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Abstract 25 

Tanshinones, one group of bioactive diterpenes, were widely used in the treatment of 26 

cardiovascular diseases. WRKYs play important roles in plant metabolism, but their 27 

regulation mechanism in S. miltiorrhiza remains elusive. In this study, one WRKY 28 

transcription factor SmWRKY1 was isolated and characterized from S. miltiorrhiza. 29 

Multiple sequence alignment and phylogenetic tree analysis showed SmWRKY1 30 

shared high homology with other plant WRKYs such as CrWRKY1. SmWRKY1 were 31 

predominantly expressed in leaves and stems, and was responsive to salicylic acid 32 

(SA), methyl jasmonate (MeJA) and nitric oxide (NO) treatment. Subcellular 33 

localization analysis found that SmWRKY1 was localized in the nucleus. 34 

Over-expression of SmWRKY1 significantly elevated the transcripts of genes involved 35 

in MEP pathway especially 1-deoxy-D-xylulose 5-phosphate synthase (SmDXS) and 36 

1-deoxy-D-xylulose 5-phosphate reductoisomerase (SmDXR), resulted in over 6 folds 37 

increase in tanshinones production in transgenic lines (up to 13.731mg/g dry weight 38 

(DW)) compared with the control lines. Dual-luciferase (Dual-LUC) assay showed 39 

that SmWRKY1 can positively regulate SmDXR expression by binding to its promoter. 40 

Our work revealed that SmWRKY1 participated in the regulation of tanshinones 41 

biosynthesis and acted as a positive regulator through activating SmDXR in the MEP 42 

pathway, thus discloses a new insight to further excavate the regulation mechanism of 43 
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 53 

Introduction 54 

Salvia miltiorrhiza Bunge, belonging to the Lamiaceae family, is a famous and 55 

prevalent Chinese herbal plant that has been widely used for the treatment of 56 

cardiovascular and cerebrovascular diseases (Zhang et al., 2010; Kai et al., 2011). The 57 

abietane-type diterpenes in S. miltiorrhiza are the liposoluble tanshinones including 58 

dihydrotanshinone, tanshinone I, tanshinone IIA and cryptotanshinone, which exert a 59 

variety of biological activities such as antioxidant, heart-protection, antibacterial and 60 

antitumor (Zhang et al., 2011; Chen et al., 2012; Gong et al., 2012; Xu et al., 2010, 61 

2015). However, serious quality decrease and the low content of tanshinones in 62 

cultivated S. miltiorrhiza greatly limited the increasing market need (Hao et al. 2015; 63 

Zhou et al., 2016a). Therefore, it is important to improve the content of tanshinones 64 

by genetic engineering, which relies on deep understanding of the tanshinone 65 

biosynthetic pathway to S. miltiorrhiza (Liao et al., 2009; Zhou et al., 2016a). 66 

Tanshinones derived from the terpenoids metabolism including the mevalonate (MVA) 67 
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pathway and the 2-C-methyl-d-erythritol-4-phosphate (MEP) pathway, both consisted 68 

of a series of complex enzyme catalytic reactions while operated in separate 69 

subcellular compartments, the MVA pathway localized in the cytosol and the MEP 70 

pathway took place in plastids (Kai et al., 2011; Shi et al., 2016a). Isopentenyl 71 

pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate (DMAPP) from the 72 

MEP pathway are the universal C5 precursors of tanshinones, therefore, tanshinone 73 

are generally considered to be mainly derived from the MEP pathway (Ge and Wu, 74 

2005; Yan et al., 2009; Kai et al., 2011; Zhou et al., 2016). Recently, several key genes 75 

including 3-hydroxy-3-methylglutaryl CoA reductase (HMGR), 76 

1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR), 77 

1-deoxy-D-xylulose-5-phosphate synthase (DXS), geranylgeranyl diphosphate 78 

synthase (GGPPS), copalyl diphosphate synthase (CPS), kaurene synthase (KS), 79 

miltiradiene oxidase (CYP76AH1) have been successfully cloned and characterized 80 

from S.miltiorrhiza (Liao et al., 2009; Yan et al., 2009; Kai et al., 2010; Ma et al., 81 

2012; Shi et al., 2014; Gao et al., 2009; Guo et al, 2013; Zhou et al., 2016a). 82 

Clarification of the above key genes involved in the tanshinones biosynthetic pathway 83 

enabled us to produce elevated concentration of tanshinones in S. miltiorrhiza through 84 

genetic engineering by manipulating one or several regulation points in either MVA or 85 

MEP pathway (Kai et al., 2011; Shi et al., 2014; Shi et al., 2016a). Co-expression of 86 

SmHMGR and SmGGPPS increased tanshinone production significantly in a 87 

transgenic S. miltiorrhiza hairy root line HG9 (Kai et al., 2011). In addition, 88 

introduction of SmHMGR and SmDXR into S. miltiorrhiza hairy roots enhanced the 89 

content of tanshinones apparently (Shi et al., 2014). Simultaneous introduction of 90 

