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ABSTRACT: Rosmarinic acid (RA) and lithospermic acid B (LAB) are two
typical phenolic acids with significant bioactivities that may contribute to the
therapeutic effects of Salvia miltiorrhiza. Precise knowledge of the biosynthetic
pathway leading to RA and LAB is a necessary prerequisite to optimize the
production of important phenolic compounds in S. miltiorrhiza. In vivo
isotopic labeling experiments using [ring-13C]-phenylalanine, combined with
dynamic measurements of metabolite levels by UPLC/Q-TOF, were used to
investigate the metabolic origin of phenolic acids in S. miltiorrhiza. These data
indicate the in vivo phenolic biosynthetic pathway: two intermediates from the
general phenylpropanoid pathway and the tyrosine-derived pathway, 4-
coumaroyl-CoA and 3,4-dihydroxyphenyllactic acid (DHPL), are coupled by
the ester-forming enzyme rosmarinic acid synthase (SmRAS) to form 4-
coumaroyl-3′,4′-dihydroxyphenyllactic acid (4C-DHPL). The 3-hydroxyl
group is introduced late in the pathway by a cytochrome P450-dependent monooxygenase (SmCYP98A14) to form RA.
Subsequently, RA is transformed to a phenoxyl radical by oxidation, and two phenoxyl radicals unite spontaneously to form LAB.
The results indicate aspects of the complexity of phenolic acid biosynthesis in S. miltiorrhiza and expand an understanding of
phenylpropanoid-derived metabolic pathways. The candidate genes for the key enzymes that were revealed provide a substantial
foundation for follow-up research on improving the production of important phenolic acids through metabolic engineering in the
future.

Plants have been estimated to synthesize a remarkably
diverse array of over 100,000 low-molecular-mass natural

products, also known as secondary metabolites, many of which
have useful applications in the production of foods, industrial
compounds, and pharmaceuticals.1 An in-depth understanding
of secondary metabolite biosynthetic pathways, along with the
increasing number of cloned genes involved in biosynthesis,
enables the exploration of metabolic engineering as a
potentially effective approach to increase the yield of specific
metabolites by enhancing rate-limiting steps or by blocking
competitive pathways. Various pathways have been altered
using genes encoding biosynthetic enzymes or genes encoding
regulatory proteins in order to enhance pharmaceutically
important compound production using this strategy in
microbial systems.2,3 However, a major constraint is the
relatively poor characterization of plant secondary metabolic
pathways at the level of the biosynthetic intermediates and
enzymes. Feeding stable isotope labeled precursors accom-
panied by real time LC/GC−MS to analyze the labeling
patterns is a powerful tool to investigate these pathways in
plants. In recent years, some successful applications of this 13C
tracer method for investigation of in vivo biosynthetic pathways

in petunia petal tissue4 and Datura innoxia hairy root cultures5

have been reported.
Salvia miltiorrhiza Bunge (Chinese name: Danshen) is a

perennial herb of the Lamiaceae family. Its roots have been
used for the treatment of cardiovascular diseases, blood
circulation disturbance, inflammation, and angina pectoris for
more than 2,000 years. The phenolic acids, including
rosmarinic acid (RA) and lithospermic acid B (LAB), attracted
interest in the past 20 years because of their notable
pharmacological activities and the conventional use of the
herb by decocting with water.6 The composition and content of
the phenolic acids are closely related to the quality of Salvia. In
the process of large-scale cultivation, about 40% of the plant
materials are unacceptable due to germplasm degradation, and
this is a serious impediment to the clinical application of this
plant. However, relatively little is known about phenolic acid
biosynthesis in S. miltiorrhiza, and this has hampered the
application of conventional molecular and genetic techniques to
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improve the quality and productivity of these metabolites using
metabolic engineering.
Rosmarinic acid (RA) is an ester of caffeic acid and 3,4-

