and comparable amounts of free 340 

LCB t18:0 accumulated in Col-0 and AtLCB1 variants transgenic seedlings; upon Flg22 341 

treatment, accumulation of free LCB t18:0 in all genotype seedlings significantly 342 

increased, but the amounts of free LCB t18:0 in the Flg22-treated MYC-AtLCB1AA 343 

seedlings was only half of that in Col-0 wild-type, or MYC-AtLCB1WT, or MYC-344 

AtLCB1DD seedlings (Figure 5d). In addition, SPT activities in Col-0 and AtLCB1 345 

variants transgenic seedlings treated with Flg22 were significantly induced; however, 346 

SPT activities in both of the untreated and Flg22-treated MYC-AtLCB1AA seedlings 347 

were only half of those in Col-0, or MYC-AtLCB1WT, or MYC-AtLCB1DD seedlings. 348 

When we crossed MYC-AtLCB1AA and MYC-AtLCB1WT plants into the MKK9DD 349 

background, we found that without MKK9DD induction (-DEX), similar lower levels of 350 

free LCB t18:0 accumulated in MKK9DD and crossed seedlings, and free LCB t18:0 was 351 

significantly increased upon MKK9DD induction (+DEX) in both groups of seedlings; 352 

however, MYC-AtLCB1AA/MKK9DD seedlings accumulated much less free LCB t18:0 353 

than MKK9DD or MYC-AtLCB1WT/MKK9DD seedlings with MKK9DD induction (+DEX). 354 

SPT activities in MYC-AtLCB1AA/MKK9DD seedlings with or without MKK9DD 355 

induction (-DEX or +DEX) were significantly impaired compared with those in 356 

MKK9DD or MYC-AtLCB1WT/MKK9DD seedlings (Figure 5e). The dominant-negative 357 

role of MYC-AtLCB1AA in regulating SPT activity in vivo further confirmed the 358 

importance of phosphorylated AtLCB1 for SPT activity.  359 

 360 

Phosphorylation of AtLCB1 stimulates higher-order and active SPT complex 361 

formation.  362 

To explore why the expression of nonphosphorylatable MYC-AtLCB1AA in planta 363 

regulates SPT activity in a dominant-negative fashion, we decided to test interactions 364 

between AtLCB1 variants or the variants with other subunits in SPT complex using 365 

Y2H assay in the presence or absence of PD98059. We found that AtLCB1 variants 366 

interacted with each other in either the presence or the absence of PD98059 (Figure 6a); 367 



in the absence of PD98059, AtLCB1WT and AtLCB1DD interacted normally with 368 

AtLCB2b and ssSPTs, while AtLCB1AA interacted very weakly with AtLCB2b but not 369 

at all with ssSPTs; however, in the presence of PD98059, the interaction between 370 

AtLCB1WT and AtLCB2b or ssSPTs was almost abolished, while the interactions 371 

between AtLCB1DD and AtLCB2b or ssSPTs were not affected. These results imply 372 

that the SPT complex may contain multiple phosphorylated and/or unphosphorylated  373 

AtLCB1 subunits, but because unphosphorylated AtLCB1 lacks the ability to bind 374 

AtLCB2 and ssSPTs, its presence in the SPT complex reduces SPT enzyme activity. 375 

To further explore the effects of AtLCB1 phosphorylation on SPT activity, we 376 

separated protein samples extracted from MKK9DD seedlings with (+DEX) or without 377 

(-DEX) MKK9DD induction by Superdex-200 10/300 GL gel-filtration chromatography 378 

and analyzed the resulting fractions. AtLCB1 proteins were found in fractions 5-12 379 

(corresponding to a protein complex size of 600kD -150kD) in samples without 380 

MKK9DD induction and in fractions 5 to 10 (corresponding to a protein complex size 381 

of 600kD-200kD) in samples with MKK9DD induction by immunoblotting detection 382 

after separation on SDS-PAGE gels (Figure 6b). When we repeated the process but 383 

with separation on Phos-tag gels, we found that the proportions of phosphorylated 384 

AtLCB1 reduced with the molecular sizes of the SPT complexes decreased. At the 385 

extremes, the 600-kD SPT complex (in fraction 5) contained only the phosphorylated 386 

AtLCB1, and complexes smaller than 200-kD (in fractions 10-12) contained only the 387 

nonphosphorylated AtLCB1. The proportion of higher-molecular-size SPT was higher 388 

in seedlings with MKK9DD induction than in seedlings without MKK9DD induction. 389 

Next, we compared the SPT activities in fraction 5 (with the higher proportion of 390 

phosphorylated AtLCB1), fraction 7 (with a moderate ratio), and fraction 10 (with a 391 

very low ratio) from sample of MKK9DD seedlings with or without MKK9DD induction, 392 

using the same levels of total AtLCB1 protein. SPT activities correlated well with the 393 

ratio of AtLCB1 phosphorylation in all tested fractions: SPT activities for fraction 10 394 

from both samples were comparably lower, about 0.055 pmol/min; SPT activities for 395 

fraction 7 from samples with or without the MKK9DD induction were 0.125 and 0.097 396 

pmol/min, respectively; and SPT activities for fraction 5 from samples with or without 397 



the MKK9DD induction were 0.227 and 0.173 pmol/min, respectively (Figure 6c). These 398 

results suggest that phosphorylation of AtLCB1 is required for the formation of higher-399 

order oligomers and active SPT complexes.  400 

We also analyzed proteins from MYC-AtLCB1DD (line 11) and MYC-AtLCB1AA 401 

(line 1) seedlings treated with Flg22 using the same electrophoresis and 402 

immunoblotting procedures as aforementioned. Notably, MYC-AtLCB1DD proteins 403 

were preferentially present, compared to MYC-AtLCB1AA proteins, in higher-404 

molecular-size SPT complexes (Figure 6d). We then compared the SPT activities in 405 

fraction 7 with similar ratios of phosphorylated and unphosphorylated AtLCB1 native 406 

proteins, as well as very lower levels of MYC-AtLCB1AA or MYC-AtLCB1DD proteins 407 

from MYC-AtLCB1AA and MYC-AtLCB1DD seedlings, using the same levels of total 408 

AtLCB1 protein. The SPT activity of fraction 7 from MYC-AtLCB1DD seedlings was 409 