SmGGPPS and SmDXSII into S. miltiorrhiza hairy root significantly improved the 91 

production of tanshinones, besides, their expression in Arabidopsis thaliana plants 92 

increased production of carotenoids, gibberellins and chlorophyll in contrast to the 93 

non-transgenic lines (Shi et al., 2016a).  94 

Apart from manipulation of pivotal catalytic steps in the biosynthetic process of 95 
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tanshinones, regulation of transcription factors such as MYB and bHLH transcription 96 

factor family was also considered as a feasible strategy to mine the biosynthesis 97 

mechanism of tanshinones (Zhou et al., 2016; Zhang et al., 2017). Heterologous 98 

expression of maize transcription factor C1 in S.miltiorrhiza hairy roots elevated the 99 

accumulation of tanshinones through direct interaction of C1 with its recognition 100 

sequences of pathway genes, especially mevalonate-5-diphosphate-decarboxylase 101 

(SmMDC) and 5-phosphomevalonate kinase (SmPMK) to upregulate their expression 102 

levels (Zhao et al., 2015). RNA interference (RNAi) of SmMYC2a/b affected multiple 103 

genes in tanshinone biosynthetic pathway and led to a reduction of tanshinones 104 

contents, implying that SmMYC2a/b may be a positive regulator of tanshinones 105 

accumulation (Zhou et al., 2016b). Overexpression of a S. miltiorrhiza R2R3-MYB 106 

gene SmMYB9b resulted in a 2.2-fold enhancement of tanshinones accumulation in 107 

danshen hairy roots over the control (Zhang et al., 2017). However, less is known 108 

about WRKY transcription factors and their regulation mechanism in S. miltiorrhiza 109 

(Li et al., 2015). 110 

Salicylic acid (SA) is a kind of import plant hormone signal in plant metabolism, 111 

which is also reported that it could induce the accumulation of tanshionone as 112 

reported before (Hao et al., 2015), but its regulation mechanism is not clear yet.  113 

WRKY transcription factors form one of the largest gene families unique to plants, 114 

which are involved in plant secondary metabolism(Suttipanta et al., 2011). The first 115 

WRKY gene named SPF1, was identified from sweet potato (Ishiguro and Nakamura, 116 

1994). Subsequently, much attention has been paid to identify and analyze WRKY 117 

genes from different model and crop plants, for instance Arabidopsis (Eulgem et al., 118 

2000; Kalde et al., 2003; Wang et al., 2011), soybean (Glycine max) (Yin et al., 2013), 119 

tobacco (Yoda et al., 2002), rice (Oryza sativa) (Wu et al., 2005) and so on. 120 

Meanwhile, WRKY has been isolated from some traditional herbal plants including 121 

Artemisia annua, Coptis japonica and Catharanthus roseus (Jiang et al., 2015; Chen 122 

et al., 2017; Kato et al., 2007; Suttipanta et al., 2011). The significant feature of 123 
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WRKY transcription factor is their WRKY domain which is approximately 60-amino 124 

acid long with the highly conserved amino acid sequence WRKYGQK located at the 125 

N-terminal and a non-typical zinc-finger-like motif C2HC (C–X7–C–X23–H–X1–C) or 126 

C2H2(C–X4–5–C–X22–23–H–X1–H) at the C-terminus (Xu et al., 2004; Lu et al., 2015). 127 

WRKY proteins can bind to the W-box cis-elements (T)TGAC(C/T) in the promoter 128 

region of some defense-related genes (Xu et al., 2004; Rushton et al., 2010; Liu et al., 129 

2016). WRKY transcription factors can be separated into three sub-groups in 130 

accordance with the number of specific WRKY domains and zinc-finger-like motifs, 131 

Group I contains two WRKY domains and C2H2 motif, Groups II has one WRKY 132 

domain and C2H2 motif and Group III possesses one WRKY domain and C2HC 133 

motif (Eulgem et al., 2000; Rushton et al., 2010). WRKYs have shown many different 134 

functions on multiple physiology activities including stress defense, trichome 135 

development and secondary metabolism (Jiang et al., 2016). For example, 136 

Gossypium arboretum WRKY1 (GaWRKY1) was found to participate in regulation of 137 

sesquiterpene biosynthesis in cotton by regulate the target gene (+)-delta-cadinene 138 

synthase (CAD1) (Xu et al., 2004). C. roseus WRKY1 (CrWRKY1) bound to the 139 

W-box elements of the tryptophan decarboxylase (TDC) promoter involved in 140 

terpenoid indole alkaloid (TIA) biosynthetic pathway and accumulated up to 3-fold 141 

higher levels of serpentine compared with control hairy roots (Suttipanta et al., 2011). 142 

The WRKY transcription factor GLANDULAR TRICHOME-SPECIFIC WRKY 1 143 

(AaGSW1) positively regulated the expression of AaCYP71AV1 and AaORA by 144 

conjunction to the W-box motifs in their promoters (Chen et al., 2017). Glycine max 145 

