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Abstract

Jasmonic acid (JA) signaling pathway plays an important role in tanshinone and phenolic acid biosynthesis in Salvia miltiorrhiza.
However, the specific regulatory mechanism remains largely unclear. Previous work showed that a JASMONATE ZIM-domain (JAZ)
protein, SmJAZ9, acted as a repressor of tanshinone production in S. miltiorrhiza. In this study, we revealed that SmJAZ9 reduced both
phenolic acid accumulation and related biosynthetic gene expression, confirming that SmJAZ9 also negatively affected phenolic acid
biosynthesis. Then, we identified a novel MYB transcription factor, SmMYB76, which interacted with SmJAZ9. SmMYB76 repressed
phenolic acid biosynthesis by directly downregulating SmPAL1, Sm4CL2, and SmRAS1. Further investigation demonstrated that JA
mediated phenolic acids biosynthesis via SmJAZ9-SmMYB76 complex. Taken together, these findings state the molecular mechanism
that SmJAZ9-SmMYB76 regulated phenolic acid biosynthesis at the transcriptional and protein levels, which provided new insights into
JA signaling pathway regulating plant metabolism.

Introduction
The roots of Salvia miltiorrhiza accumulate high levels of the
diterpenoid tanshinones and phenolic acids known to be
involved in the treatment of cardiovascular disease [1–3]. In S.
miltiorrhiz, phenolic acids mainly consist of caffeic acid (CA),
rosmarinic acid (RA), salvianolic acid A and B (SAA/SAB) [4–6].
The biosynthetic pathway(s) of phenolic acids have been studied
systematically in S. miltiorrhiza [7]. Two metabolic pathways have
been well studied in S. miltiorrhiza: the phenylpropane and the
tyrosine-derived pathways [8–10]. The phenylpropane pathway
consists of phenylalanine ammonia-lyase (PAL), cinnamate 4-
hydroxylase (C4H), and 4-coumarate: CoA ligase (4CL). The key
enzymes in the tyrosine-derived pathway conclude tyrosine
aminotransferase (TAT), and 4-hydroxyphenylpyruvate reductase
(HPPR). Consequently, the products of the two pathways, 4-
coumaroyl-CoA and 3,4-dihydroxyphenyllactic acid, are coupled
by rosmarinic acid synthase (RAS). The final enzymatic step
requires a hydroxylation catalyzed by CYP98A14 to form RA [7, 10–
12]. Still, several biosynthetic steps of phenolic acids biosynthesis
have not been elucidated.

Besides the biosynthesis steps, the regulatory mechanism(s)
governing phenolic acid formation have been of scientific interest.
Jasmonic acid (JA), one of the major plant hormones, controls a
wide range of critical biological processes, especially in plant

stress responses and secondary metabolism [13, 14, 54]. Methyl
jasmonate (MeJA), as an elicitor, promotes the accumulation

of phenolic acids in S. miltiorrhiza [3, 5, 10, 15]. However, the

mechanism by which MeJA regulates phenolic acids biosynthesis
remains unclear.

In plants, JA is perceived by its active form conjugated to
isoleucine, JA-Ile [14, 16], which induces the formation of a co-
receptor complex composed of F-box proteins CORONATINE
INSENSITIVE1 (COI1) and JASMONATE-ZIM DOMAIN (JAZ)
proteins in the nucleus[17, 52, 55] . The interaction of JA-Ile-COI1-
JAZ leads to ubiquitination and subsequent degradation of the

JAZ proteins [14, 18]. JAZ proteins act as a core regulator in
the JA-mediated transcriptional network by directly repressing

master transcription factors (TFs) such as MYC2 [10, 14, 19].
In S. miltiorrhiza, several JAZ proteins have been characterized
and shown to regulate secondary metabolism. For example,
SmJAZ8 negatively regulates the JA-mediated biosynthesis of

phenolic acids and tanshinones by interacting with SmMYB97
and inhibiting its activity [20]. It was proven in [19] that
SmJAZ3/9 reduces tanshinones levels in hairy roots by anti-sense
and overexpression. Further, it has shown that SmJAZ3/4 are
repressors of JA-induced biosynthesis of SAB and tanshinones,
while other JAZs member including SmJAZ1/2/5/6/9 act as

repressors of JA-induced SAB and activators of tanshinones
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biosynthesis. In addition, SmJAZ10 only represses the SAB
biosynthesis [21]. Still, the molecular mechanism by which the JAZ
protein regulates phenolic acids biosynthesis in S. miltiorrhiza has
not been elucidated. In particular, the role of SmJAZ9 in regulating
phenolic acids biosynthesis is unknown.

There is evidence that transcription factors (TFs) play
pivotal roles in phenolic acids biosynthesis [5, 22]. Recently,
the involvement of JA signaling in phenolic acids production
by TFs was reported [5]. Moreover, PAL and additional genes in
the phenolic acids biosynthetic pathway are tightly regulated by
TFs in plants [23–25]. TFs involved in phenolic acids biosynthesis
regulation, including MYBs, bHLHs, bZIPs, and AP2/ERFs have
been identified and characterized from S. miltiorrhiza[22, 26, 27] .
MYB proteins are essential in regulating secondary metabolism,
development, and response to plant stress [25, 28]. The MYB
domain comprises 1–4 imperfect repeats of approximately 52
amino acids [28]. Based on the number of imperfect repetitive
sequences, MYB TFs are divided into sub-groups: 1R-MYBs,
R2R3-MYB, 3R-MYBs, and 4R-MYBs [24, 25]. The R2R3-MYB
TFs are a large family in plants, consisting of conserved MYB
domain in N-terminal and variable transcriptional activa-
tion or transcription repression domain in C-terminal [29].
R2R3-MYB TFs are classified into more than 25 subgroups in
Arabidopsis thaliana and S. miltiorrhiza [24–26, 29–31]. Within
these subgroups, only a few R2R3-MYB TFs were functionally
characterized in S. miltiorrhiza. The MYB transcription factors
reported in S. miltiorrhiza are mainly transcriptional activators.
The MeJA-responsive SmMYB1 and SmMYB2 have been shown
to promote phenolic acids biosynthesis through transcriptional
activation of SmCPY98A14 [10, 12]. SmMYB52 transcriptionally
activates SmTAT1, Sm4CL9, SmC4H1, and SmHPPR1 for pro-
moting SalB biosynthesis [32]. Overexpression of SmMYB98
has been shown to simultaneously promote phenolic acids
and tanshinones biosynthesis [29]. SmMYB36 has been found
to have contrasting roles in tanshinones and phenolic acids
biosynthesis [33]. In S. miltiorrhiza, six R2R3-MYB members,
including SmMYB3, SmMYB28, SmMYB54, SmMYB76, SmMYB93,
SmMYB109, are distributed in the subfamily 4 (S4) [26]. Four
members of S4 in A. thaliana are involved in the inhibition
of the phenylpropane pathway, including AtMYB3, AtMYB4,
AtMYB7, and AtMYB32. [24–26]. The involvement of S4 MYB
members in regulating medicinal ingredients in S. miltiorrhiza,
such as phenolic acids and tanshinones, is not well under-
stood.