dihydroxyphenyllactic acid. The biosynthetic pathway for RA
had been thoroughly described at the molecular level in
suspension cultures of Coleus blumei Benth.7 The intermediary
precursors, 4-coumaroyl-CoA, formed from L-phenylalanine
and 4-hydroxyphenyllactate (pHPL), derived from L-tyrosine,
are coupled in a transesterification reaction. Finally, this ester is
hydroxylated by a cytochrome P450 monooxygenase at the C-3
and C-3′ in the aromatic nuclei to form RA.8 The enzymes
involved in this pathway have been isolated and characterized in
suspension cultures of Anchusa of f icinalis L. (Boraginaceae) and
C. blumei (Lamiaceae).9,10 The cDNAs of phenylalanine
ammonia-lyase (SmPAL)11 and cinnamic acid 4-hydroxylase
(SmC4H),12 which are involved in the upstream metabolic
processes of the general phenylpropanoid pathway, and
tyrosine aminotransferase (SmTAT),13 4-hydroxyphenylpylpyr-
uvate reductase (SmHPPR) (unpublished data), 4-hydroxyphe-
nylpyruvate dioxygenase (SmHPPD),14 which are located in the
tyrosine branch, have been successively cloned in our
laboratory. Hydroxycinnamate:coenzyme A ligases (Sm4CLs)
were cloned by Zhao et al.15 Even though rosmarinic acid
synthase (RAS), which links 4-coumaroyl-CoA and the
aliphatic hydroxyl group of hydroxyphenyllactate,16 and the
subsequent cytochrome P450-dependent hydroxylases8 are
probably the most specific enzymes of the RA biosynthetic
pathway, they have not yet been unraveled in S. miltiorrhiza.

Due to the significant species-specificity of plant secondary
metabolism, there is considerable interest in exploring the RA
biosynthetic pathway in S. miltiorrhiza.
RA is the dominant phenolic acid present in species of the

Lamiaceae (Figure 1A) except in S. miltiorrhiza, where the LAB
content is consistently significantly higher than that of RA
among various habitats (Figure 1B). This is also true in S.
miltiorrhiza hairy root cultures, where the content of LAB was
found to be much higher than that of RA.17 Therefore, this
unique accumulation pattern of phenolic metabolites (the ratio
of RA/LAB) strongly suggests that an unknown biosynthetic
pathway from RA to LAB is particularly active in S. miltiorrhiza.
Although evidence that RA is a precursor leading to LAB
synthesis and is presumed involved in a potential biosynthesis
process from RA to LAB based on chemical structure analysis
was provided by our laboratory,18 the detailed biosynthetic
process from RA to LAB remains unknown. In order to obtain
enhanced knowledge regarding the biosynthesis of the phenolic
compounds in S. miltiorrhiza, it is of great significance to
elucidate the enzymatic steps downstream and to characterize
the applicable enzymes.
In this report, the application of in vivo stable isotope labeling

and dynamic measurements of metabolite levels in [ring-13C]-
phenylalanine fed S. miltiorrhiza hairy root cultures using
UPLC/Q-TOF are described, in order to elucidate the
biosynthetic pathway of the phenolic acids. The cloning and
expression pattern of RAS and cytochrome P450 monoox-
ygenase CYP98A14 and their involvement in the accumulation

Figure 1. Accumulation pattern of rosmarinic acid (RA) and lithospermic acid B (LAB). (A) Accumulation pattern of RA and LAB in different
Lamiaceae species. (B) Accumulation pattern of RA and LAB in S. miltiorrhiza from different habitats.
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of phenolic acids in the hairy root cultures of this plant are also

presented. It is demonstrated that knowledge of secondary

metabolism in partially species can be derived by using well-

designed 13C tracer experiments and integrating the labeling

measurement data. This study describes the first 13C tracer

study for mapping the in vivo phenolic biosynthetic pathway in

S. miltiorrhiza. This knowledge will assist in promoting the

possibility of a gene-based metabolic engineering for the

enhanced synthesis the active pharmaceutical compounds in S.
miltiorrhiza.

■ RESULTS AND DISCUSSION

In Vivo Tracer Experiments. The elucidation of the RA
biosynthesis pathway in C. blumei7 permitted the monitoring of
its labeling pattern after supplying a labeled precursor in S.
miltiorrhiza. In the labeling experiments, carbon-13 (13C) ring-
labeled Phe (13C6-Phe) was supplied to S. miltiorrhiza hairy