169% that of the same fraction from MYC-AtLCB1AA seedlings (Figure 6e). This further 410 

confirmed that AtLCB1 phosphorylation is required for SPT activity. 411 

 412 

Discussion  413 

As the enzyme that catalyzes the first committed and rate-limiting step in the 414 

sphingolipids biosynthetic pathway, SPT plays crucial roles in regulating sphingolipids 415 

homeostasis. ORM inhibition 26,27,56,57 and ssSPT activation 23-25 comprise the currently 416 

known mechanism for SPT activity regulation. Inhibition of SPT activity by ORM in 417 

yeast is reported to be accompanied by the increased of SPT dimerization or 418 

oligomerization, while the relief of ORM inhibition through its phosphorylation 419 

triggered a shift of the SPT complex toward monomeric organization 58. The 420 

mechanisms by which ORM inhibition and inhibition relief in animals and plants are 421 

still unknown. It has been suggested that ssSPTs or TSC3 stimulate SPT activity, 422 

possibly by facilitating LCB1 and LCB2 interaction or stabilizing SPT 23-25. The LCB2 423 

subunit contains the active site that binds the pyridoxal phosphate cofactor, while LCB1 424 

lacks a catalytic residue; however, data from structural modeling and mutational studies 425 

indicated that the active site of the SPT core lies at the interface of the heterodimeric 426 

enzyme, and residues in both subunits could be involved in the SPT catalytic process 427 



(Gable et al., 2002). Lack of either LCB1 or LCB2 proteins destabilizes the other 428 

complex members within cells, suggesting that SPT may be  regulated by protein 429 

stability 24,59. Recently, Ser384 of LCB2s in HeLa and HEK293 were found to be 430 

phosphorylated, and a phosphomimic mutation was seen to decrease the SPT activity 431 

on the substrate L-serine 31,32. Moreover, Tyr164 of LCB1 in chronic myeloid leukemia 432 

cells was reported to be phosphorylated by BCR-ABL, a chimeric tyrosine kinase 433 

encoded by a fusion gene that is newly created by the “Philadelphia translocation” 434 

during the development of chronic myeloid leukemia, to attenuate SPT activity 33. 435 

Although the kinase responsible for LCB2s phosphorylation is currently unknown 32, 436 

and BCR-ABL kinase is impossible to present in any other types of cells, these results 437 

imply that the phosphorylation of LCB1 and LCB2 may be involved in the regulation 438 

of SPT activity. 439 

In this study, we initially demonstrated that activation of the MPK3/MPK6-440 

mediated MAPK cascade was required for PAMPs (e.g., Flg22)-elicited free LCB t18:0 441 

accumulation. This conclusion is supported by the following two pieces of evidence: 442 

First, among all the stimuli used, Flg22 treatment most strongly activated MPK3/MPK6 443 

and significantly induced free LCB t18:0 accumulation, and the elevation of the free 444 

LCB t18:0 abundance was compromised in the mpk3 and mpk6 mutants. Second, 445 

MKK9DD induction of MPK3 and MPK6 activation and free LCB t18:0 levels in 446 

MKK9DD transgenic seedlings was significant, whereas in MKK9DD/mpk3 and 447 

MKK9DD/mpk6 seedlings was compromised. Our findings reveal interlinkage between 448 

MAPKs activation (e.g., well-documented MPK3 and MPK6 activation in Arabidopsis) 449 

60,61 and pathogens-induced LCBs accumulation 13,25,62-64.  450 

LCB t18:0 is synthesized through three steps in the sphingolipids de novo 451 

synthesis pathway, catalyzed subsequently by SPT, KSR, and SBH 7. MAPK-cascades-452 

induced LCB t18:0 accumulation could be controlled either by transcriptional 453 

regulation of the genes encoding these three enzymes and their regulators or by the 454 

phosphorylation-based regulation of the activity of one or more of proteins. Recent 455 

reports have shown that both up-regulation of ssSPT transcription 25 and down-456 

regulation of ORM transcription significantly increased SPT activity in Arabidopsis 13,26; 457 



however, in our experiments, Flg22 treatment and MPK3/MPK6 activation by MKK9 458 

did not reduce ORMs transcription or induce ssSPTs transcription (Figure S3). Among 459 

the genes investigated, we observed up-regulation of transcription only for AtLCB1and 460 

AtLCB2b genes after Flg22 treatment and MPK3/MPK6 activation by MKK9; however, 461 

treatment with the transcription inhibitor ActD compromised the increased 462 

transcription of the two genes but did not affect the elevation of free LCB t18:0 463 

accumulation (Figure S4). This is not surprising because overexpression of LCB1 and 464 

LCB2, individually or in combination, has not previously been found to alter SPT 465 

activity with respect to the native expression 25,65, even though the LCB1 and LCB2 are 466 

required for SPT activity in yeast, plant, and animal cells 14,15,20. These results excluded 467 

the involvement of transcriptional regulation in controlling SPT activity and free LCB 468 

t18:0 accumulation. 469 

Interestingly, we further discovered that AtLCB1 is a substrate of MPK3/MPK6 470 

both in vitro and in vivo (Figure 4 and 5). In both of Flg22-treated and MKK9DD-471 

induced transgenic seedlings, the AtLCB1 phosphorylation ratio, SPT activity, and free 472 

LCB t18:0 were found significantly elevated; SPTs are presented in various molecular 473 

sizes in seedlings in all genotypes, and as the size increased, the ratio of phosphorylated 474 

AtLCB1 and the SPT activity also increased (Figure 6). This led us to hypothesize that 475 

phosphorylation of AtLCB1 by the MKK9-MPK3/MPK6 cascade causes higher 476 

oligomerization of SPT that increases its activity. The results of expression of AtLCB1 477 

variants in the yeast lcb1 mutant and treatment with a MAPK kinase inhibitor showed 478 

that phosphorylation of AtLCB1 facilitates AtLCB2 and ssSPT binding. These data 479 

suggest that the phosphorylation of AtLCB1 serves as a novel mechanism of regulating 480 

SPT activity. 481 

Based on results from this and previous studies, we propose a working model of 482 

SPT activity regulation (Figure 6f). When seedlings are grown under normal conditions, 483 

a lower proportion of phosphorylated AtLCB1 is present in SPT complexes, which thus 484 

exhibit basal SPT activity and maintain normal sphingolipids homestasis; upon 485 

stimulation by extracellular stimuli ( e.g., pathogens infection or other abiotic stresses) 486 

or intracellular signals (e.g., growth and development signals), MAPK cascades (e.g., 487 



MKKKx(?)-MKK9-MPK3/MPK6) are activated by an upstream receptor(s)/sensor(s); 488 

AtLCB1 is then phosphorylated by the active MPKs, and the phosphorylation of 489 

AtLCB1 strengthens the binding of AtLCB2 and ssSPT and enhances the formation of 490 

higher-order oligomers and higher-activity SPT complexes, which in turn increased de 491 

novo sphingolipids biosynthesis to meet the requirements. Future studies addressing 492 

how the phosphorylated AtLCB1, ssSPTs, and ORMs coordinately regulate SPT 493 

activity will help us to fully understand the mechanism of SPT activity regulation.      494 