WRKY27 responsive to various abiotic stresses interacted with GmMYB174, and 146 

then cooperatively inhibited GmNAC29 expression, facilitating stress-tolerance of 147 

drought and cold in soybean (Wang et al., 2015). A WRKY transcription factor from 148 

W. somnifera bound to the W-box region in the promoters of squalene synthase and 149 

squalene epoxidase, regulating the accumulation of triterpenoids in W. somnifera 150 

including phytosterols and withanolides (Singh et al., 2017). However, functional 151 
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WRKYs related to secondary metabolism of tanshinones or salvianolic acids in S. 152 

miltiorrhiza have not been reported.  153 

In this study, a WRKY transcription factor has been isolated from S. miltiorrhiza 154 

(named as SmWRKY1) and functionally characterized. Phylogenetic analysis showed 155 

that it shared high homology with AtWRKY70, CrWRKY1 and GaWRKY1. Multiple 156 

sequence alignment revealed that the nucleus-localized SmWRKY1 contained one 157 

WRKY domain, with conserved amino acid sequence WRKYGQK and a C2HC type 158 

zinc-finger-like motif, therefore it can be classified into group III WRKY transcription 159 

factors. Introduction of SmWRKY1 into S. miltiorrhiza hairy roots improved the 160 

transcripts of SmDXS and SmDXR involved in MEP pathway, resulting in higher level 161 

of tanshinones in transgenic lines compared with the control lines (2.175mg/g DW). 162 

The highest content of tanshinones was detected in SmWRKY1-3 at 13.731mg/g DW, 163 

which was 5.3 folds higher than the control. Dual-LUC assay revealed that SmWRKY1 164 

activated the expression of SmDXR by binding to the promotor region containing one 165 

w-box in vivo. Taken together, our work revealed that SmWRKY1 positively elevated 166 

the accumulation of tanshinones, which provides a new insight to further excavate the 167 

regulation mechanism of tanshinones biosynthesis. 168 

 169 

Materials and Methods 170 

Plant samples and reagents 171 

S. miltiorrhiza seedlings used for Agrobacterium-mediated transformation were 172 

cultivated in Murashige and Skoog (MS) medium (pH5.8) containing 3% sugar and 173 

0.8% agar in the greenhouse, growth conditions were as follows: 16 h: 8 h, light: dark 174 

cycle under 25°C with 60% relative air humidity as reported before (Kai et al., 2011; 175 

Shi et al., 2014, 2016a). Seeds of N. benthamiana were sown and cultivated in the 176 

pots supplemented with soil matrix for 4-5 weeks for infiltration (Zhou et al., 2016a). 177 
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All strains (Escherichia coli DH5α, Agrobacterium C58C1, GV3101 and ASE) and 178 

plasmid vectors (pCAMBIA2300, pMON530) used in this paper were preserved in our 179 

laboratory. The intermediate cloning vector pMD-18T and reverse transcriptase 180 

M-MLV were purchased from TaKaRa Biotechnology Co., Ltd. 181 

Primers-synthesizing and DNA sequencing were performed by Shanghai Sangon 182 

Biotechnological Company, China. RNA extraction kit and qRT-PCR kit were 183 

purchased from Tiangen Company. Standards of cryptotanshinone, tanshinone I, 184 

tanshinone IIA, dihydrotanshinone used for HPLC analysis were purchased from 185 

Aladdin, China. MJ, SA and SNP used for elicitation treatments were purchased from 186 

Sigma-Aldrich, Sinopharm Chemical Reagent Co., Ltd, respectively.  187 

Elicitor preparation  188 

For methyl jasmonate (MeJA) induction, MeJA was dissolved in 5% ethanol, and then 189 

dissolved into distilled water to a storage concentration of 50 mM. A final working 190 

concentration of 100 µM MeJA was employed for elicitation assay, and equivalent 191 

volume of sterilized water was used as the mock treatment (Kai et al., 2012). 192 

For salicylic acid (SA) treatment, SA was dissolved in sterile water to a storage 193 

concentration of 50 mM, and then added to hairy roots cultures to the final 194 

concentration of 100 µM (Hao et al., 2015). For NO elicitation, first a concentration 195 

of 100 mM SNP solution was obtained, and then applied to cultures to 100 µM. All 196 

the above-mentioned solutions were sterilized through 0.22µm filters (Pall 197 

Corporation, USA). And solvent of the equivalent volume was added into the control 198 

group.  199 

Identification and cloning of SmWRKY1 200 

A local transcription database of S. miltiorrhiza built up as reported previously (Shi et 201 

al., 2016b) was used for this research. One partial WRKY in high homology with other 202 

plants WRKYs while lack of 3’-terminal was chosen for further study. Gene-specific 203 
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forward primer SmWRKY1-F605 was designed to amplify the 3’ end of SmWRKY1 as 204 

well as the reverse primer AUAP by rapid amplification of cDNA ends (RACE) (Liao 205 

et al., 2009; Kai et al., 2010; Zhang et al., 2011). 5’-sequence and 3’-terminal 206 

products was aligned and assembled to obtain the full-length cDNA sequence of the 207 

putative SmWRKY1 gene. Primer pairs SmWRKY1-KF and SmWRKY1-KR were 208 

synthesized for amplification of the full ORF of SmWRKY1 according to the 209 

procedure as described below: initial denaturation at 94 °C for 10 min, 35 cycles of 210 