Here, we report that SmJAZ9 functions as a repressor of phe-
nolic acids and tanshinones biosynthesis. Y2H screening revealed
that SmMYB76, a novel member of the S4 subfamily of MYB,
interacted with SmJAZ9 and negatively regulated phenolic acids
biosynthesis by transcriptional inhibition of SmPAL1, Sm4CL2, and
SmRAS1. The JA repressor SmJAZ9 inhibits phenolic acids biosyn-
thesis by recruiting and interacting with SmMYB76 and enhancing
its transcriptional repression of SmPAL1, Sm4CL2, and SmRAS1.
A novel JA-mediated mechanism is reported for the first time,
functioned via a SmMYB76-SmJAZ9 complex that synergistically
repress phenolic acids and tanshinones biosynthesis in S. miltior-
rhiza.

Results
SmJAZ9 negatively affects the phenolic acids
biosynthesis
To investigate the physiological effects of SmJAZ9, SmJAZ9-
CRISPR hairy root lines (Fig. 1A) were generated, and the

diagram of recombinant plasmids were shown in Figure S1. Four
independent SmJAZ9-CRISPR lines were used for subsequent
analysis (Fig. S2A and B, see online supplementary material).
The accumulation of phenolic acids, especially RA and SAB
were increased in SmJAZ9-CRISPR hairy roots (Fig. 1B and C).
The content of total phenolic acids (TS) in SmJAZ9CRISPR-
9, SmJAZ9CRISPR-17, SmJAZ9CRISPR-40, and SmJAZ9CRISPR-44
reached 1.8-fold, 1.5-fold, 1.6-fold, and 1.9-fold, respectively,
compared to the hairy control root. Furthermore, SmPAL1, SmC4H,
Sm4CL2, SmRAS1, and SmCYP98A14 expression was upregulated
in the SmJAZ9-CRISPR lines compared to the control line
(Fig. 1D). These results indicated that SmJAZ9 might inhibit the
biosynthesis of phenolic acids. Then, SmJAZ9-overexpression (OE)
hairy root lines were generated (Fig. 1E). Four overexpression lines,
SmJAZ9OE-1, SmJAZ9OE-17, SmJAZ9OE-47, and SmJAZ9OE-50 with
significantly higher expression compared to SmJAZ9 were selected
for further analysis (Fig. S2C, see online supplementary material).
The transcriptional level of SmJAZ9 in SmJAZ9-OE lines was
dramatically higher, with 8.5-fold, 6.3-fold, 6.8-fold, and 7.1-
fold, respectively, than in the pHB-EV line (Fig. S2D, see online
supplementary material). The total phenolic acids content in
SmJAZ9OE-1, SmJAZ9OE-17, SmJAZ9OE-47, and SmJAZ9OE-50 was
reduced by 44%, 56%, 52%, and 53%, respectively (Fig. 1F and G).
Moreover, SmPAL1, SmC4H, SmRAS1, Sm4CL2, and SmCYP98A14
were significantly downregulated in SmJAZ9-OE hairy roots
(Fig. 1H). These results suggested that SmJAZ9 negatively affected
phenolic acids biosynthesis. The transcript level of SmJAZ9 was
upregulated under MeJA treatment (Fig. S3A, see online supple-
mentary material). Additionally, SmJAZ9 protein was degraded
under MeJA processing, and SmJAZ9 degradation was inhibited
after adding protease inhibitor MG132 (Fig. S3B, see online
supplementary material).In addition, we also found that SmJAZ9
negatively regulates the biosynthesis of tanshinones (Fig. S4A-F).

Screening of SmMYB76 as the
SmJAZ9-interacting protein
An unidentified MYB transcription factor, SmMYB76, was
screened as a potential candidate to interact with SmJAZ9 by
Y2H (Fig. 2A and B). Further analysis showed that the SID domain
of SmMYB76 could interact with SmJAZ9. In contrast, there was
no evidence that the EAR domain and N-terminal fragment
of SmMYB76 interacted with SmJAZ9 (Fig. 2B). The results of
BiFC assay verified the SmMYB76-SmJAZ9 interaction in vivo.
Fluorescence was only observed in the nucleus when SmMYB76-
nYFP or SID-nYPF was transiently co-expressed with SmJAZ9-
cYFP (Fig. 2C). Additionally, the pull-down assay further verified
that SmMYB76 and SID domain could interact with SmJAZ9 in
vitro (Fig. 2D) corroborating that SmMYB76 directly interact with
SmJAZ9.

Characterization and subcellular localization
analysis of SmMYB76
The ORF of SmMYB76 consisted of 696 bp encoding 231 amino
acids with a predicted molecular weight of 26.01 kDa, with the
highest identity with AtMYB4 belonging to the S4 subfamily
(Fig. 3A). Further analysis showed that SmMYB76 contains
R2 and R3 MYB repeat domains in N-terminal, and two C-
terminal conserved domains: MYB S4 EAR (DLNLDLRISP) and
SID (GFDFLGLK) (Fig. S5A, see online supplementary material).