 495 

Methods 496 

Plant materials and growth conditions.  497 

Arabidopsis thaliana Col-0 wild-type, mutant, and transgenic seeds were surface 498 

sterilized. After treatment at 4 C for 4 days, the seeds were germinated on 0.8% agar 499 

plates containing 0.5 × Murashige and Skoog (MS), pH 5.7, and 1% sucrose. Seedlings 500 

on plates were then transferred to soil and grown at 22 C in a growth room under a 16-501 

h-light/8-h-dark photoperiod at a photon flux density of 100 mol/m2/s. The seedlings 502 

grown in liquid culture medium were grown and treated as previously described 47. For 503 

chemicals treatments, final concentrations of 0.2 M Flg22, 2 M Dexamethasone 504 

(DEX), 100 mM NaCl, 2 mM H2O2, 100 M actinomycin D (ActD), and 1/10,000 505 

diluted methoxyfenozide (Meth) were used, respectively. For cold treatment, seedlings 506 

were transferred to 4 C. Samples were collected, quick frozen in liquid nitrogen, and 507 

stored at -80 C until use.     508 

MYC-AtLCB1 variants transgenic Arabidopsis plants were generated using the 509 

Agrobacterium tumefaciens-mediated floral-dip method 66 and screened by treatment 510 

with 15 mg/L hygromycin and immunoblotting using anti-MYC antibody. Previously 511 

generated MKK9KR, MKK9DD, MKK9DD/mpk3, MKK9DD/mpk6, mpk3, mpk6 mutant 512 

plants were used 47. The MKK9DD/lcb2a/lcb2b i mutant was generated by crossing the 513 

lcb2a/lcb2b i mutant 14 with MKK9DD transgenic plants, and homozygous plants were 514 

screened.  515 

 516 

Vector Construction.  517 



Total RNA was isolated from samples with Trizol reagent (Ambion). Reverse 518 

transcription was performed using oligo dT(16) as a primer and total RNA as the 519 

template. M-MLV reverse transcriptase (Promega) was used to reverse transcribe the 520 

poly(A)+ mRNAs.  521 

The coding region of AtLCB1 was PCR amplified using cDNA as template and 522 

cloned into the pGEM-T Easy vector. An Nde I site was added before the start codon of 523 

AtLCB1. Point mutations were introduced by site-directed mutagenesis PCR. The 524 

AtLCB1 native promoter fragment (the 2500 bp before the first ATG of AtLCB1) was 525 

PCR amplified using genomic DNA as template and cloned into a modified pBlueScript 526 

vector with a 4xMYC tag coding sequence. The Nde I and Spe I fragments of each 527 

AtLCB1 mutant were then inserted after the MYC tag sequence. The Sal I and Sac I 528 

fragments of the native-promoter-MYC-AtLCB1 mutant sequences were cloned into the 529 

pCAMBIA 1300 binary vector. The resultant constructs were transformed into 530 

A.tumefaciens strain GV3101.   531 

To generate constructs for the split-BiFC assay, the coding sequence of AtLCB1 532 

with a BamH I site added before the start codon and an Xho I site added to replace the 533 

stop codon was PCR amplified and cloned into pSPYNE vector to express AtLCB1-534 

YFPNE.  The BamH I and Xho I fragments of MPK3 and the BamH I and Sal I 535 

fragments of MPK6 from previously used pBlueScript plasmids (Xu et al, 2008, JBC) 536 

were cloned into the pSPYCE(MR) vectors to express YFPCE-MPK3 and YFPCE-MPK6. 537 

The resultant constructs were transformed into A. tumefaciens strain GV3101. 538 

To generate constructs for the recombinant ∆AtLCB1 variant proteins expression, 539 

a version of AtLCB1 with the amino acid residues 1 to 60 of the coding sequence deleted 540 

was PCR amplified and inserted between the Nde I and Sal I sites of the pET28a(+) 541 

vector after the 6xHis tag coding sequence.  542 

To generate constructs for yeast two-hybrid assays, the coding sequences of 543 

AtLCB1, AtLCB2a, AtLCB2b, ORM1, ORM2, TSC10A, TSC10B, SBH1, SBH2, ssSPTa, 544 

ssSPTb, MPK3, and MPK6 were PCR amplified. The start codons of all these genes and 545 

the stop codons of all the genes except for MPK3 and MPK6 were deleted and Sfi I sites 546 

were added to both the 5′ and the 3′ ends of all the genes. Sfi I fragments of MPK3 and 547 



MPK6 were cloned into the pPR3-N vector, and the other genes were cloned into the 548 

pBT3-STE vectors. 549 

To generate constructs for Saccharomyces cerevisiae growth assay, sequence 550 

including ScLCB1 and its promoter region with a Sac II site added at the 5′ end and an 551 

Spe I site added at 3′ end was PCR amplified and cloned into the pBlueScript vector. 552 

The Sac II and Spe I fragments were cloned into pRS316 to generate the pRS316-553 

ScLCB1 vector. The coding region of AtLCB2b with an Nde I site added before the start 554 

codon was cloned into a modified pBlueScript vector with an HA tag coding sequence. 555 

The fragments of the MYC-AtLCB1 variants and HA-AtLCB2 with BamH I sites added 556 

before their start codons and Sal I sites added after their stop codons were PCR 557 

amplified. The BamH I and Sal I fragments of the MYC-AtLCB1 variants were then 558 

cloned into the p423GAL vector to generate p423GAL-MYC-AtLCB1 variant vectors, 559 

and AtLCB2b was cloned into p425GAL to generate the p425GAL-HA-LCB2b vector. 560 

Primers used are listed in Supplemental Table 1. 561 

 562 

Generation of S. cerevisiae lcb1∆ mutant and growth rescue by AtLCB1 and 563 

AtLCB2b.  564 

S.cerevisiae cells were grown according to standard procedures. A heterozygous lcb1∆ 565 

knockout mutant was generated by transforming a NAT disrupting fragment into a 566 

BY4743 diploid strain (MATa/α, his3Δ1/his3Δ1, leu2Δ0/leu2Δ0, ura3Δ0/ura3Δ0) and 567 

then transforming the pRS316-ScLCB1 vector into this mutant. The lcb1∆+pS316-568 

ScLCB1 haploid was obtained by dissecting of the BY4743 diploid. The p425GAL-HA-569 