Figure 2. LC−MS/MSn analysis of compounds identified involved in the phenolic acid biosynthesis pathway produced by S. miltiorrhiza hairy root
culture fed with 13C6-Phe. The panel for each presented compound contains the mass spectrum representing a combination of unlabeled and labeled
compound extracted from the 13C6-Phe-fed hairy root. All newly synthesized labeled phenolic acid compounds exhibit a mass shift of 6 atomic mass
units (amu); LAB exhibited a shift of 12 amu based on the labeling of two aromatic rings.
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root cultures, which can accumulate abundant phenolic acids in
vivo.19 Hairy roots were collected at 24, 48, 72, 96, and 144 h
under dark conditions continuously fed with 1 mM 13C6-Phe,
then extracted with 30% methanol, and analyzed by liquid
chromatography−mass spectrometry (UPLC/Q-TOF) to
screen for the labeled endogenous metabolites. A total of 111
compounds were identified as the isotopomers synthesized
from the supplied 13C6-Phe (Supplementary Table S1). Among
them, eight compounds, including L-phenylalanine, 4-coumaric
acid, caffeic acid, 4-coumaroyl-3′,4′-dihydroxyphenyllactic acid
(4C-DHPL), RA, feruloyl-3′,4′-hydroxyphenyllactic acid, sal-
vianolic acid E (SAE), and LAB, were considered as the
intermediates and end products involved in the phenolic acid
pathway in S. miltiorrhiza (Figure 2).
In a time course experiment, hairy roots were exposed to

13C6-phe (1 mM) up to 24 h. Concentrations and isotope
abundances of 13C-labeled metabolites in the hairy root cultures

were followed over 24 h of culture. Isotope abundance was
determined as (13C6 × 100)/(13C6 + 12C6) (atom %). After
extraction with 30% methanol, samples were analyzed by
UPLC/Q-TOF-MS, and the experimentally obtained results are
summarized in Figure 3. As a consequence, the 13C label was
detected in L-phenylalanine, 4-coumaric acid, caffeic acid, 4C-
DHPL, RA, feruloyl-3′,4′-hydroxyphenyllactic acid, SAE, and
LAB. 13C6-Phe fed to the culture medium was efficiently taken
up by S. miltiorrhiza hairy roots within 1 h. 13C6-Phe was
rapidly incorporated into 4-coumaric acid and caffeic acid, the
single aromatic ring compounds, and the double aromatic ring
compound 4C-DHPL within 1 h. It was then incorporated into
RA and SAE at 2 h, and into LAB at 4 h. Finally, it incorporated
into feruloyl-3′,4′-hydroxyphenyllactic acid after 12 h.
The content and normalized peak area represented the

accumulation status of the labeled compounds during the
feeding experiment. The highly accumulated compounds in this

Figure 3. In vivo labeling kinetics of phenolic acid compounds during 24 h after feeding S. miltiorrhiza hairy root with 13C6-Phe. The curves represent
the percent of labeled compounds. The red bars represent the content of labeled compounds, and the violet bars represent the relative abundance of
the labeled compounds. The relative abundance was calculated by dividing each peak area value by the internal standard peak area value.
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pathway were 4-coumaric acid, caffeic acid, 4-coumaroyl-3′,4′-
dihydroxyphenyllactic acid, RA, and LAB. Other metabolites,
such as feruloyl-3′,4′-dihydroxyphenyllactic acid and SAE,
accumulated at a low level. The isotope labeling curves, and
the content variations, of the eight compounds demonstrated
the de novo biosynthesis of these compounds from exogenous
phenylalanine. The 13C6-Phe incorporated into RA and SAE at
2 h, and incorporated into LAB at 4h. The pool of RA was
more heavily labeled than the LAB pool, and 13C6-Phe was
incorporated into RA earlier than LAB, suggesting that RA is
the precursor for LAB in S. miltiorrhiza. LAB with two aromatic
rings labeled with 13C6 was also detected (Figure 2), which was
probably derived through the coupling of two molecules of
labeled 13C6-RA.
Examination of the aromatization and substitution patterns

of RA, SAE, and LAB, combined with the labeling curves, led to
the conclusion that LAB was directly derived from RA, and that

the intermediate might be SAE. A mechanism for the synthesis
of SAE and LAB from RA could be proposed. Oxidation of the
4-OH and 3-OH of the RA moieties results in formation of the
phenoxyl radicals or semiquinones “A” and “B”, respectively,
catalyzed by an unknown oxidase. The coupling of one radical
“A” and one radical “B”, followed by tautomeric rearrangement
and intramolecular nucleophilic attack, would afford the
intermediate quinone “C”. Subsequently, the quinone “C”
would be converted to LAB via SAE or directly converted to
LAB by spontaneous reaction.20−22

Combined with the isotope labeling curves and the
accumulation states of these compounds, it was possible to
project a phenolic acid biosynthetic pathway in S. miltiorrhiza.
The pathway starts from the general phenylpropanoid pathway
and the tyrosine-derived pathway. Ester formation by SmRAS
to form 4C-DHPL and then 3-hydroxylation by SmCYP98A14
afford RA. Subsequently, two molecules RA are oxidatively