The highest transcription level of SmMYB76 was observed in S.
miltiorrhiza main root compared to other tissues (stem, young
leaf, mature leaf, lateral root, phloem, and xylem) correlated
to the accumulation of phenolic acids or tanshinones (Fig. 3B).
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Figure 1. The phenolic acid content and key gene expression in SmJAZ9 transgenic hairy roots. (A, E) Generation of SmJAZ9-CRISPR and SmJAZ9-OE
hairy roots. The control hairy roots were obtained by infection of C58C1 containing pCAMBIA1300 or pHB-YFP. (B, F) The color of total phenolic acid
extraction. The extraction in different transgenic hairy roots was stained with Folin-Phenol. Darker color indicates higher total phenolic acid content,
while a light color represents lower phenolic acids levels. (C, G) Analysis of phenolic acid content in SmJAZ9-CRISPR/OE hairy roots. HPLC measured
RA, SAB, and CA levels and the sum of the three phenolic acids (TS). (D, H) Detecting expression of enzymes in the pathway of phenolic acids
biosynthesis in SmJAZ9-CRISPR/OE hairy roots. SmActin was set as a housekeeping gene. The error bars indicate ± SD of the three independent
replicates (∗P < 0.05; ∗∗P < 0.01, Student’s t test).

Additionally, the transcription level of SmMYB76 was suppressed
following a MeJA treatment (Fig. 3C; Fig. S6B, see online sup-
plementary material). Conversely, numerous enzymes from the
phenolic acid biosynthesis pathway were upregulated under MeJA
treatment (Fig. S5B, see online supplementary material). The

results of subcellular localization assay showed that SmMYB76-
YFP was located in the nucleus (Fig. 3D), consistent with the
predicted localization and functionality of TFs. These results
indicate that SmMYB76 may repress JA-mediated phenolic acids
biosynthesis.
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Figure 2. SmJAZ9 interacts with SmMYB76. (A) SmMYB76 contains an N-terminal R2R3 domain, while the C-terminal domain has an EAR and SID
domains. (B) Y2H assay analysed that SmJAZ9 interaction with SmMYB76. AH109 yeast transformed with different constructs containing plasmids
including AD-SmMYB76, AD-SmMYB76-N, AD-SmMYB76-EAR, AD-SmMYB76-SID, and BD-SmJAZ9. (C) BiFC analysis of the interaction between SmJAZ9
and SmMYB76. The YFP was only observed when SmMYB76-nYFP or SID-nYFP was combined with SmJAZ9-cYFP. (D) In vitro pull-down assays analysis
of SmMYB76 or SmMYB76-SID (SID and SmJAZ9 recombinant proteins). SmMYB76-His (42.87 kDa, SmMYB76 was 25.87 kDa, pET32a was 17 kDa) and
SID-His (49.1 kDa, SID was 0.9 kDa, pCold-TF was 48.2 kDa) were pulled down by SmJAZ9-GST, respectively. The WB assay was performed to detect the
final results.

SmMYB76 inhibits phenolic acids biosynthesis in
S. miltiorrhiza
The regulation of phenolic acids or tanshinones biosynthesis by

S4 MYB members of S. miltiorrhiza is rarely reported. Thus, we

select SmMYB76 to study whether it is involved in the regula-

tion of phenolic acid or tanshinones biosynthesis. Four indepen-

dent OE or CRISPR root lines were generated for the mechanis-

tic analysis (Fig. 4A and E; Fig. S6A–D, see online supplementary

material). We found that the concentrations of phenolic acids

were higher by 65%, 132%, 130%, and 47% in the SmMYB76-

CRISPR hairy roots compared to the control hairy root (Fig. 4C),

consistent with the significant upregulation of SmPAL1, SmTAT1,

SmC4H, Sm4CL2, SmHPPR1, SmRAS1, and SmCYP98A14 compared

to the control (Fig. 4D). Conversely, the concentrations of the

phenolic acids were 39%–69% lower in the SmMYB76-OE lines

compared to pHB-EV line (Fig. 4G), correlating to the downreg-

ulation of the enzymes involved in phenolic acids biosynthesis

(Fig. 4H).
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Figure 3. The analysis of expression pattern and subcellular localization of SmMYB76. (A) SmMYB76 homology analysis. The phylogenetic tree showed
the homology of SmMYB76 to R2R3-MYB TFs in A. thaliana. (B) The expression of SmMYB76 in stem, young leaf, mature leaf, main root, lateral root,
phloem, and xylem was detected. (C) The expression of SmMYB76 in S. miltiorrhiza was measured after 100 μM MeJA treatment. (D) Subcellular
localization analysis of SmMYB76. The DAPI signal was observed at 405 nm, and the YFP signal was used as a negative control (scale bars set as 50 μm).

SmMYB76 binds to the promoters of SmPAL1,
Sm4CL2, and SmRAS1 to repress their expression
Dual-LUC assay was used to detect the ability of SmMYB76
to bind to the promoters of the enzyme genes involved in the
phenolic acid biosynthesis (Fig. 5A–B). The relative LUC activities
of SmPAL1pro, Sm4CL2pro, SmRAS1pro, and SmCYP98A14pro were
reduced by 88%, 79%, 59%, and 60%, respectively, compared
with the control group (Fig. 5B). However, the LUC activities

of SmTAT1pro, SmHPPR1pro, SmC4Hpro, and Sm4CL1pro were
not significantly altered. These results suggested that SmPAL1,
Sm4CL2, SmRAS1 and SmCYP98A14 were potential candidate
target genes of SmMYB76. The results of Y1H showed that
SmMYB76 could bind to the MBS of SmPAL1 (−346 ∼−341), Sm4CL2

(−238 ∼−233), and SmRAS1 (−920 ∼−915) promoters (Fig. 5C–D).
Then, EMSA assay was performed to detect whether SmMYB76-

His or His proteins bound to the MBS of SmPAL1pro, Sm4CL2pro,
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Figure 4. Phenolic acids levels in SmMYB76-OE or CRISPR lines. (A, E) Generation of SmMYB76-CRISPR and SmMYB76-OE hairy roots. The control hairy
roots were obtained by infection of C58C1 containing pCAMBIA1300 or pHB-YFP. (B, F) The color of total phenolic acid. The total phenolic acid was
stained with Folin-Phenol. Darker color indicates higher total phenolic acid content. (C, G) Content of phenolic acid in SmMYB76 transgenic hairy roots.
HPLC measured the content of RA, SAB, and CA; the sum of these three phenolic acids was calculated as total phenolic acid (TS). (D, H) Detecting
expression of key enzymes in phenolic acids biosynthesis in different transgenic hair roots of SmMYB76. The error bars indicate ± SD of the three
independent replicates (∗P < 0.05; ∗∗P < 0.01, Student’s t test).

and SmRAS1pro. DNA-protein shifted bands were detected in the
presence of SmMYB76-His and biotin-labeled probes containing

SmPAL1pro, Sm4CL2pro, or SmRAS1pro. No band was found when
His protein was mixed with those probes (Fig. 5E). These results

reinforce that SmMYB76 can negative regulated SmPAL1, Sm4CL2,

and SmRAS1 expression by direct binding to their promoters.