LCB2b vector and p423GAL-MYC-AtLCB1 variant vectors were co-transformed into 570 

the lcb1∆+pS316-ScLCB1 cells. The resulting mutant strains were grown in the 571 

synthetic drop-out medium containing either +GAL/-Ura/-His/-Leu or +GAL/+5-572 

FOA/-His/-Leu or +GAL/+5-FOA/-His/-Leu/+PD98059 and their growth phenotypes 573 

were observed. 574 

 575 

Preparation of recombinant proteins and anti-AtLCB1 antibody.  576 

Flag-MKK9DD, His-MPK3, and His-MPK6 proteins were prepared as previously 577 



described 47. pET28a(+) constructs for His-∆AtLCB1 variant proteins expression were 578 

transformed into Escherichia coli strain BL21. His-∆AtLCB1 variant proteins were 579 

induced and purified following the same procedures that were used for His-MPK 580 

preparation 47. The purified His-∆AtLCB1WT protein was used as an antigen to 581 

immunize New Zealand White Rabbit to raise an antibody to AtLCB1 (done by HuaAn 582 

Bio-Technology, Hangzhou, China). The antibody was purified using an AminoLinkTM 583 

Plus Immobilization Kit (Thermo Fisher Scientific, USA) and used for immunoblot 584 

assays. 585 

 586 

Immunoblot assays.  587 

For immunoblot assays, 10 g of total protein, 8.5 g of microsome protein, 0.5 g of 588 

recombinant protein per line was separated on 10% SDS-PAGE gels, and 17 g of 589 

microsome protein was separated on 6% Phos-tag gels. The proteins were transferred 590 

to nitrocellulose membranes and detected with the indicated antibodies. The primary 591 

antibodies used were anti-His antibody (R&D Systems), anti-MYC antibody, anti-592 

MPK3 antibody, anti-MPK6 antibody, anti--tubulin antibody (Sigma-Aldrich), and the 593 

anti-AtLCB1 antibody described above. Secondary antibodies were horseradish 594 

peroxidase-conjugated goat anti-mouse or anti-rabbit antibodies. The membranes were 595 

visualized using an enhanced chemiluminescence kit (Roche Applied System). 596 

 597 

Kinase assays.  598 

For in-solution kinase assay, His-MPK3 and His-MPK6 were initially activated with 599 

Flag-MKK9DD as described previously 47. Then, 0.5 g of activated His-MPK3 or His-600 

MPK6 was then used to phosphorylate 5 g of His-∆AtLCB1 variant proteins. After 601 

the reaction, proteins were separated on 10% SDS-PAGE, dried, and exposed to X-ray 602 

film. In-gel assays were performed as described previously 47. 603 

 604 

Microsome preparation and gel filtration chromatography.  605 

Microsomes were prepared as described previously with some modification 67. The 606 

extraction buffer was 100 mM HEPES, pH 8.0, containing 5 mM KCl, 0.5 mM PMSF, 607 



2 μg/mL leupeptide, 2 μg/mL aprotinin, 25% sucrose, 5% glycerol, and 1× PhosSTOP 608 

(Roche). Washing buffer was 50 mM HEPES, pH 8.0, containing 0.5 mM PMSF, 2 609 

μg/ml leupeptide, 2 μg/ml aprotinin, 1×PhosSTOP (Roche). The isolated microsomes 610 

were stored at -80C until use.  611 

Microsomes were dissolved in 50 mM HEPES, pH 8.0, containing 1 mM EDTA 612 

and 0.2% Triton X-100 and sonicated three times for 10 sec each time. After being 613 

centrifuged at 12,000×g for 5 min at 4C, the supernatant was loaded onto a gel-614 

filtration column (Superdex 200 10/300 GL) on an GE AKTApurifierTM 10 FPLC 615 

system. The eluted fractions were collected and used for SPT activity and AtLCB1 616 

protein assays.  617 

 618 

SPT activity assay.  619 

SPT activity assay was performed as described previously with some modification 68. 620 

Briefly, seedlings were ground in lysis buffer and centrifuged at 2,500 x g for 2 min to 621 

remove the cell debris. SPT activity in the supernatants was measured by the HPLC-622 

based detection. SPT activity was calculated based on the formula provided by Rütti et 623 

al. (2009) with d17:1(C17 sphingosine, Biomal) as an internal standard. SPT activity in 624 

the gel-filtration chromatography fractions was measured as above mentioned.     625 

 626 

Sphingolipid long-chain bases analysis.  627 

Extraction of total sphingolipids, strong alkaline hydrolysis of complex sphingolipids, 628 

and o-phthalaldehyde derivatization of released LCBs were performed and detected as 629 

described previously 15,69,70. LCBs in total sphingolipids samples (without alkaline 630 

hydrolysis) were directly derivatized and subsequently determined to refer as the free 631 

LCBs. o-Phthalaldehyde derivatives of LCBs were analyzed with an Agilent 1100 632 

HPLC apparatus outfitted with a Luna 3u-C18 reverse-phase column (2.0 mm x 150 633 

mm; Phenomenex). LCBs were quantified relative to the internal standard d17:1. 634 

 635 

Statistical analysis.  636 

All data were analyzed using Microsoft Excel and are presented as mean ± SD. 637 



Statistical significance among treatments was analyzed by Student’s t-test. A P value < 638 

0.05 was considered as significant (*P < 0.05, **P < 0.01). 639 

 640 

Accession numbers.  641 

Detailed sequence data used in this study can be found in The Arabidopsis Information 642 

Resource: MKK9 (At1g73500), MPK3 (At3g45640), MPK6 (At2g43790), AtLCB1 643 

(At4g36480), AtLCB2a (At5g23670), AtLCB2b (At3g48780), ORM1 (At1g01230), 644 

ORM2 (At5g42000), ssSPTa (At1g06515), ssSPTb (At2g30942), TSC10A 645 

(At3g06060), TSC10B (At5g19200), SBH1 (At1g69640), and SBH2 (At1g14290) 646 

 647 
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Figure 1. MKK9 activates MPK3 and MPK6 to modulate sphingolipid 835 

biosynthesis. a, Mass spectral detection of methanol-extracted metabolites from 836 

MKK9DD seedlings before (-DEX) or after (+DEX) MKK9DD induction. The arrows 837 

indicate the peaks increased significantly after MKK9DD induction except for camalexin 838 



and further analyzed by mass spectrometry. b, Contents of free LCB(P), ceramide, 839 

hydroxyceramide, glucosylceramide, and GIPC complex sphingolipid species 840 

characterized by LCB (d18:0, d18:1, t18:0, and t18:1) and fatty acid (16:0-26:1) 841 

pairings in MKK9DD seedlings before (-DEX) or after (+DEX) MKK9DD induction. 842 

Data represent the means ±SD of five biological replicates. Asterisks indicate 843 

significant difference between MKK9DD seedlings before (-DEX) and after (+DEX) 844 

MKK9DD induction (two-tailed Student’s t-test, *P < 0.05, **P<0.01). c, Free LCB 845 

t18:0 contents in MKK9KR, MKK9DD, and empty vector transgenic seedlings after the 846 

transgenes induction. Data represent the means ±SD of three biological replicates. 847 