94 °C for 45 s, 55 °C for 45 s and 72 °C for 90 s, followed by a final extension at 211 

72 °C for 10 min. All primers used for identification of SmWRKY1 were listed in 212 

Supplemental Table 1. 213 

Bioinformatics analysis of SmWRKY1 214 

Biological characteristics of SmWRKY1 were further analyzed by a series of tools. 215 

Nucleotide blast, protein blast and ORF Finder were used to analyze nucleotide 216 

sequence and complete open reading frame. MEGA 6 was applied to construct a 217 

phylogenetic tree by the neighbor-joining (NJ) method and 1000 replications were 218 

performed for bootstrap values. Multiple sequences alignment between SmWRKY1 219 

and other plant WRKYs were carried out using Clustal X with default parameters (Shi 220 

et al., 2016b; Zhou et al., 2016a). 221 

Expression pattern of SmWRKY1 in different tissues and under various elicitors 222 

treatments 223 

Different tissues including taproot, stem, leaf, flower and seed were gathered from 224 

two-year-old S. miltiorrhiza plants in mature. Elicitor treatments were conducted on S. 225 

miltiorrhiza hairy roots sub-cultured for 60 days infected with Agrobacterium C58C1. 226 

Hairy roots were harvested at selected time points (0h, 0.5h, 1h, 2h and 4h) after MJ 227 

treatment. And for SA and NO induction, hairy roots were collected at 0h, 3h, 4h, 6h, 228 

9h, 12h after treatment. All the treated samples were immediately frozen in liquid 229 
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nitrogen and stored for analyzing the expression profiles of SmWRKY1. 230 

Subcellular localization of SmWRKY1 231 

To analyze the subcellular localization of SmWRKY1, PCR products of SmWRKY1 232 

ORF with BglII and KpnI restriction sites were digested with BglII and KpnI and 233 

cloned into the vector pMON530 to generate the vector pMON530-SmWRKY1-GFP. 234 

The constructed expression vector was transferred into Agrobacterium strain ASE and 235 

injected into forty-day-old tobacco leaves. GFP fluorescence was observed after 48h 236 

cultivation using the confocal microscope (Carl Zeiss) (Shi et al., 2016b; Zhou et al., 237 

2016a). 238 

Generation of transgenic SmWRKY1 hairy roots 239 

The full-length coding sequence of SmWRKY1 with restriction sites Spe I and BstEII 240 

was cloned and inserted into modified pCAMBIA2300sm vector (replace the small 241 

fragment digested by EcoR I and Hind III with the corresponding GFP-GUSA gene 242 

expression cassette from pCAMBIA1304) under the control of the CaMV 35S 243 

promoter to generate pCAMBIA2300 sm-SmWRKY1 as described before (Shi et al., 244 

2016b). A. rhizogenes strain C58C1 containing pCAMBIA2300sm-SmWRKY1 was used 245 

to infect the aseptic explants and the empty pCAMBIA2300sm was regarded as the 246 

control. The transformation procedure was the same as our previous study (Kai et al., 247 

2011; Shi et al., 2014, 2016a, 2016b; Zhou et al., 2016a). Hairy roots in good state 248 

were sub-cultured and primer pairs CaMV35S-F23 and SmWRKY1-QR were used to 249 

identify the positive colony by polymerase chain reaction (PCR) analysis, meanwhile 250 

rolB gene in C58C1 was detected. Genomic DNA was isolated from individual hairy 251 

root sample by the cetyltrimethyl ammonium bromide method as previously reported 252 

(Zhou et al., 2016a, c). Identified positive-colonies were segmented approximate 4 cm 253 

long for shake-flask culture in 100 mL 1/2MS medium and cultured at 25°C on an 254 

orbital shaker shaking at the speed of 100 rpm in darkness (Shi et al., 2016a, 2016b). 255 

Primers sequences were listed in Supplemental Table 1. 256 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 6, 2017. ; https://doi.org/10.1101/230029doi: bioRxiv preprint 

https://doi.org/10.1101/230029
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 

 

Total RNA isolation and relative expression analysis via qRT-PCR 257 

Expression profiles of SmWRKY1 and several key enzyme genes involved in 258 

tanshinones biosynthetic pathway were investigated by real-time quantitative PCR 259 

analysis (qRT-PCR). Total RNA was extracted from different tissues with the RNA 260 

prep pure plant kit as described before (Shi et al., 2016b). Total RNA served as the 261 

template for reverse transcription (RT) reaction, the reaction conditions were 262 

according to our previous study (Shi et al., 2016b). Gene-specific primers (listed in 263 

Supplemental Table 1) for qRT-PCR were designed and analyzed the relative 264 

expression level compared with the internal reference gene SmActin using the relative 265 

quantitative analysis method (2-∆∆CT). Amplifications were performed according to 266 

the manufacturer’s instructions: one cycle of denaturation at 95 °C for 10 min, then 40 267 

cycles of 15 s denaturation at 95 °C, 30 s annealing at 60 °C and 30 s extension at 268 