Figure 4. Characterization, expression, phylogenetic analysis, and subcellular localization of SmRAS protein. (A) Comparison of the predicted amino
acid sequence of SmRAS with related proteins. S. miltiorrhiza RAS sequence (SmRAS, FJ906696) was aligned with RAS from C. blumei (CbRAS,
AM283092), RAS from L. Angustifolia (LaRAS, AEA36976), HCT from Arabidopsis (AtHCT, NP_199704), BEBT from N. tabacum (NtBEBT,
AAN09798) and BEAT, C. breweri (CbBEAT, AAC18062) using Clustal X2. This alignment was shaded using GENEDOC. Identical and similar
amino acids are shaded in black and gray, respectively. Boxes indicate the HxxxD and DFGWG motifs, respectively. (B) Phylogenetic tree of BAHD
acyltransferases including RAS. The tree was constructed by neighbor-joining distance analysis by MEGA 5.05. Details concerning the proteins in the
phylogenetic tree can be found in the Supporting Information. (C) Tissue specificity expression of SmRAS. (D) SmRAS expression under the
induction of MeJA. (E−L) Analysis of SmRAS subcellular localization. (E) A rice protoplast expressing RAS-GFP showing green fluorescent signals.
(F) The same protoplast cell of panel E showing the chlorophyll autofluorescence signal in the plastids. (G) The merged signal of panels E and F.
(H) Bright-field image of panel E. (I) A rice protoplast expressing GFP showing green fluorescent signals. (J) The same protoplast cell of panel I
showing the chlorophyll autofluorescence signal in the plastids. (K) The merged signal of panels I and J. (L) Bright-field image of panel I. Bars = 5
μm.
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coupled to form SAE and LAB by spontaneous reaction. Caffeic
acid and feruloyl-3′,4′-hydroxyphenyllactic were presumed to
be bypass products involved in this pathway, respectively.
Compared with the RA biosynthesis pathway in C. blumei, 4C-
DHPL was considered as the main intermediate for RA
biosynthesis in S. miltiorrhiza, and 3′,4′-dihydroxyphenyllactic
acid (DHPL) was involved in this pathway as a principal
intermediate.
Isolation and Characterization of SmRAS. SmRAS

cDNA (accession no. FJ906696) contained a 1284-bp ORF,
encoding a predicted 426-amino-acid polypeptide. The
sequence contains all the characteristic elements of the
BAHD enzymes,23 two conserved site HXXXD and DFGWG
domains, signature of BAHD superfamily members, were found
by multiple sequence alignment (Figure 4A). The protein−
protein BLAST analysis showed that SmRAS was most similar
(identity 81%, similarity 87%) to a hydroxycinnamoyl trans-
ferase from C. blumei (CbRAS, GenBank accession no.
CAK55166).
To determine the relationship of SmRAS to other BAHD

acyltransferases, a nonrooted phylogenetic tree was constructed
from 22 BAHD acyltransferases with known sequence and
function along with S. miltiorrhiza RAS (Figure 4B). The tree
clearly showed four classes of BAHD acyltransferases with their
respective subgroups.23 All of the sequences were classified into
four clades, as previous described.23 SmRAS belongs to a clade
of class IV, which comprises the enzymes that transfer aromatic
acyl moieties, and was grouped with CbRAS and LaRAS.
CbRAS preferentially accepts 4-coumaroyl-CoA and caffeoyl-
CoA, transferring the aromatic acyl groups to pHPL and
DHPL.24 LaRAS exhibits substrate promiscuity and catalyzes
the formation of tyramine derivatives and the formation of
(hydroxy) cinnamoyl esters.25 Both of these two enzymes
catalyze the formation of 4-coumaroyl-4′-hydroxyphenyllactic
acid (4C-pHPL), the precursor of RA.
Analysis of the SmRAS gene transcription level in the roots,

stems, and leaves by RT-qPCR revealed that SmRAS was
expressed predominantly in roots and stems (Figure 4C). Roots
were previously shown to be the main organ for the synthesis
and accumulation of RA and related phenolic compounds in S.
miltiorrhiza. The transcription level of SmRAS was sensitive to
methyl jasmonate (MeJA). After treatment with 0.1 mM MeJA,
the SmRAS transcription level increased sharply and peaked at 8
h with an increase about 9-fold (Figure 4D).
Like most BAHD members,26 SmRAS has no transit peptides