Asterisks indicate significant differences between MKK9DD and MKK9KR or Vector 848 

seedlings after DEX treatment (two-tailed Student’s t-test, **P<0.01). d, Time-course 849 

analysis of free LCB t18:0 contents in MKK9DD, MKK9DD/mpk3, and MKK9DD/mpk6 850 

seedlings after MKK9DD induction (+ DEX). Data represent the means ±SD of three 851 

biological replicates. Asterisks indicate significant differences between MKK9DD and 852 

MKK9DD/mpk3 or MKK9DD/mpk6 seedlings after (+DEX) MKK9DD induction (two-853 

tailed Student’s t-test, **P<0.01).  854 

  855 
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 857 

 858 

Figure 2. Flg22 treatment activates MKK9-MPK3/MPK6 and induces free LCB 859 

t18:0 accumulation. a, Free LCB t18:0 contents in Col-0 seedlings treated with Flg22, 860 

H2O2, NaCl, and cold. Free LCB t18:0 content in untreated seedlings was used as 861 

control. Data represent the means ±SD of three biological replicates. Asterisks indicate 862 

significant differences between stress-treated and control Col-0 seedlings (two-tailed 863 

Student’s t-test, *P < 0.05, **P<0.01). b, In-gel kinase assay and immunoblotting 864 

detection of MPK3 and MPK6 in samples from groups of seedlings as in (a). c, Free 865 



LCB t18:0 contents in Col-0, mpk3 and mpk6 seedlings treated with Flg22 (+) or not 866 

treated (-). d, In-gel kinase assay and immunoblotting detection of MPK3 and MPK6 867 

in samples from groups of seedlings treated as in (c). e, Free LCB t18:0 contents in Col-868 

0 and mkk9 seedlings treated with Flg22 (+) or not treated (-). f, In-gel kinase assay and 869 

immunoblotting detection of MPK3 and MPK6 in samples from the same groups of 870 

seedlings as in (e).Throughout, -tubulin was used as loading control. In (c) and (e), 871 

data represent the means ±SD of three biological replicates. Asterisks indicate 872 

significant differences between Col-0 and mpk3 or mpk6 or mkk9 seedlings treated with 873 

Flg22 (two-tailed Student’s t-test, **P<0.01).  874 
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 876 

 877 

Figure 3. MKK9-MPK3/MPK6-induced LCB t18:0 is from its de novo biosynthesis. 878 

a, Free LCB t18:0 contents in MKK9KR, MKK9DD, and MKK9DD/lcb2a/lcb2b i seedlings 879 

with (+) or without (-) transgenes (MKK9KR, MKK9DD, and AtLCB2b RNAi) induction. 880 

b, In-gel kinase assay and immunoblotting detection of MPK3 and MPK6 in samples 881 

from seedlings treated as in (a); -tubulin was used as a loading control. c, Relative 882 

expression of AtLCB2a and AtLCB2b in the same groups of seedlings as in (a). Meth, 883 

methoxyfenozide (for induction of siRNA expression); DEX, dexamethasone (for 884 

induction of MKK9DD expression). Data represent the means ±SD of three biological 885 

replicates. 886 
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 889 

 890 

Figure 4. MKK9-MPK3/MPK6 phosphorylates AtLCB1 subunit in SPT. a, Yeast 891 

two-hybrid detection of interactions of MPK3 or MPK6 with various enzymes involved 892 

in LCB t18:0 biosynthesis and their regulators. b, BiFC analysis of the interaction of 893 

MPK3 or MPK6 with AtLCB1 using the tobacco leaf epidermal cell transient expression 894 

system. c, In vitro phosphorylation of the recombinant AtLCB1 variants by MKK9-895 

activated MPK3 and MPK6. d, Phosphorylation of AtLCB1 in Col-0, mpk3, and mpk6 896 

seedlings treated with Flg22 (+) or not treated (-) and in MKK9DD, MKK9DD/mpk3, and 897 

MKK9DD/mpk6 seedlings grown with (+) or without (-) MKK9DD induction. Numbers 898 

in white show the ratios of phosphorylated to unphosphorylated AtLCB1. DEX, 899 

dethamethasone; CIAP, calf intestinal alkaline phosphatase. 900 
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 903 

Figure 5. AtLCB1 phosphorylation stimulates SPT activity and free LCB t18:0 904 

biosynthesis. a, SPT activities in Col-0, mkk9, mpk3, and mpk6 seedlings treated with 905 

Flg22 (+) or not treated (-). Data represent the means ±SD of three biological replicates. 906 

Asterisks indicate significant differences between Col-0 and mpk3 or mpk6 or mkk9 907 

seedlings treated with Flg22 (two-tailed Student’s t-test, *P<0.05).b, SPT activities in 908 

MKK9KR, MKK9DD, MKK9DD/mpk3, and MKK9DD/mpk6 seedlings grown with (+) or 909 

without (-) transgenes induction. Data represent the means ±SD of three biological 910 

replicates. Asterisks indicate significant differences between Col-0 and mpk3 or mpk6 911 



or mkk9 seedlings treated with Flg22 (two-tailed Student’s t-test, **P<0.01).c, Yeast 912 

lcb1 mutant growth rescue by co-expression of AtLCB2b with AtLCB1 variant genes. 913 

d, SPT activities, free LCB t18:0 contents, and AtLCB1 phosphorylation in AtLCB1 914 

variants transgenic seedlings treated with Flg22 (+) or not treated (-). e, SPT activities, 915 

free LCB t18:0 contents, and AtLCB1 phosphorylation in MKK9DD, 916 

MKK9DD/AtLCB1AA, and MKK9DD/AtLCB1WT seedlings grown with (+) or without (-) 917 

MKK9DD induction. *P < 0.05, **P < 0.01, Student’s t-test. 918 
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 921 

Figure 6. AtLCB1 phosphorylation stimulates higher oligomer and higher activity 922 

SPT formation. a, Yeast two-hybrid detection of interactions between the AtLCB1 923 

variants with each other and with the AtLCB2a, AtLCB2b, ORM1, ORM2, ssSPTa, 924 

and ssSPTb in the presence or absence of PD98059. b, Gel-filtration analysis of proteins 925 

from MKK9DD seedlings with or without MKK9DD induction. Fractions (1-14) were 926 

collected and analyzed for the presence of AtLCB1 by immunoblotting. c, SPT 927 

activities and AtLCB1 proteins in fractions 5, 7, and 10 from (b). Equal amount of 928 

AtLCB1 protein for each fraction was used for SPT activity assay. d, Gel filtration 929 

analysis of proteins from AtLCB1AA and AtLCB1DD seedlings. Fractions were collected 930 



and analyzed as described in (b). e, SPT activities and AtLCB1 proteins in fractions 5, 931 