SmMYB76-SmJAZ9 complex synergistically
represses target genes
While SmJAZ9 interacts with SmMYB76 demonstrated (Fig. 2A–D),
whether this interaction is necessary for the regulation of phe-
nolic acids was unclear. For that end, the transcriptional level of
SmMYB76 or SmJAZ9 was examined in CRISPR and OE hairy roots
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Figure 5. SmMYB76 transcriptionally represses SmPAL1, Sm4CL2, and SmRAS1. (A) Schematic diagrams of the plasmid used in dual-LUC including the
effectors (pHB-SmMYB76 and pHB-EV) and the reporters (pGREEN0800-promoter-LUC). (B) The dual-LUC assay detected whether SmMYB76
transcriptionally repressed SmPAL1, Sm4CL2, SmRAS1 and SmCYP98A14. The pHB-YFP effector was the negative control. The relative LUC activity was
normalized to the reference REN luciferase. The error bars indicate ± SD of three replicates. (∗P < 0.05, ∗∗P < 0.01, Student’s t test). (C) Schematic
diagrams of the MBS position of SmPAL1pro, Sm4CL2pro, and SmRAS1pro. (D) Y1H analysis. The plasmid pB42AD-SmMYB76 was co-transformed in
EGY48 yeast with pLacZ2u-SmPAL1pro-MBS, pLacZ2u-Sm4CL2pro-MBS, and pLacZ2u-SmRAS1pro-MBS, respectively. The transformed yeast was cultured
on SD medium without Trp and Ura (+X-Gal) for selection. (E) EMSA results showed SmMYB76 bound to the labeled probes of SmPAL1pro, Sm4CL2pro,
and SmRAS1pro, respectively.

lines. In the SmJAZ9-CRISPR lines, the expression of SmMYB76

was only 76%, 48%, 60%, and 33% of the control line. Conversely,
the expression level of SmMYB76 in the SmJAZ9-OE line increased

by 9.8, 9.7, 10.2, and 8.7 times that of the control line,
respectively (Fig. 6A and B). Meanwhile, the expression of SmJAZ9

in the SmMYB76-CRISPR lines was significantly increased by
10.1, 11.4, 3.9, or 4.2 times compared to the pCAMBIA1300 line
(Fig. 6C) while decreased by 56%, 62%, 50%, and 53% in the
SmMYB76-OE hairy roots (Fig. 6D). These results suggested that
SmJAZ9 regulated the phenolic acids biosynthesis by promoting
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the SmMYB76 expression, which resulted in more SmMYB76
protein being involved in repressing the regulation of phenolic
acids biosynthetic genes. However, excess SmMYB76 feedback
repressed SmJAZ9 transcriptional expression.

Then, we checked whether SmJAZ9 affected the transcriptional
repression of target genes by SmMYB76. We used 35S-YFP,
35S-SmMYB76-YFP, and 35S-SmJAZ9-YFP as effectors with SmPAL1
pro-LUC, Sm4CL2pro-LUC, and SmRAS1pro-LUC for the dual-LUC
assays. The results showed that in the presence of SmJAZ9, the
relative LUC activities of SmPAL1pro, Sm4CL2pro, and SmRAS1pro
were lower than that of SmMYB76 alone (Fig. 6F–H). These
results suggested that SmJAZ9 contributed to the transcriptional
repression activity of SmMYB76. We have found that the
level of SmJAZ9 protein was regulated by the 26S proteasome
(Fig. S3B, see online supplementary material). The inhibition
of SmPAL1pro, Sm4CL2pro, and SmRAS1pro by the SmMYB76-
SmJAZ9 complex significantly decreased under MeJA treatment
(Fig. 6F–H), suggesting that SmMYB76 acted synergistically
with SmJAZ9 to repress downstream target genes, while MeJA
regulateed the complex.

Discussion
S. miltiorrhiza has been considered an eminent medicinal herb
for cardiovascular and cerebrovascular disease treatment [34].
The main pharmacologically active substances are the liposoluble
tanshinones and water-soluble phenolic acids [10, 12, 34]. Most
of the key enzymes involved in phenolic acids biosynthesis in S.
miltiorrhiza have been elucidated [5, 10, 35]. The induction by MeJA
of central biosynthetic genes in S. miltiorrhiza leads to an increase
in phenolic acids accumulation [10]. Multiple JA-responsive TFs
regulating the biosynthesis of phenolic acids have been character-
ized. SmMYC2 promotes phenolic acids biosynthesis by activating
SmPAL1, SmTAT1, and SmCYP98A14 [36, 37]. SmMYB1, a MeJA-
responsive TF, interacted with SmMYC2 and transcriptionally
activated SmCYP98A14 to promote phenolic acids biosynthesis
[10]. SmbHLH53 dramatically responds to MeJA and plays dual
roles in regulating SAB biosynthesis [38]. Still, little is known about
the regulatory mechanisms involved in the negative regulation of
JA-mediated phenolic acids biosynthesis in S. miltiorrhiza.