72 °C. 269 

Dual-Luciferase (Dual-LUC) assay 270 

For the dual-luciferase (Dual-LUC) assay, the promoters of SmDXR and SmDXS2 271 

with KpnI and XhoI restriction sites were cloned into pGREEN 0800 to drive the 272 

luciferase reporters, respectively. And the complete ORF of SmWRKY1 was inserted 273 

into the pCAMBIA2300sm vector as effector. The pCAMBIA2300sm-SmWRKY1 and 274 

pCAMBIA2300sm empty plasmid were transferred into Agrobacterium tumefaciens 275 

strain GV3101 individually. The pGREEN-pSmDXR, pGREEN-pSmDXS2 was each 276 

co-transformed with the helper plasmid pSoup19 into GV3101, and the assay was 277 

conducted as described before (Zhang et al., 2015). The pCAMBIA2300sm empty 278 

plasmid was used as a negative control. The 35S promoter-driven Renilla was taken 279 

as an internal control. Each sample were measured for three biological times. The 280 

reporter strain with effector strain was mixed with ratio of one-to-one to inject the 281 

tobacco leaves. After two days′ injection, the samples were collected for dual-LUC 282 

assay by reaction reagents according to the manufacturer (Promega). 283 
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Tanshinones analysis 284 

The 60-day-old hairy roots were dried at 50 °C to constant weight in an oven. 285 

Approximate 200 mg dried hairy roots were ground into powder and immersed in 16 286 

mL methanol/dichloromethane (3:1, v/v) for tanshinones extraction. Tanshinones 287 

extraction was carried as reported before (Hao et al., 2015). HPLC analysis was 288 

performed on Agilent 1260 apparatus equipped with a Waters reversed-phase C18 289 

symmetry column, and the detection conditions were performed following the 290 

methods described previously (Shi et al., 2016b).  291 

Results 292 

Isolation and molecular cloning of SmWRKY1 293 

WRKY transcription factor is a large family in plants which has been proven to be 294 

involved in the regulation of many physiological processes in plants including 295 

secondary metabolism (Xu et al., 2004; Suttipanta et al., 2011). By searching our local 296 

transcriptome database, a WKRY fragment with 5' untranslated region (UTR) but lack 297 

of partial of 3’ terminal sequence was chosen for further research because it showed 298 

high homology with GaWRKY1 and CrWRKY1 as well as Arabidopsis thaliana 299 

WKRY70. 3’ RACE technology was used to obtain a 432 bp sequence of 3’ end of the 300 

fragment. After sequence assembly, the full-length gene was cloned and designated it 301 

as SmWRKY1. SmWRKY1 sequence consists of 17 bp 5'UTR, a complete 789 bp open 302 

reading frame which encodes 262 amino acids, along with 238 bp 3' UTR. 303 

Bioinformatics analysis of SmWRKY1 304 

To further figure out the biological characteristics and phylogenetic relationship of 305 

SmWRKY1, a series of bioinformatics analysis were performed. Multiple alignment of 306 

SmWRKY1 with related WRKY proteins from other plant species revealed that 307 

SmWRKY1, AaWRKY1 and CrWRKY1 all contained a conserved WRKY domain 308 

(WRKYGQK) and a special zinc finger like motif in its C-terminal which falls into 309 
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the group III of WRKY family (Fig. 1A) and indicated that they might have similar 310 

function. Then alignment of SmWRKY1 and other plant WRKYs was performed at 311 

amino acid level and a neighbor-joining tree was constructed, as shown in (Fig. 1 312 

B).The results revealed that SmWRKY1 shared 62%, 49%, 37%, 29% identities with 313 

EgWRKY70, NtWRKY70, CrWRKY1 and AaWRKY1, respectively.  314 

Tissue and induction expression profiles of SmWRKY1 315 

To investigate the tissue expression pattern of SmWRKY1, roots, stems, leaves, 316 

flowers and seeds from two-year-old S. miltiorrhiza plants were analyzed. SmWRKY1 317 

showed significant expression in leaves and stems and low expression in flower and 318 

root, its transcript was barely detected in seeds (Fig. 2A). This result indicated that 319 

SmWRKY1 was not a tissue-constitutive expression gene. 320 

To study whether SmWRKY1 could respond to exogenous hormone treatment, 321 

60-day-old S. miltiorrhiza hairy roots were treated with MeJA for different time points 322 

while the 0 hr point was used as control and the expression was detected by qRT-PCR. 323 

The result indicated that SmWRKY1 expression was induced by exogenous MeJA (Fig. 324 

2B), the expression level reached peak at 0.5h after treatment, arising approximate 325 

3-fold compared with control). Then, the transcript level of SmWRKY1 declined 326 

rapidly in two hours. Meanwhile, the hairy roots were also treated with SA and NO. 327 