7, and 10 from (d). f, A working model for the regulation of SPT activity by AtLCB1 932 

phosphorylation. 933 
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Table S1. Oligonucleotides used in this study. 949 

Oligo Name Oligonucleotide (5’-3’) 
Primers for genomic PCR screen of mutants 

mkk9 (SAIL_060_H06) 
mkk9-LP GGCTTTAGTACGTGAACGTCG 

mkk9-RP CCCAAAACTTATGTACACGATTG 

LB2 for SAIL GCTTCCTATTATATCTTCCCAAATTACCAATACA 

lcb2a-1 (SALK_061472)  

lcb2a-1-LP GAGATTTCTTCCGTCGCTTC 

lcb2a-1-RP AGCAGGCTTTCCCACAAACC 

LB1a for SALK TGGTTCACGTAGTGGGCCATCG 

Primers for Q-PCR 

LCB1 (At4g36480)  

LCB1-Q-LP CTGTTATGGAAAGGATTGTCAGATA 

LCB1-Q-RP CTTTTAGAACTCACAACCAACAATG 

LCB2a (At5g23670)  

LCB2a-Q-LP GCGACAAAAAGTGGCAGTG 

LCB2a-Q-RP TGTTCTATTTTCTTCGGCTCTG 

LCB2b (At3g48780)  

LCB2b-Q-LP TCAAACAGAGGGGCACAAAAG 

LCB2b-Q-RP CACCACCGCCAAGTTTTCTC 

ssSPTa (At1g06515)  

ssSPTa-Q-LP GTCAAGTTCTCTGTCAGAGATTTACCG 

ssSPTa-Q-RP TGCTCTACTGTGCGAGAAACAAGACA 

ssSPTb (At2g30942)  

ssSPTb-Q-LP GGGTGTTTCCGACCGTCGAATC 

ssSPTb-Q-RP ACGATTCCATGGCGTGATGATTAT 

ORM1 (At1g01230)  

ORM1-Q-LP GCTTATTCTCTTCTTCGGTTGG 

ORM1-Q-RP GAGTTCCTTTCATCCAGTGGAAG 

ORM2 (At5g42000)  

ORM2-Q-LP AGATTGACTTGGTGGGAACAGAT 

ORM2-Q-RP GTTGAGAAAGAGCATCGGGTG 

TSC10A (At3g06060)  

TSC10A-Q-LP ACCGCAGGGCCTATAAGATT 

TSC10A-Q-RP GGCTGTCATTTGGTTTTGG 

TSC10B (At5g19200)  

TSC10B-Q-LP GGTTTGAACAAGAACTGAAGAAG 

TSC10B-Q-RP CTTCATTGGTTTTCATTGAGC 

SBH1 (At1g69640)  

SBH1-Q-LP AGATTTTGGAGTTTGGATATATGTTATGTA 

SBH1-Q-RP CCAAGCTAAATTCGCTCTTGAG 

SBH2 (At1g14290)  



SBH2-Q-LP CTTTCTTTCTTTTGGGGCTTCT 

SBH2-Q-RP TACACAGAAACATATGCCCGC 

MKK9 (At1g73500)  