SmJAZ9 functions as repressor in JA-mediated
phenolic acids and tanshinones biosynthesis in
S. miltiorrhiza
As one of the most important plant hormones, JA can regulate
development, defense processes, and biosynthesis of secondary
metabolites in plant [3, 10, 39]. JAZ proteins function as repressors
in JA signaling pathway [13]. However, the mechanism that JAZ
proteins affect the phenolic acids or tanshinones biosynthesis
in S. miltiorrhiza is not well understood. Currently, SmJAZ8 has
been found to function as a repressor controlling JA-mediated
tanshinones and phenolic acids biosynthesis [39]. It was found
that the transcriptional levels of SmJAZ3 and SmJAZ9 were sig-
nificantly up-regulated after MeJA treatment [19]. In addition,
[19] showed that SmJAZ3/9 inhibited tanshinones accumulation
through RNA interference technology and overexpression. Five
SmJAZ3/9-OE hairy roots lines and three anti-SmJAZ3/9 hairy roots
lines were measured tanshinones. Accumulation of tanshinones
were reduced in SmJAZ3-OE hairy roots, correlating to the down-
regulation in the expression of SmGGPPS, SmDXS2, and SmKSL. The
latter is a critical enzyme in tanshinones biosynthesis and showed
the most significant downregulation. The expression profiles of
SmGGPPS, SmDXS2, and SmKSL in SmJAZ9-OE lines were not similar

to those in SmJAZ3-OE lines, which suggests that SmJAZ9 has a
weaker inhibitory effect on tanshinones biosynthesis compared
with SmJAZ3. It has also been reported that SmJAZ9 acts as an
activator of JA-induced tanshinones but inhibits the SAB biosyn-
thesis in S. miltiorrhiza [21]. However, there is no mechanistic
evidence existing that explains how SmJAZ9 affects phenolic acids
biosynthesis. In this study, we demonstrated a repression effect
of SmJAZ9 on the production of phenolic acids and their biosyn-
thetic genes in four CRISPR and OE hairy root lines of SmJAZ9
(Fig. 1B and C). Then, we repeated the study in [19] of SmJAZ9.
The content of tanshinones in SmJAZ9-CRISPR and SmJAZ9-OE
hairy root were measured in our study (Fig. S4B and E, see online
supplementary material). In the SmJAZ9-CRISPR lines, key enzyme
genes, including SmCPS1, SmKS1, SmGGPPS, SmCYP76AH1, SmDXR,
SmCYP76AH3, and SmCYP76AK1 were upregulated with opposite
effects in the OE lines (Fig. S4C and F, see online supplementary
material). Our data is consistent with [19], which reinforces that
SmJAZ9 is a repressor of tanshinones production. However, [21]
reported that SmJAZ9 is a positive regulatory factor of tanshi-
nones biosynthesis induced by MeJA. The possible reason for
inconsistency is that the role of SmJAZ9 induced by MeJA treat-
ment was investigated by them, while our studies did not use JA
signal induction. In addition, collection time of hairy root cultures
were also different (Ma et al. cultivated for 21 days, while ours were
50 days). The above two different situations may be the reasons
for this inconsistency.

JA triggers the degradation of SmJAZ9 through
the 26S proteasome to attenuate its inhibitory
effect on phenolic acids biosynthesis
JA signaling has been well studied in some model plants, such
as A. thaliana, where JAZ proteins regulate signal transduction
[13]. Generally, JAZ protein functions as a repressor to interact
with transcriptional activators such as MYC2 to repress their
transcriptional activation activity [40]. The JA-Ile induced by JAs,
and then the interaction between JAZs and COI1 was induced
by JA-Ile, which led to the degradation of JAZs protein via 26S
proteasome and the release of TFs [35]. The transcription level
of SmJAZ9 significantly increased after MeJA induction, and its
expression was more susceptible to MeJA elicitation than SmJAZ3
[19]. We showed that the SmJAZ9 protein level decreased under
MeJA treatment (Fig. S3B, see online supplementary material).
However, no degradation of SmJAZ9 was observed when adding
the 26S proteasome inhibitor MG132 under MeJA treatment
(Fig. S3B, see online supplementary material). These results sug-
gested that SmJAZ9 was degraded via the 26S proteasome after
MeJA treatment and that MeJA can eliminate the suppressive
effect of SmJAZ9. This also implied that SmJAZ9 may be degraded
to release TFs for regulation of phenolic acids or tanshinones
biosynthesis.

SmMYB76 negatively regulates phenolic acids
biosynthesis by transcriptionally repressing
SmPAL1, Sm4CL2, and SmRAS1
R2R3-MYB TFs are a large family of MYB TFs widely spread in
the plant. They participate in physiological and developmental
processes, biotic and abiotic stress resistance, and primary and
secondary metabolism [24, 29, 33, 41]. MYB transcription factors
involved in the regulation of secondary metabolism have also
been excavated in S. miltiorrhiza. SmMYB1 and SmMYB2 have
been shown to act as positive regulators in mediating MeJA to
promote phenolic acids biosynthesis [10, 12]. SmMYB111, as a
positive regulator, interacts with SmTTG1 and SmbHLH51 to
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Figure 6. SmJAZ9 enhances the expression of SmMYB76 and contributes to the transcriptional activity of SmMYB76 to inhitbit phenolic acids
biosynthesis. (A, B) Detection of the relative expression of SmMYB76 in SmJAZ9-CRISPR and SmJAZ9-OE hairy roots. (C, D) The relative expression of
SmJAZ9 in SmMYB76 transgenic hairy roots was measured by qRT-PCR. (E) The schematic showed the plasmids used in dual-LUC assays. (F–H) The
dual-LUC assays implied that SmJAZ9 enhanced the repression of SmPAL1, Sm4CL2, and SmRAS1 by SmMYB76, while JA attenuated the repression of
SmPAL1, Sm4CL2, and SmRAS1 via the SmJAZ9-SmMYB76 complex. The relative LUC activity was normalized to the reference REN luciferase. Error bars
represented the ± SD of the three independent replicates (∗P < 0.05; ∗∗P < 0.01, Student’s t test).

jointly regulate phenolic acid biosynthesis [53]. Overexpression of
SmMYB98 can both promote the biosynthesis of tanshinone and
salvianolic acid [29]. However, not all MYB transcription factors
are positive regulators of phenolic acids biosynthesis. We identi-
fied that a novel transcriptional repressor SmMYB76 regulated

phenolic acids biosynthesis by transcriptionally repressing
SmPAL1, Sm4CL2, and SmRAS1.

In A. thaliana, R2R3-MYB members of the S4, including MYB3,
MYB4, MYB7, and MYB32, repress phenylpropane metabolism
[25, 42–44]. AtMYB4 plays an essential role in cinnamate
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4-hydroxylase (C4H) repression, and our reported SmMYB76 was
highly homologous to AtMYB4. SmMYB76 has a conserved MYB
domain in N-terminal, and a C-terminal ethylene-responsive
element binding factor-associated amphiphilic repression (EAR)
domain, SAD2 interaction domain (SID) in C-terminal, similarly
to the AtMYB4 (Fig. S5A, see online supplementary material). The
EAR motif is a small and unique repression domain conserved
in many transcription factor proteins [25]. The SID domain is
involved in the translocation of MYBs into the nucleus and
can also interact with JAZ protein to form a MYB-JAZ complex
[24, 25]. These results indicated that SmMYB76, classified in
the S4 subfamily, may have similar functions to AtMYB4 to
phenylpropane metabolism.