or other sequences that will lead to localization in organelles or
to secretion. Currently, most identified members of the BAHD
family are thought to be localized to the cytosol,23 while
MtMaT1 is nucleocytoplasm-localized, and the C-terminal
DFGWG motif is necessary for its localization.27 To
experimentally verify the subcellular localization of SmRAS,
the full length SmRAS coding sequence was fused in-frame to
the N-terminus of enhanced GFP. The constructs SmRAS-GFP
and GFP alone were introduced into protoplasts isolated from
etiolated rice stems. As shown in Figure 4E−H, the
fluorescence of the SmRAS−GFP fusion was distributed in
both the cytoplasm and nuclei, as was GFP itself (Figure 4I−L),
and this result was confirmed by tobacco leaves injection
experiment. These observations support the idea that SmRAS is
clearly localized not only in the cytoplasm but also in nuclei.
SmRAS antisense transgenic S. miltiorrhiza hairy root lines

were established to investigate the influence of RAS
interruption for phenolic acid biosynthesis. SmRAS was

successfully suppressed through genetic manipulation. Its
transcription level was decreased in each transgenic line with
the average being 45% of control. Especially in the R5 line, the
transcript level decreased to about 24% of the CK line (Figure
5A). Meanwhile, the transcript profile analysis of the R5 line

showed a depression of SmRAS and also variably affected the
transcription level of several other RA biosynthetic genes. PAL1
and C4H, the genes encoding the enzymes catalyzing the first
two steps of the phenylpropanoid pathway, were down-
regulated dramatically. Two 4CL genes, 4CL1 and 4CL2,
were regulated in different manners. The gene 4CL2 was down-
regulated slightly; however, in contrast, 4CL1 was up-regulated
2-fold that of the control. TAT, which catalyzed the first steps
on the tyrosine branch, was down-regulated slightly, whereas
the other two genes, HPPD and HPPR, were up-regulated
about 2- and 1.5-fold compared with the control, respectively.
The transcription level of CYP98A14 was dramatically
decreased (Figure 5B). The content of RA and LAB in
transgenic hairy root lines was determined by triple-quadrupole
mass spectrometry in order to investigate the correlation
between SmRAS and the accumulation of phenolic acids.
Compared with the CK lines (RA: 5.41 mg g−1 DW, LAB: 6.07

Figure 5. Analysis of gene expression and pheolic acid accumulation in
SmRAS-antisesnse hairy root lines. (A) Quantification of the
transcriptions of SmRAS in different transgenic lines. (B) Quantifica-
tion of the transcription levels of RA biosynthetic genes in SmRAS-
antisense hairy root line R5. (C) RA and LAB accumulation in
SmRAS-anisense hairy root lines. Asterisk indicates that difference is
significant at p < 0.05 compared with CK. CK: vector control; R1-R5:
RAS-antisense lines.
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mg g−1 DW), the accumulation of RA and LAB was obviously
decreased in transgenic lines to 59% and 42% of control on
average (Figure 5C). The maximum decrease was detected in
the line R5 with 0.95 mg g−1 DW of RA and 1.34 mg g−1 DW
of LAB. This result closely correlated with the transcription
pattern of SmRAS in the antisense lines.
Isolation and Characterization of SmCYP98A14.

SmCYP98A14 cDNA encodes an ORF of 1524 nucleotides,
corresponding to a 508-amino-acid protein with a calculated
molecular mass of 57 kDa and a pI of 8.23 (GenBank accession
no. HQ316179). The protein encoded by this cDNA has 87%
and 77% amino acid identity to the CYP from C. blumei8 and O.
basilicum,28 respectively. The CYP98A14 amino acid sequence
revealed elements generally found in the CYP98 family, for

example, the proline-rich region, the O2 binding site,29 the
PERF motif,30 and the heme binding, cysteine motif31 (Figure
6A).
Fifteen CYP98A proteins, which have been characterized by

their enzyme activities as 4-hydroxycinnamoyl shikimate/
quinate 3-hydroxylases or 4-coumarate 3-hydroxylases, were
collected for phylogenetic analysis (Figure 6B). SmCYP98A14
was grouped with CYP98A14 from C. blumei8 and
CYP98A13v1 from O. basilicum.28 C. blumei CYP98A14 was
reported to only accept RA-like esters,8 and CYP98A13s most
actively catalyzed the 3-hydroxylation of 4-coumaroyl shiki-
mate/quinate, also with low efficiency for the hydroxylation of
hydroxyphenyllactate esters.28