MKK9-Q-LP CGACGTTGATGTGCGCGGTGTGT 

MKK9-Q-RP CAAGAAGCTGCGGCGCCGTCCA 

UBQ5 (At3g62250）  

UBQ5-Q-LP CTCCTTCTTTCTGGTAAACGT 

UBQ5-Q-RP GGTGCTAAGAAGAGGAAGAAT 

Primers for vectors construct 
MPK3 Y2H F GGCCATTACGGCCAACACCGGCGGTGGCCAATACAC 

MPK3 Y2H R GGCCGAGGCGGCCCTAACCGTATGTTGGATTGAGTGCT 

MPK6 Y2H F GGCCATTACGGCCGACGGTGGTTCAGGTCAACCGGC 

MPK6 Y2H R GGCCGAGGCGGCCCTATTGCTGATATTCTGGATTGAAAG 

LCB1 Y2H F GGCCATTACGGCCGCTTCGAATCTCGTGGAAATGTT 

LCB1 Y2H R GGCCGAGGCGGCCCCGGACTTGAGTAGAAGCTCTGAAGCAAGT 

LCB2a Y2H F GGCCATTACGGCCATAACGATTCCTTATTTAACCGCTGT 

LCB2a Y2H R GGCCGAGGCGGCCCCATCCAGCTTGATGTCGTTTTTCGACTGTT 

LCB2b Y2H F GGCCATTACGGCCATTACGATCCCATACCTTACCGCTGT 

LCB2b Y2H R GGCCGAGGCGGCCCCATCCAATTTGATGCCATTTTTCTCTAC 

ORM1 Y2H F GGCCATTACGGCCGCGAATCTGTATGTGAAAGCGGTT 

ORM1 Y2H R GGCCGAGGCGGCCCCTTTATCACCATTGATACCAAAGATGCGT 

ORM2 Y2H F GGCCATTACGGCCTACGTAAGAGCACTTCCGACGAC 

ORM2 Y2H R GGCCGAGGCGGCCCCTTGGTCTCCATTGATTCCAAATATGC 

TSC10A Y2H R GGCCGAGGCGGCCCCTTTGGTTTTGGTTTTGCTCCATTTTTCA 

TSC10B Y2H F GGCCATTACGGCCGCGGCAATTTTTTCTCTCTTCCTT 

TSC10B Y2H R 
GGCCGAGGCGGCCCCAGCTAACTTACTATTTACTTCTTTTTTATT
TCTTTGGC 

SBH1 Y2H F GGCCATTACGGCCATGATGGGTTTTGCTGTATCGGATG 

SBH1 Y2H R GGCCGAGGCGGCCCCATCGTCTTTGAATTCTTTAGTCGGGCG 

SBH2 Y2H F GGCCATTACGGCCATGAGTTTCGTGATTTCAGATGAATTTCT 

SBH2 Y2H R GGCCGAGGCGGCCCCCTCATCTTTGGATACTTTGATTGGCC 

ssSPTa Y2H F GGCCATTACGGCCAACTGGGTTCAACGC 

ssSPTa Y2H R GGCCGAGGCGGCCCCTGTCAAATGCCTCTGG 

ssSPTb Y2H F GGCCATTACGGCCAACTGGGTTCAACGAAA 

ssSPTb Y2H R GGCCGAGGCGGCCCCTGAAAGATGCCTCT 

LCB1 BiFC F GGATCCATGGCTTCGAATCTCGTGGAAATGTT 

LCB1 BiFC R CTCGAGGGACTTGAGTAGAAGCTCTGAAGCAAGT 

LCB1 Prom-LP GGTACCGTCGACCTGGTAAGGGCTGGATTG 

LCB1 Prom-RP CCATGGCTCGAGTGCTAATTTGCTTTAATAA 

LCB1 CDS-LP CATATGGCTTCGAATCTCGTGGA 

LCB1 CDS-RP TCAGGACTTGAGTAGAAGCTCTGAAG 

LCB2b CDS-LP CATATGATTACGATCCCATACCTTACCG 

LCB2b CDS-RP TTAATCCAATTTGATGCCATTTTTCT 

LCB1-169A-LP TCCAAATTTTTGGGTGCTCCTGATTCAATCCTT 



LCB1-169A-RP AAGGATTGAATCAGGAGCACCCAAAAATTTGGA 

LCB1-398A-LP ACAAGCAACCGGGAAGCACCTATTGTTTTCTTA 

LCB1-398A-RP TAAGAAAACAATAGGTGCTTCCCGGTTGCTTGT 

LCB1-169D-LP TCCAAATTTTTGGGTGATCCTGATTCAATCCTT 

LCB1-169D-RP AAGGATTGAATCAGGATCACCCAAAAATTTGGA 

LCB1-398D-LP ACAAGCAACCGGGAAGATCCTATTGTTTTCTTA 

LCB1-398D-RP TAAGAAAACAATAGGATCTTCCCGGTTGCTTGT 

ΔLCB1 CDS-LP CATATGAAGCGACCATTGACCGAGCAGGA 

ΔLCB1 CDS-RP TCAGGACTTGAGTAGAAGCTCTGAAG 

SacⅡ-ScLCB1 F TCCCCGCGGTGTACTATTTCCATGAACCCAC 

ScLCB1-SpeI R GGACTAGTCCTTGTTTGATGTTTGCTGTG 

ScLCB1-NAT F TATCCTTTTTTCTTCCTTCCCACCCAAAAAAAAAAAGCACGGAT
CCCCGGGTTAATTAA 

ScLCB1-NAT R ATATATATATGTGCGTGTGCATATACTGGCTTTCTATTTGAATTCG
AGCTCGTTTAAAC 
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 953 

Figure S1. HPLC profiles of total and free LCBs in Col-0 seedlings treated with 954 

various Stresses. a, HPLC profiles of total LCBs in Col-0 seedlings treated with Flg22, 955 

H2O2, NaCl, and cold. HPLC profiles of total LCBs from untreated Col-0 seedlings was 956 

used as control. b, HPLC profiles of free LCBs in groups of seedlings as in (A). Various 957 

LCBs (1-5 and 7-13) and internal standard (6) are indicated.  958 
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 961 

Figure S2. Activation of MPK3 and MPK6 in MKK9 variant transgenic and cross 962 

seedlings after DEX treatment. a, In-gel kinase assay and immunoblotting detection 963 

of MPK3 and MPK6 in samples from the same group of seedlings as in Figure 1c. b, 964 

In-gel kinase assay and immunoblotting detection of MPK3 and MPK6 protein in 965 

samples from the same group of seedlings as in Figure 1d. -tubulin was used as a 966 

loading control. DEX, dexamethasone (for induction of MKK9DD expression). 967 
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 969 

 970 

Figure S3. Transcription regulation of genes in LCB t18:0 de novo biosynthetic 971 

pathway. a, Relative expression of genes in Col-0, mkk9, mpk3, and mpk6 seedlings 972 

treated with Flg22 (+) or not treated (-). b, Relative expression of genes in MKK9KR, 973 

MKK9DD, MKK9DD/mpk3, and MKK9DD/mpk6 seedlings grown with (+) or without (-) 974 

the transgenes induction. DEX, dexamethasone (for induction of MKK9DD expression). 975 
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 977 

 978 

Figure S4. Inhibition of MKK9-MPK3/MPK6-induced transcription of AtLCB1 979 

and AtLCB2b does not alter the elevated LCB t18:0 accumulation. a, Relative 980 

expression of AtLCB1 and AtLCB2b in MKK9DD seedling after MKK9DD induction for 981 

the indicated times. b, Relative expression of AtLCB1 and AtLCB2b in MKK9DD 982 

seedling 3 hours after MKK9DD induction in the presence or absence of ActD. c, In-gel 983 

kinase assay and immunoblotting detection of MPK3 and MPK6 in samples from 984 

groups of seedlings as in (b). -tubulin was used as a loading control. d, Free LCB 985 

t18:0 contents in samples from groups of seedlings as in (b).ActD treatment was started 986 

1 hour after DEX addition. ActD, actinomycin D (for inhibition of gene’s transcription). 987 

DEX, dexamethasone (for induction of MKK9DD expression). 988 
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 990 

 991 

Figure S5. Detection of specificity of the generated AtLCB1 antibody. a, SDS-992 

PAGE separation of the recombinant His-∆AtLCB1, and immunoblotting detection 993 

with anti-His and anti-AtLCB1 antibodies. His-MPK6 and His-AtLCB2 were used as 994 

controls. M, molecular size marker. N, total proteins in non-induced E. coli cells lysate. 995 

I, total proteins in induced E. coli cells lysate. S, soluble proteins in induced E. coli cell 996 

lysate. P, recombinant His-∆AtLCB1 protein purified with a Ni2+-Chelating Sepharose 997 

Fast Flow column. Asterisks indicated the purified His-∆AtLCB1, His-MPK6, and His-998 

AtLCB2 proteins, respectively. b, SDS-PAGE separation of proteins from microsomes 999 

in Col-0 and AtLCB1WT seedlings, and immunoblotting detection of AtLCB1 with anti-1000 

MYC and anti-AtLCB1 antibodies. 1001 
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 1003 

 1004 

Figure S6. The expression of AtLCB1 variant and AtLCB2b proteins in yeast cells.  1005 