Therefore, we hypothesize that SmMYB76 potentially represses
phenolic acids biosynthesis. Our reverse genetic and molecular
analyses showed that SmMYB76 functions as a repressor of
phenolic acids biosynthesis in S. miltiorrhiza. Furthermore, we
identified the expression of biosynthetic genes potentially
regulated by SmMYB76. While SmMYB76 significantly repressed
SmPAL1, Sm4CL2, SmRAS1, and SmCYP98A14 (Fig. 5B), it did
not repress the expression of SmC4H as previously reported in
Arabidopsis [25]. These results suggested that although sharing
high sequence similarity, the function of SmMYB76 diversified
from AtMYB4.

SmPAL1 is the first key enzyme in the biosynthesis of phenolic
acids, responsible for producing 30%–80% of the phenolic acids
[45]. Out of the Sm4CL family members, the Sm4CL2 is more likely
to be involved in phenolic acids biosynthesis due to its high
enzymatic activity and high expression in roots [7]. SmRAS1 is
a critical rosmarinic acid synthesis enzyme. It has been proved
that overexpression of SmRAS1 results in increased phenolic acids.
The phenolic acids levels decreased when SmRAS1 was knockout
[46, 47]. Therefore, we concluded that SmMYB76 functions as
a negative regulator to reduce the phenolic acids by transcrip-
tionally repressing SmPAL1, Sm4CL2, and SmRAS1 expression in
S. miltiorrhiza. The enzymes PAL and 4CL were involved in the
phenylalanine metabolism pathway and can produce phenolic
acids as well as flavonoids (such as anthocyanins). Thus, we
detected the content of anthocyanins in SmMYB76CRISPR/OE
hairy roots (Fig. S7A and B, see online supplementary material),
which showed the SmMYB76 impaired anthocyanin accumula-
tion.

SmMYB36 also inhibits phenolic acid biosynthesis through
direct transcriptional repression of SmC4H and Sm4CL2 genes in
the phenylpropane pathway and SmHPPR genes in the tyrosine-
derived pathway [33]. Different from SmMYB76, SmMYB36 is a
R2R3 MYB member, not the S4 subfamily, and does not contain
an EAR motif. It suggests that SmMYB36 may inhibit phenolic
acid biosynthesis by a yet unknown mechanism. SmMYB76 is a
transcriptional inhibitor of the key enzymes SmPAL1 and Sm4CL2
in the phenylpropane pathway and the downstream key enzyme
gene SmRAS1.

To understand the broader role of SmMYB76, we investigated
whether it can also affect tanshinones accumulation. Also,
here, we found a similar function as a repressor of tanshinones
production (Fig. S8A–G, see online supplementary material). Our
data imply that SmMYB76 may repress tanshinones biosynthesis
through transcriptional repression of SmGGPPS and SmKSL (Fig. S9,
see online supplementary material). Conversely, SmMYB36
regulates tanshinones biosynthesis by promoting the transcript
level of SmDXR, SmMCT, and SmGGPPS, suggesting that SmMYB36
and SmMYB76 may play an antagonistic role in tanshinones
biosynthesis.

SmMYB76 and SmJAZ9 form a complex to
repress JA-mediated phenolic acids and
tanshinones biosynthesis
MeJA is an elicitor of phenolic acids in S. miltiorrhiza [5, 19]. We
uncovered a SmJAZ9-SmMYB76 complex involved in phenolic
acids production via JA signaling pathway. As the integrity of the
SID motif is indispensable for some MYB TFs to interact with JAZs,
even though the SID motif is not conserved for JAZ interaction
[24]. Therefore, we hypothesized that the SID domain in SmMYB76
could also interact with SmJAZ9. Our data shows that the SID
motif was the only conserved domain interacting with SmJAZ9
(Fig. 2A–D).

The expression of SmMYB76 was positively correlated to the
SmJAZ9 expression in the OE and CRISPR lines, suggesting that
SmJAZ9 might induce the expression of SmMYB76 to repress
downstream phenolic acids biosynthesis genes. Generally, spe-
cific TFs are controlled by JAZ proteins to repress the expres-
sion of downstream target genes, while the transcription level of
JAZs is also regulated by their interaction TFs [21]. For example,
OsbHLH148 interacted with OsJAZ1 to regulate drought toler-
ance. Overexpression of OsbHLH148 led to the OsJAZ1/2/3/4/5/11
genes being up-regulated [48]. AtWRKY18/40 positively modulate
the expression of some key JA-signaling genes by partly sup-
pressing the expression of JAZ repressors [49]. AtMYC2 is also
proven to interact with JAI3, and regulates the expression of AtJAZ
genes. Interestingly, we found that SmJAZ9 was downregulated
in SmMYB76-OE lines and upregulated in SmMYB76-CRISPR lines
(Fig. 6C and D). Therefore, we speculate that this may have a
feedback regulation loop between SmJAZ9 and SmMYB76, which
made the regulation of phenolic acids in plants and possibly
maintained a balance.

It has been found that FtJAZ1 is a repressor modulating the
transcriptional activity of FtMYB11, an S4 subfamily repressor, to
regulate the phenylpropanoid biosynthesis in Fagopyrum tataricum.
The repressor activity of FtMYB11 is further enhanced by interact-
ing with FtSAD2 or FtJAZ1 [24]. Similarly, a novel S4 MYB member,
SmMYB76, was found in S. miltiorrhiza to inhibit the phenolic acids
biosynthesis. We revealed that SmJAZ9 promoted the repression
of the target genes by SmMYB76 (Fig. 6E–H), which indicated
that SmJAZ9 and SmMYB76 synergistically impair phenolic acids
biosynthesis. Hence, the repressive activity of SmMYB76 is directly
regulated by SmJAZ9 through protein–protein interaction, which
suggests that SmJAZ9 not only regulates the transcriptional level
of SmMYB76 as well as the protein level.