Both SA and NO could induce the expression of SmWRKY1, which reached the 328 

maximum level at 3h and gradually decreased till 12h after treatment (Fig. 2C, D). In 329 

summary, SmWRKY1 could be induced by MeJA, SA and NO. 330 

Subcellular localization of SmWRKY1  331 

To experimentally confirm the subcellular localization of SmWRKY1, SmWRKY1 was 332 

cloned into the pMON530 vector to fuse with green fluorescent protein (GFP) reporter 333 

gene to generate vector pMON530-SmWRKY1-GFP. Then, the constructed vector and 334 

the pMON530 (used as the control) was transformed into ASE strain and expressed in 335 
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tobacco leaves, respectively. In the leaves of control vector transformed plant, the 336 

fluorescence of GFP was detected in the cytoplasm and nucleus (Fig. 3). On the 337 

contrast, the fluorescent signal of SmWRKY1-fused GFP was only examined in 338 

nucleus. The expression pattern was consistent with the character of SmWRKY1 as a 339 

transcription factor. 340 

Acquisition of SmWRKY1 transgenic hairy roots 341 

To further investigate the function of SmWRKY1 in S. miltiorrhiza, we inserted 342 

SmWRKY1 into a modified pCAMBIA2300sm vector. Then, the recombinant 343 

overexpression vector pCAMBIA2300sm-SmWRKY1 was introduced into A.rhizogenes 344 

stain C58C1 and used to infect S. miltiorrhiza explants and the empty vector 345 

pCAMBIA2300sm was used as control. After 2-3 weeks the fresh hairy roots 346 

differentiated from the stem and leaf explant as shown in Fig. 4. The positive lines 347 

carrying SmWRKY1 gene were verified by PCR. The positive rate was 20.5% among 348 

the 39 samples (Fig. 5). qRT-PCR analysis of the expression of SmWRKY1 in 349 

over-expression lines found that SmWRKY1 expressed 20- to 48-fold higher than the 350 

empty vector control transformed lines (Fig. 6A). The three high expression lines 351 

including 1, 2 and 32 (designated as 3) were chosen for further analysis.  352 

SmDXS and SmDXR involved in MEP pathway were up-regulated by SmWRKY1  353 

To study whether SmWRKY1 participated in the regulation of tanshinone biosynthesis, 354 

transcript levels of several genes related to tanshinones biosynthesis in SmWRKY1 355 

transgenic hairy root were analyzed by qRT-PCR. Several tanshione biosynthesis 356 

pathway genes were up-regulated in the SmWRKY1-overexpressing hairy roots (Fig.  357 

6B), the most striking ones were SmDXS2 and SmDXR gene, which increased 4-6 358 

folds and 4-10 folds compared with the control, respectively. Though the expression 359 

of SmIPPI, SmGGPPS, SmCPS, SmKSL and SmCYP76AH1 was a little lower than 360 

SmDXS and SmDXR, their expression in over-expression lines was 2-4 folds higher 361 
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than the control. In contrast, the expression of all these seven tanshinones biosynthesis 362 

pathway genes were significantly decreased in the knock-down lines. All these results 363 

suggested that SmWRKY1 may be a positive regulator in tanshinones biosynthesis. 364 

SmWRKY1 activates the transcription of SmDXR in vivo 365 

Expression profiles showed that SmWRKY1 significantly promote the expression of 366 

SmDXR and SmDXS2 in charge of pivotal catalytic steps of tanshinone accumulation. 367 

By analyzing the sequence of SmDXR and SmDXS2 promoter,we found a W-box in 368 

the promoter of SmDXR (Fig. 7A). Than dual luciferase (dual-LUC) method was 369 

employed to verify whether SmWRKY1 protein activates the transcription of SmDXR 370 

and SmDXS2 or not. The results showed that SmWRKY1 elevated the expression of 371 

SmDXR by 6.08-fold (Fig. 7B) while endowed inconspicuous change.  372 

Accumulation of tanshinone was obviously affected by SmWRKY1  373 

Based on the quantitative data, we wanted to further evaluate whether the expression 374 

of SmWRKY1 in transgenic hairy roots affect the content of tanshinone. Three 375 

overexpression lines and two knock-down line were used to examine four monomers 376 

of tanshinone including cryptotanshinone, dihydrotanshinone I, tanshinone I, 377 

tanshinone IIA in hairy roots by HPLC. The results showed that the content of 378 

cryptotanshinone, dihydrotanshinone I, tanshinone I were significantly up-regulated 379 

and the total tanshinone had risen to 9.443-13.731mg/g DW in over expression lines. 380 

Among them pCAMBIA2300sm-SmWRKY1-3 lines accumulated the highest content of 381 

total tanshinone, which was 6.31 folds higher than control (Fig 8). These results 382 

further confirmed the positive role of SmWRKY1 in the regulation of tanshinone 383 

biosynthesis. 384 

 385 

Discussion 386 
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WRKY transcription factors are one of the largest gene families specific to plants 387 

which have been studied for decades. The conserved domain WRKYGQK and a zinc 388 

finger motif which consists of 60 amino acids are considered as the general character 389 

of WRKY TFs which also can be regarded as the criterion for subgrouping (Eulgem et 390 

al., 2000; Xie et al., 2005; Zhang and Wang, 2005). SPF1, ABF1.2, PcWRKY1.2.3 and 391 