Figure 6. Characterization, expression, phylogenetic analysis, and subcellular localization of SmCYP98A14 protein. (A) Comparison of the predicted
amino acid sequence of SmCYP98A14 with related proteins. S. miltiorrhiza CYP98A14 sequence (SmCYP98A14, HQ316179) was aligned with
CYP98A14 from C. blumei (CbCYP98A14, AJ427452), CYP98A1 from S. bicolor (SbCYP98A1, AF029856), p-coumarate 3-hydroxylase from P.
taeda (PtCYP, AY064170), p-coumaroylshikimate 3′-hydroxylase from O. basilicum (ObCYP, AY082612), p-coumaroyl 3′-hydroxylase from C.
canephora (CcCYP, DQ269127), and hydroxylase-like cytochrome P450 from C. acuminata (CaCYP, AY466856) using Clustal X. This alignment
was shaded using GENEDOC. Identical and similar amino acids are shaded in black and gray, respectively. Boxes indicate the proline-rich region, the
O2 binding site, the PERF-motif locationed, and the heme binding cysteine motif, respectively. (B) Phylogenetic tree of CYP98As, including
CYP98A14. The tree was constructed by neighbor-joining distance analysis by MEGA 5.05. Details about the proteins in the phylogenetic tree can
be found in the Supporting Information. (C) Tissue specificity expression of SmCYP98A14. (D) SmCYP98A14 expression under the induction of
MeJA. (E−L) Analysis of SmCYP98A14 subcellular localization. (E) A rice protoplast expressing CYP98A14-GFP showing green fluorescent signals.
(F) The same protoplast cell of panel E showing the chlorophyll autofluorescence signal in the plastids. (G) The merged signal of panels E and F.
(H) Bright-field image of panel E. (I) A rice protoplast expressing GFP showing green fluorescent signals. (J) The same protoplast cell of panel I
showing the chlorophyll autofluorescence signal in the plastids. (K) The merged signal of panels I and J. (L) Bright-field image of panel I. Bars = 5
μm.
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SmCYP98A14 was expressed significantly high in roots, but
weakly in stems and leaves (Figure 6C). SmCYP98A14 was
sensitive to MeJA, but with a different variation pattern
compared tothat of SmRAS. After treatment with 0.1 mM
MeJA, the expression level of SmCYP98A14 increased sharply
and peaked at 2 h with an increase of about 13-fold and then
decreased to the initial level after 12 h (Figure 6D).
Cytochrome P450 enzymes are usually anchored via their N

terminus on the cytoplasmic surface of the endoplasmic
reticulum (ER) with the main protein fold protruding on the
surface of the membrane.32,33 As a member of the P450 family,
SmCYP98A14 has a transmembrane domain (amino acids 2−
21), as detected by the TMHMM v2.0 program, and was
predicted to be probably localized to ER by PSORT (http://
psort.nibb.ac.jp/form.html). To experimentally verify the
subcellular localization of SmCYP98A14, we introduced
SmCYP98A14-GFP fusion and the GFP alone control, driven
by the CaMV35S promoter, into protoplasts isolated from
etiolated rice stems. As expected, SmCYP98A14-GFP behaved
as typical endoplasmic reticulum proteins (Figure 6E−H),
whereas GFP were evenly distributed in the cytoplasm and the
nucleus (Figure 6I−L). Therefore, the hydroxylation step
catalyzed by SmCYP98A14 is taking place in ER.
SmCYP98A14 antisense transgenic S. miltiorrhiza hairy root

lines were established to investigate the effect of SmCYP98A14
interruption on phenolic acid biosynthesis. In comparison with
the CK line, expression of SmCYP98A14 was decreased in each
of the CYP98A14-antisense transgenic lines with an average of
40% of control line. Especially in the C4 line, the expression
was decreased to 22% of the control line (Figure 7A). The
transcription level of the genes involved in the pathway was also
changed, with a pattern similar to that of the SmRAS-antisense
lines. The genes PAL1, C4H, and 4CL2 were all down-
regulated, while 4CL1 was increased about 2-fold. TAT showed
a slight decrease, whereas HPPR and HPPD were up-regulated,
and the RAS was suppressed slightly (Figure 7B).
The contents of RA and LAB in the CYP98A14-antisense

transgenic lines were decreased to 44% and 81% of control on
average compared with the CK line (12.25 mg g−1 DW of RA,
9.73 mg g−1 DW of LAB) (Figure 7C). The largest decrease in
levels of RA was observed in the C4 line (3.59 mg g−1 DW of
RA), a decrease to 28% that of the CK line. However, the
changes of LAB concentration were more moderate with only
mild effects.
Discussion. The initial steps for RA biosynthesis in S.