The presence of MeJA attenuated the repression of SmPAL1pro,
Sm4CL2pro, and SmRAS1pro by the SmJAZ9-SmMYB76 complex
(Fig. 6E–H). This may be due to the degradation of SmJAZ9 that
further impairs the transcriptional repression activity of SmJAZ9-
SmMYB76 complex. These results reveal that the SmJAZ9-
SmMYB76 complex is formed to regulate the phenolic acids
biosynthesis in the absence of JA.

Here, MeJA plays an interesting role because MeJA can promote
phenolic acids biosynthesis [5, 10]. MeJA induces the degradation
of JAZs proteins to release transcriptional activators to induce
gene expression of key enzymes of phenolic acids biosynthesis [3,
20]. For instance, a JA-responsive SmMYB97 interacts with SmJAZ8
to inhibit SmMYB97 transcriptional activity in the absence of JA.
Conversely, in the presence of JA, SmJAZ8 degrades and conse-
quently releases SmMYB97 to positively regulate phenolic acids
and tanshinones biosynthesis [20].

We revealed that MeJA caused the degradation of SmJAZ9
and also repressed the transcription of SmMYB76, further
weakening the inhibition of phenolic acids biosynthesis. MeJA
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can also induce the degradation of JAs protein and repress the
expression of transcriptional repressors that cooperate with
JAZs to attenuate the inhibition of phenolic acids biosynthesis.
These results suggest that JA can enhance phenolic acids
biosynthesis through different regulatory modes. In addition,
we found that the expression of SmMYB36 was upregulated in
SmJAZ9 knockout lines and downregulated in SmJAZ9-OE lines
(Fig. S10, see online supplementary material), indicating a further
interplay between SmMYB36 and SmJAZ9 to regulate secondary
metabolites production. SmMYB36 may enhance the biosynthesis
of tanshinones and inhibit the biosynthesis of phenolic acids
after sensing the JA signal. Conversely, SmMYB76 interacting
with SmJAZ9 reinforced the repression of tanshinones and
phenolic acids biosynthesis mainly before sensing JA signals.
These results also suggest that SmJAZ9 can affect phenolic acids
and tanshinones biosynthesis involving different transcription
factors.

Finally, a novel molecular mechanism governed by the SmJAZ9-
SmMYB76 complex regulates JA-mediated phenolic acids and
tanshinones biosynthesis was characterized. We speculate a puta-
tive working model regulating JA-mediated secondary metabolites
biosynthesis via the SmJAZ9-SmMYB76 complex (Fig. 7A and B).
Further investigation is required to establish a broader impact of
our findings on regulating secondary metabolites in plants.

Materials and methods
Plants and chemical treatments
S. miltiorrhiza and Nicotiana benthamiana for experiments were
cultivated in a 26◦C greenhouse with 16 hours light and 8 hours
dark. Hairy roots were maintained on 1/2 Murashige and Skoog
(MS) basal medium with 0.8% agar (pH 5.8) [10]. The SmMYB76-
OE and SmJAZ9-OE lines were obtained by infecting S. miltiorrhiza
leaves with previously reported Agrobacterium rhizogenes C58C1
(pRi A4) containing vector pHB-SmMYB76-YFP and pHB-SmJAZ9-
YFP, respectively [50] (Fig. S1A and C, see online supplementary
material). The control hairy roots were infected by C58C1
contained vector pHB-YFP. The A. rhizogenes C58C1 (pRi A4) con-
tained pCAMBIA1300-SmMYB76-CRISPR/Cas9, and pCAMBIA1300-
SmJAZ9-CRISPR/Cas9 was used to infect leaves from S. miltiorrhiza
to generate the SmMYB76-CRISPR lines and the SmJAZ9-CRISPR
lines (Fig. S1B and D, see online supplementary material). An
empty and four transgenic lines of hairy roots were selected for
functional analysis. PCR assay of 2 × Taq Master Mix (Vazyme,
Nanjing, Jiangsu, China) was used for PCR to screen positive clone
hairy roots. Hairy roots for biochemical assays were cultured in
1/2 MS (liquid) and kept dark in a constant temperature shaker at
26◦C for 50 days. For hormone treatment, 30-day-old S. miltiorrhiza
seedlings were sprayed with 0.1 mM MeJA. The samples were
collected at 8 time points (0 h, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, and 24 h)
for RNA extraction as previous reported [22].

Gene isolation and bioinformatics analysis
To clone the SmMYB76 gene, 30-day-old S. miltiorrhiza seedlings
were used for RNA extraction (Tiangen, Beijing, China). Then,
cDNA was transcribed with FastQuant RT Kit (Tiangen, Beijing,
China). The full-length SmMYB76 was cloned from cDNA of
S.miltiorrhiza using the 5′-ATGGGAAGGTCTCCTTGCTGTGAGA-
3′ and 5′- TCATTTCATCTCCAATCTTCTGTAA-3′ primers. Takara
2 × Prime STAR Mix (Takara, Japan) was used to clone the comlete
ORF of SmMYB76. The full-length cDNA of SmMYB76 was analysed
by Open Reading Frame Finder (ORF Finder, NCBI). MeGA v6.0
software constructed the neighbor-joining phylogenetic tree for

homology analysis between SmMYB76 and R2R3-MYBs of A.
thaliana. ClustalX was used for sequence alignment analysis.

Subcellular localization assay
Subcellular localization was determined by transiently infect-
ing epidermal cells of N. benthamiana with Agrobacterium tumefa-
ciens GV3101 contained pHB-SmMYB76-YFP plasmid as previously
reported [51]. The encoding sequence of SmMYB76 was cloned and
ligated into the empty pHB plasmid containing the YFP reporter
gene which was driven by the 35S promoter. The recombinant
plasmid pHB-SmMYB76-YFP and the negative control plasmid
pHB-YFP were transferred into GV3101 for transient infection of
N. benthamiana, respectively. Subcellular localization was observed
48 h after infection with the laser confocal microscope (Zeiss,
Oberkohen, Batenwerburg, Germany) with 488 nm excitation.

RNA extraction and real-time quantitative PCR
analysis
30-day-old S. miltiorrhiza seedlings grown in a greenhouse at 26◦C
were used to extract total RNA. The RNA used for tissue expres-
sion was extracted from various parts of mature S. miltiorrhiza
plants such as stem, young leaf, mature leaf, primary root, lateral
root, phloem, and xylem. cDNA was prepared by reverse tran-
scription from total RNA as [6]. Real-time quantitative PCR was
performed as [4]. The relative gene expression was calculated with
the 2-��CT method. The real-time quantitative PCR employed
the protocol as previously reported [4, 10, 30]. All experiments
involved three repetitions.