ZAP1 are the first WRKY cDNAs isolated from sweet potato (Ipomoea batatas), wild 392 

oat (Avena fatua), parsley (Petroselinum crispum) and Arabidopsis, respectively 393 

(Ishiguro et al., 1994; Rushton et al., 1996; de Pater, S. et al. 1996). Up to now, 74 394 

and 109 WRKYs members have been found in Arabidopsis and Oryza sativa 395 

respectively (Ujjal et al., 2016). Previous studies have proved that WRKY TFs could 396 

directly bind to the W-box of related genes from different signal pathways and played 397 

its regulatory role in stress tolerance in plants (Eulgem et al., 2000). For instance, 398 

SpWRKY1 has been testified to promote resistance to Phytophthora nicotianae and 399 

tolerance to salt and drought stress in transgenic tobacco (Li et al., 2015). GhWRKY25 400 

from cotton, a member of group I, conferred transgenic Nicotiana benthamiana 401 

differential tolerance to abiotic and biotic stresses (Liu et al., 2016). In recent years, 402 

the role of WRKY TFs in the regulation of secondary metabolism in plants has gained 403 

attentions, and some progress has been made in this field, for example, the 404 

involvement of Artemisia annua WRKY1 (AaWRKY1) transcription factor can 405 

elevate the production of artemisinin by targeting the Amorpha-4,11-diene synthase 406 

(ADS) gene of Artemisia annua (Ma et al., 2009; Jiang et al., 2016). A jasmonate- and 407 

salicin-inducible WRKY transcription factor from Withania somnifera named as 408 

WsWRKY1 could bind to W-box sequences in promoters of squalene synthase and 409 

squalene epoxidase genes in W. somnifera genes regarding triterpenoid biosynthesis 410 

such as phytosterol and withanolides (Singh et al., 2017). The WRKY transcription 411 

factor GLANDULAR TRICHOME-SPECIFIC WRKY 1 (AaGSW1) positively 412 

regulated the expression of AaCYP71AV1 and AaORA by conjunction to the W-box 413 

motifs in their promoters (Chen et al., 2017). However, lack of research on the 414 
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function of WRKY TFs in S. miltiorrhiza especially in the regulation of tanshinone 415 

biosynthesis were reported. 416 

S. miltiorrhiza, a traditional Chinese herbal medicine, has been used for thousands of 417 

years. Previous studies have proved that as a major medicinal active ingredient in S. 418 

miltiorrhiza, tanshinones could be used for the treatment of cardiovascular and 419 

cerebrovascular diseases in China (Chen et al., 2012). However, traditional S. 420 

miltiorrhiza production cannot meet the growing clinical needs due to its slow growth, 421 

low tanshinone content and scarcity of wild resources (Zhou et al., 2016a). Thus, 422 

genetic engineering has become an effective and important way to increase the 423 

accumulation of active ingredients in S. miltiorrhiza. Overexpression of SmDXS in 424 

transgenic hairy root lines can significantly enhance the production of tanshinones 425 

(Zhou et al., 2016a). Meanwhile SmDXR was also an important enzyme gene in 426 

tanshinone biosynthetic pathway whose overexpression could significantly improve 427 

the production of tanshinones in hairy root lines (Shi et al., 2014). In our study, a new 428 

WRKY transcription factor was successfully cloned from S. miltiorrhiza with high 429 

homology with CrWRKY1 and GaWRKY1. qRT-PCR analysis showed that 430 

over-expression of SmWRKY1 can promote the transcripts level of SmDXR and 431 

SmDXS2 to the greatest extent in comparison to other genes involved in tanshinone 432 

biosynthetic pathway such as SmIPPI, SmGGPPS, SmCPS, SmKSL and 433 

SmCYP76AH1. Otherwise, dual-Luciferase (Dual-LUC) assay showed that SmWRKY1 434 

can positively regulate SmDXR expression by directly binding to the promoter region 435 

containing one W-box. HPLC analysis revealed that introduction of SmWRKY1 in 436 

transgenic S. miltiorrhiza hairy roots can increase the tanshinones production up to 437 

13.731mg/g dry weight (DW) which is over 6 folds as that in non-transgenic lines. 438 

Therefore, it is an effective strategy to regulate the tanshinone production in S. 439 

miltiorrhiza by introduction of related transcription factors.  440 

To our knowledge, the defense mechanisms in plants are complicated and are mainly 441 

considered to be regulated by SA and MJ signaling network (Tsuda et al., 2009). SA 442 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 6, 2017. ; https://doi.org/10.1101/230029doi: bioRxiv preprint 

https://doi.org/10.1101/230029
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

plays a vital role in plant defense against pathogens and pathogen invasion obviously 443 

triggers its accumulation in plants (Qiu et al., 2009). MeJA is widely used as an 444 

elicitor to investigate the biosynthetic pathway of active compounds and the 445 

underlying regulatory mechanisms (Gundlach et al., 1992). It has been proved to be 446 

defensive to environmental stresses such as wounding, pathogen and pest attack, 447 

ozone exposure, ultraviolet radiation and salt stress as a regulator (Ma et al., 2006; 448 