miltiorrhiza were in accordance with those in C. blumei,7 which
belongs to the general phenylpropanoid pathway and tyrosine-
derived pathway. In the 13C6-Phe feeding experiment, 13C6-4C-
pHPL and 13C6-Caf-pHPL were not detected, whereas 13C6-
4C-DHPL was detected at 2 h. In C. blumei, 4C-pHPL was
considered as the precursor for 4C-DHPL and Caf-pHPL.
However, the absence of 4C-pHPL and Caf-pHPL in S.
miltiorhiza suggested that 4C-DHPL might be directly formed
by SmRAS rather than by 3-hydroxylation from 4C-pHPL. The
substrates for the direct formation 4C-DHPL might be 4-
coumaroyl-CoA and DHPL. This hypothesis was also
supported by the feeding experiment (Supplementary Figure
S1). A recent report concerning RAS substrate specificities in C.
blumei, which showed the apparent Km values of CbRAS for
DHPL (1.8 μM) and pHPL (9.2 μM) are different from the
former results, which had suggested pHPL is the preferred
substrate for RAS, also supported the present hypothesis.16

The last two steps in RA biosynthesis are 3-/3′-hydroxylation
and are catalyzed by CYP98A14 in C. blumei.8 Only one
substrate, 4C-DHPL, for CYP98A14 was detected in feeding
experiments. This result implies that the 3-hydroxylation of 4C-
pHPL and the 3′-hydroxylation of Caf-pHPL might not be
occurring for RA biosynthesis in S. miltiorrhiza due to the
absence of these substrates. Content determination of the
extracts obtained from lavender flowers showed that only RA (2
mg g−1) and its biogenetic precursor 4C-DHPL (0.15 mg g−1)
could be found; other potential products of RAS catalysis could
not be detected.25 This result is in accordance with the present
observations that 4C-DHPL is the only ester intermediate for
RA biosynthesis in S. miltiorrhiza.
The specific enzymes of the RA biosynthetic pathway were

RAS and cytochrome P450 monooxygenase, which have been
characterized in C. blumei and Lithospermum erythrorhizon.8,24,34

However, these two enzymes have not yet been revealed in S.
miltiorrhiza. Using a functional genomic approach, the cDNAs
of SmRAS and SmCYP98A14 were isolated. RAS is a member
of the BAHD acyltransferase family, which was reported to be
highly expressed in stem of poplar and Arabidopsis.26 The high

Figure 7. Analysis of gene expression and phenolic acid accumulation
in SmCYP98A14-antisesnse hairy root lines. (A) Quantification of the
transcription levels of SmCYP98A14 in different transgenic lines. (B)
Quantification of the transcription level of RA biosynthetic genes in
the SmCYP98A14-antisense hairy root line C4. (C) RA and LAB
accumulation in SmCYP98A14-anisense hairy root lines. Error bars
show the standard deviations of independent lines. Asterisk indicates
that difference is significant at p < 0.05 compared with CK. CK: vector
control; C1−C5: SmCYP98A14-antisense lines.
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Figure 8. Proposed phenolic acid biosynthesis pathway in S. miltiorrhiza, which was drawn according to isotope tracer experiment results (denoted in
red) and the rosmarinic acid biosynthesis pathway in C. blumei, which was previously reported by Petersen et al.7 (denoted in blue). The solid line
represents the verified biosynthesis process, whereas the dotted line represents the proposed biosynthetic process, which has not yet been verified by
the identification of specific enzyme-mediated catalytic reactions.
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expression level of SmRAS in roots and stems indicated a
potential role in the formation of phenolic acids. The
expression patterns of SmCYP98A14 were somewhat different
compared with those of most CYP98A P450 subfamily
members, which are highly expressed in stem and vascular
bundles.35 SmCYP98A14 demonstrated strong expression in
roots, but weak expression in stems and leaves. This result
indicated that SmCYP98A14 is specifically participating in the
RA biosynthesis in roots, which was considered as the main
organ for the synthesis and accumulation of phenolic
compounds.
SmRAS was induced significantly by MeJA like the other