Extraction and detection of phenolic acids
Culturing 50 days, the hairy roots were collected and dried at
50◦C for a week. For phenolic acids extraction, 0.1 g powder of
dried hairy roots was weighed, dissolved in 10 mL of 80% ethanol
(ethanol: water = 4:1) and sonicated for 20 minutes. The super-
natant was collected, concentrated by rotary evaporation at 60◦C,
and dissolved in 2 mL of ddH2O. The phenolic acids extractions
were collected after centrifugation and filtration through the
filter (0.22 μm, Pall Corporation, New York City, New York, USA)
and measured with HPLC (Agilent, Palo Alto, California, USA). All
measurements were analysed in triplicates.

Yeast two-hybrid assay (Y2H)
The ORFs of SmJAZ9 and SmMYB76 were connected to the vec-
tors pGBKT7 and pGADT7, respectively. N-terminal sequence,
EAR motif, and SID motif of SmMYB76 were also constructed on
pGADT7. Subsequently, pGADT7-SmMYB76/N-terminal/SID/EAR
and pGBKT7-SmJAZ9 plasmids were co-transferred to yeast AH109
and cultured in medium (SD/−Trp/−Leu) for 48 h, respectively.
The single yeast clones were picked to culture on the SD medium
without Trp, Leu, His, and Ade for 48 h.

Bimolecular fluorescent complementary assay
(BiFC)
The full-length ORF of SmJAZ9 and SmMYB76 were ligated to the
vector pXY106 containing N-terminal YFP and the vector pXY104
containing N-terminal YFP, respectively, following the protocol as
[22] reported. The YFP fluorescence signals were detected by laser
confocal microscope (Zeiss, Oberkohen, Batenwerburg, Germany).
Three replicates were used throughout the whole experiment.

GST pull-down assay
SmMYB76 and SmJAZ9’s whole ORFs were ligated into the pET32a-
His and pGEX-4 T-1 plasmid, respectively, then transformed into
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Figure 7. A proposed mode of action of the SmJAZ9-SmMYB76 complex regulating JA-mediated phenolic acids and tanshinones biosynthesis. (A) In the
absence of jasmonic acid (JA), SmJAZ9 promotes an increase in the transcription level of SmMYB76, while SmJAZ9 interacts with SmMYB76 to form a
complex that represses SmPAL1, Sm4CL2, and SmRAS1 to inhibit the phenolic acids biosynthesis. Meanwhile, the increase of SmMYB76 leads to
downregulation of SmJAZ9 through a feedback pathway. Similarly, SmJAZ9-SmMYB76 may have a similar regulatory mode of tanshinones biosynthesis
by inhibiting SmGGPPS and SmKSL without JA. (B) In the presence of JA, SmJAZ9 was degraded, and the expression of SmMYB76 was decreased. Thus,
the repression of SmPAL1, Sm4CL2, and SmRAS1 was attenuated, and phenolic acids biosynthesis was improved. The decrease of SmMYB76 leads to the
expression of SmJAZ9 increased for inhibition of phenolic acids biosynthesis. SmJAZ9-SmMYB76 may have a similar regulatory mode of tanshinones
biosynthesis by repressing SmGGPPS and SmKSL with JA.

Escherichia coli Rosetta (DE3) for expressing protein. The SID
domain sequence was ligated into the pCold-His plasmid for
protein expression. The His protein, SmMYB76-His and SID-His
fused protein were produced by inducing with 0.5 mM IPTG at
22◦C for 8 h. The GST protein and the SmJAZ9-GST were produced
via inducing with 0.5 mM IPTG at 16◦C for 8 h. Protein purification
was done using the protocol as in previous reports [22]. Pull-
down: GST magnetic beads were incubated with SmJAZ9-GST
and SmMYB76-His/SID-His for 8 h at 4◦C. The supernatant was
aspirated and utilized as an input after centrifugation (3000 rpm).
The magnetic beads were then rinsed three times with Washing
Buffer (Shanghai Sangon, Shanghai, China), and the extra fluid
was thrown away. After eluting the protein, the protein was then
detected on a western blot with anti-His.

Dual-luciferase assay (dual-LUC)
The promoters of the phenolic acids biosynthesis genes were
cloned and ligated into pGREEN0800 to generate the reporters:

pGREEN0800-SmPAL1pro, pGREEN0800-Sm4CL2pro, and pGREEN0800-
SmRAS1pro. The pHB-SmMYB76-YFP was used as the effector. The
transformed GV3101 was enriched and adjusted to OD = 0.6 using
the infection buffer. The bacteria solution was mixed (1:1, v/v),
co-cultured for 2 h, and then injected into the tobacco leaves. The
injected tobaccos were kept in the dark for 24 h, and sampled
after 24 h of light culture. Promega dual-luciferase reporter
gene detection kit (Promega(Beijing) Biotech, Beijing, China) and
machine were used to detect the fluorescence intensity. All
analyses were performed in triplicates.

Yeast one-hybrid assay (Y1H)
The full-length ORF of SmMYB76 was cloned, then ligated into
the pB42AD vector to create the recombinant vector pB42AD-
SmMYB76. The MYB binding site (MBS) sequences analysed by
PlantCARE involved in SmPAL1, Sm4CL2, and SmRAS1 promoters
were ligated to the pLacZ2u plasmid, which were co-transformed
into yeast EGY48. The transformants were cultured in the SD
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medium without Trp and Ura containing X-gal for selection. The
whole experiment was repeated independently three times.

Electrophoretic mobility shift assay (EMSA)
The probes used in EMSA assay were synthesized by Sangon
Biotech (Shanghai, China) and labeled with biotin. The purified
protein SmMYB76-His and probe DNA fragments were incubated
in EMSA/Gel-Shift (5×) (Beyotime, Shanghai, China) for 30 min at
26◦C. The purified pET32a-His and probe DNA fragments were
incubated as a negative control. The biotin signal was detected
with the Tanon-4600 Chemiluminescence detector (Tanon, Shang-
hai, China).
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