Wang et al., 2011). While in S. miltiorrhiza, exogenous MeJA treatment can promote 449 

the accumulation of tanshinone (Gu et al., 2012; Kai et al., 2012; Hao et al., 2015). In 450 

our study, we noticed that SmWRKY1 can be induced by exogenous MeJA treatment, 451 

reaching a maximal level at 0.5 h after MeJA treatment., which is consistent with the 452 

previous reports that MeJA treatment could increase tanshione production (Hao et al., 453 

2015; Zhou et al., 2017). Recent studies showed that Brassica napus WRKY33 454 

(BnWRKY33), a S. sclerotiorum-responsive gene, could positively regulate resistance 455 

to S. sclerotiorum by enhancing the expression of genes involved in camalexin 456 

synthesis and genes regulated by salicylic acid (SA) and jasmonic acid (JA) (Liu et al., 457 

2017). JcWRKY a salicylic acid-inducible TF was able to work in co-ordination 458 

with SA signaling to orchestrate the different biochemical and molecular pathways to 459 

maneuvre salt stress tolerance of the transgenic tabacoo plants (Agarwal et al., 2016). 460 

Expression profiles revealed that the SmWRKY1 was responsive to both SA and MJ, 461 

which implied that SmWRKY1 may participate in the process of stress regulation 462 

such as the defense against pathogen, however need to be examined furthermore.  463 

In conclusion, our work revealed a new transcription factor SmWRKY1 which is 464 

involved in the regulation of tanshinone biosynthesis and promote the accumulation 465 

of tanshinone in transgenic hairy root lines by targeting SmDXR involved in the MEP 466 

pathway. Our study may provide a new insight by genetic engineering strategy with 467 

functional transcription factors to improve the yield of target compounds in S. 468 

miltiorrhiza. 469 
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 697 

Figure legends 698 

Figure 1 (A) Multiple alignment of SmWRKY1 with related WRKY proteins from 699 

other plant species. Black boxes indicate identical residues; grey boxes indicate 700 

identical residues for at least three of the sequences. (B) Phylogenic tree analysis of 701 

SmWRKY1 and WRKY TFs from Arabidopsis thaliana, Artemisia annua, 702 

Catharanthus roseus, Nicotiana tabacum, etc. Phylogenic tree was constructed on 703 

MEGA6.0 by using neighbor-joining method and the bootstrap values were obtained 704 

for 1000 replications. 705 

Figure 2 (A) Expression pattern of SmWRKY1 in different tissues. Each tissue was 706 

obtained from several individual two-year-old S. miltiorrhiza plants in nature. 707 

Transcript abundance of SmWRKY1 is normalized to actin by the method of 2−
△△

Ct. (B) 708 

The expression level of SmWRKY1 after MeJA treatment for different time points by 709 

qRT-PCR analysis respectively. (C) The expression level of SmWRKY1 after SA 710 

treatment for different time points by qRT-PCR analysis respectively. (D) The 711 

expression level of SmWRKY1 after NO treatment for selected points by qRT-PCR 712 

analysis respectively. 713 

Figure 3 Subcellular localization of SmWRKY1. (A-D) The free GFP expressed in N. 714 

benthamiana leaves. (E-H) SmWRKY1:: GFP expressed in N. benthamiana leaves. 715 

Figure 4 Generation of transgenic hairy root of S. miltiorrhiza. (A S. miltiorrhiza 716 
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explants on ½MS medium; (B)The growing hairy root on the infected S. miltiorrhiza 717 

explants. (C) Monoclone of hairy root. (D) Hairy roots culture in 1/2MS medium. 718 

Figure 5 (A) Identification of positive transgenic hairy root lines by PCR. (GusA-F 719 

and GusA-R were used to identify empty vector pCAMBIA2300sm transformed lines 720 

(B) Primers CaMV35S-F23 and SmWRKY1-QR were used to identify the positive 721 

colony of SmWRKY1 overexpression transgenic lines). 722 

Figure 6 Transcript levels of SmWRKY1 and genes related to tanshinones biosynthesis 723 

in SmWRKY1 transgenic hairy roots. Expression of SmWRKY1 were analyzed by 724 

qRT-PCR. 725 

Figure 7 The SmDXR promoter was fused to the luciferase (LUC) reporter and the 726 

promoter activity was determined by a transient dual-LUC assay in tobacco. The 727 

value of LUC activity/ Renilla (REN) luciferase was regarded as the activating 728 

activity. Error bars indicate SD (n = 3). Student’s t-test: *, P < 0.05; **, P < 0.01 729 

Figure 8 The production of tanshinone in SmWRKY1 transgenic hairy roots compared 730 

with control detected by HPLC. 731 

 732 

 733 

 734 

 735 

 736 
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