Proteins were extracted from the same samples as in Figure 5c and detected by 1006 

immunoblot using anti-MYC and anti-HA antibodies.     1007 



Figures

Figure 1

MKK9 activates MPK3 and MPK6 to modulate sphingolipid  biosynthesis. a, Mass spectral detection of
methanol-extracted metabolites from MKK9DD seedlings before (-DEX) or after (+DEX) MKK9DD
induction. The arrowsindicate the peaks increased signi�cantly after MKK9DD induction except for



camalexinand further analyzed by mass spectrometry. b, Contents of free LCB(P),
ceramide,hydroxyceramide, glucosylceramide, and GIPC complex sphingolipid species characterized by
LCB (d18:0, d18:1, t18:0, and t18:1) and fatty acid (16:0-26:1) pairings in MKK9DD seedlings before (-
DEX) or after (+DEX) MKK9DD induction. Data represent the means ±SD of �ve biological replicates.
Asterisks indicate signi�cant difference between MKK9DD seedlings before (-DEX) and after (+DEX)
8MKK9DD induction (two-tailed Student’s t-test, *P < 0.05, **P<0.01). c, Free LCB t18:0 contents in
MKK9KR, MKK9DD, and empty vector transgenic seedlings after the transgenes induction. Data represent
the means ±SD of three biological replicates. Asterisks indicate signi�cant differences between MKK9DD
and MKK9KR or Vector seedlings after DEX treatment (two-tailed Student’s t-test, **P<0.01). d, Time-
course analysis of free LCB t18:0 contents in MKK9DD, MKK9DD/mpk3, and MKK9DD/mpk6 seedlings
after MKK9DD induction (+ DEX). Data represent the means ±SD of three biological replicates. Asterisks
indicate signi�cant differences between MKK9DD and MKK9DD/mpk3 or MKK9DD/mpk6 seedlings after
(+DEX) MKK9DD induction (two-tailed Student’s t-test, **P<0.01).



Figure 2

Flg22 treatment activates MKK9-MPK3/MPK6 and induces free LCB t18:0 accumulation. a, Free LCB
t18:0 contents in Col-0 seedlings treated with Flg22, H2O2, NaCl, and cold. Free LCB t18:0 content in
untreated seedlings was used as control. Data represent the means ±SD of three biological replicates.
Asterisks indicate signi�cant differences between stress-treated and control Col-0 seedlings (two-tailed
Student’s t-test, *P < 0.05, **P<0.01). b, In-gel kinase assay and immunoblotting detection of MPK3 and



MPK6 in samples from groups of seedlings as in (a). c, Free LCB t18:0 contents in Col-0, mpk3 and mpk6
seedlings treated with Flg22 (+) or not treated (-). d, In-gel kinase assay and immunoblotting detection of
MPK3 and MPK6 in samples from groups of seedlings treated as in (c). e, Free LCB t18:0 contents in Col-
0 and mkk9 seedlings treated with Flg22 (+) or not treated (-). f, In-gel kinase assay and immunoblotting
detection of MPK3 and MPK6 in samples from the same groups of seedlings as in (e).Throughout, -
tubulin was used as loading control. In (c) and (e), data represent the means ±SD of three biological
replicates. Asterisks indicate signi�cant differences between Col-0 and mpk3 or mpk6 or mkk9 seedlings
treated with 873 Flg22 (two-tailed Student’s t-test, **P<0.01).

Figure 3

MKK9-MPK3/MPK6-induced LCB t18:0 is from its de novo biosynthesis. a, Free LCB t18:0 contents in
MKK9KR, MKK9DD, and MKK9DD/lcb2a/lcb2b i seedlings with (+) or without (-) transgenes (MKK9KR,



MKK9DD, and AtLCB2b RNAi) induction. b, In-gel kinase assay and immunoblotting detection of MPK3
and MPK6 in samples from seedlings treated as in (a); -tubulin was used as a loading control. c, Relative 
expression of AtLCB2a and AtLCB2b in the same groups of seedlings as in (a). Meth, methoxyfenozide
(for induction of siRNA expression); DEX, dexamethasone (for induction of MKK9DD expression). Data
represent the means ±SD of three biological replicates.

Figure 4

MKK9-MPK3/MPK6 phosphorylates AtLCB1 subunit in SPT. a, Yeast two-hybrid detection of interactions
of MPK3 or MPK6 with various enzymes involved in LCB t18:0 biosynthesis and their regulators. b, BiFC
analysis of the interaction of MPK3 or MPK6 with AtLCB1 using the tobacco leaf epidermal cell transient
expression system. c, In vitro phosphorylation of the recombinant AtLCB1 variants by MKK9-activated
MPK3 and MPK6. d, Phosphorylation of AtLCB1 in Col-0, mpk3, and mpk6  seedlings treated with Flg22
(+) or not treated (-) and in MKK9DD, MKK9DD/mpk3, and MKK9DD/mpk6 seedlings grown with (+) or
without (-) MKK9DD induction. Numbers in white show the ratios of phosphorylated to unphosphorylated
AtLCB1. DEX,  dethamethasone; CIAP, calf intestinal alkaline phosphatase.



Figure 5

AtLCB1 phosphorylation stimulates SPT activity and free LCB t18:0 biosynthesis. a, SPT activities in Col-
0, mkk9, mpk3, and mpk6 seedlings treated with 9Flg22 (+) or not treated (-). Data represent the means
±SD of three biological replicates. Asterisks indicate signi�cant differences between Col-0 and mpk3 or
mpk6 or mkk9 seedlings treated with Flg22 (two-tailed Student’s t-test, *P<0.05).b, SPT activities in
MKK9KR, MKK9DD, MKK9DD/mpk3, and MKK9DD/mpk6 seedlings grown with (+) or without (-)



transgenes induction. Data represent the means ±SD of three biological replicates. Asterisks indicate
signi�cant differences between Col-0 and mpk3 or mpk6 or mkk9 seedlings treated with Flg22 (two-tailed
Student’s t-test, **P<0.01).c, Yeast lcb1 mutant growth rescue by co-expression of AtLCB2b with AtLCB1
variant genes. d, SPT activities, free LCB t18:0 contents, and AtLCB1 phosphorylation in AtLCB1 variants
transgenic seedlings treated with Flg22 (+) or not treated (-). e, SPT activities, free LCB t18:0 contents, and
AtLCB1 phosphorylation in MKK9DD, MKK9DD/AtLCB1AA, and MKK9DD/AtLCB1WT seedlings grown
with (+) or without (-) MKK9DD induction. *P < 0.05, **P < 0.01, Student’s t-test.



Figure 6

AtLCB1 phosphorylation stimulates higher oligomer and higher activity SPT formation. a, Yeast two-
hybrid detection of interactions between the AtLCB1 variants with each other and with the AtLCB2a,
AtLCB2b, ORM1, ORM2, ssSPTa, and ssSPTb in the presence or absence of PD98059. b, Gel-�ltration
analysis of proteins from MKK9DD seedlings with or without MKK9DD induction. Fractions (1-14) were
collected and analyzed for the presence of AtLCB1 by immunoblotting. c, SPT activities and AtLCB1
proteins in fractions 5, 7, and 10 from (b). Equal amount of AtLCB1 protein for each fraction was used for
SPT activity assay. d, Gel �ltration analysis of proteins from AtLCB1AA and AtLCB1DD seedlings.
Fractions were collected  and analyzed as described in (b). e, SPT activities and AtLCB1 proteins in
fractions 5, 7, and 10 from (d). f, A working model for the regulation of SPT activity by AtLCB1
phosphorylation.