BAHD family genes such as MtMAT1, MtMAT2 in Medicago
truncatula,27 and AtESP1 in Arabidopsis.36 CYP98A14 re-
sponded to MeJA induction quickly, peaking at 2 h with 13-
fold increase. This was in accordance with the study in L.
erythrorhizon cell suspension cultures that the expression of
CYP98A6 was massively stimulated after MeJA treatment.34

Antisense successfully suppressed SmRAS and SmCYP98A14
expression, followed with decreased RA and LAB accumulation
in hairy root lines. These results provided solid in vivo proof
that the two genes were involved in RA and LAB biosynthesis
pathway.
Our previous research presumed that the biosynthetic route

of LAB was as follows: RA and caffeic acid were catalyzed by an
enzyme to synthesize an intermediate lithospermic acid (LA),
and then LA reacted with DHPL to synthesize LAB through a
spontaneous esterification process.18 However, in this 13C
tracer experiment, the predicted intermediate, LA, was not
detected, but rather SAE was observed to be the proposed
intermediate for LAB. The dimerization process of hydrox-
ystilbenes, which have similar aromatic rings as RA, has been
well studied.21 On the basis of the present results, it is
hypothesized that a similar reaction mechanism might be
operational in S. miltiorrhiza. Reports concerning the oxidative
dimerization of hydroxystilbenes showed that this reaction was
catalyzed by a basic oxidase, a laccase, in different plant
species.37,38 Here it is proposed that laccase was the potential
enzyme that involved in the synthetic process between RA and
LAB (Supplementary Figure S2). Thus, the gene encoding
laccase (SmLAC) was first isolated from S. miltiorrhiza, and the
SmLAC protein was successfully expressed in E. coli
(Supplementary Figure S3). Subsequently, feeding experiments
were conducted to examine the enzyme activity: SmLAC
successfully oxidized 2,2′-azinobis(3-ethylbenzthiazoline-6-sul-
fonate) (ABTS) to afford a green color after incubation, and
meanwhile the RA concentration was also found to dramatically
decrease, although the catalytic product was not observed
(Supplementary Figure S4). These results demonstrated the
important role of SmLAC in catalyzing RA in vitro. However,
this remains to be investigated in further studies, including as in
vivo experiment.
In conclusion, the biosynthesis of phenolic acids in S.

miltiorrhiza starts with L-phenylalanine and L-tyrosine, which
are separately transformed to the intermediates 4-coumaroyl-
CoA and DHPL. The transformation of L-phenylalanine is
catalyzed by the enzymes of the general phenylpropanoid
pathway, PAL, C4H, and 4CLs. Tyrosine is transformed by
TAT to 4′-hydroxyphenylpyruvic acid (pHPP), which is then
reduced to pHPL by HPPR, and then the 3′-hydroxyl group is
introduced by an unknown cytochrome P450-dependent
monooxygenase to form DHPL. The two intermediates are
coupled by ester formation, and the released 4C-DHPL is

catalyzed by RAS. The 3′-hydroxyl group is finally introduced
by CYP98A14 to afford RA. The subsequent steps are proposed
to be catalyzed by laccase, which could oxidize RA to the
phenoxyl radicals “A” and “B”. The coupling of one radical “A”
and one radical “B”, followed by tautomeric rearrangement and
intramolecular nucleophilic attack yields the intermediate
quinone “C”. Subsequently, the quinone “C” is converted to
LAB by way of SAE or may be directly converted to LAB by
spontaneous reaction. Additionally, caffeic acid and feruloyl-
3′,4′-dihydroxyphenyllactic acid are involved in this pathway as
bypass products (Figure 8).
The current study expands the knowledge of phenyl-

propanoid derived metabolism and explains the in vivo phenolic
acid biosynthetic process in S. miltiorrhiza. This work also sheds
light on how to effectively elucidate the pathways of secondary
metabolite biosynthesis for further genetic engineering or for
the quality control of medicinal plants.

■ METHODS
Plant Material, Chemicals, and Radiochemicals. Details on the

plant material, the chemicals, and the labeled chemicals can be found
in the Supporting Information.

Labeling Experiments, Screening, and Identification of
Labeled Compounds. The stable isotope labeling method is
described in the Supporting Information. Screening and the
identification of the labeled compounds using UPLC/Q-TOF-MS
follows the methods described in the Supporting Information.

LC−MS/MS Analysis. The content of RA and LAB from the
Lamiaceae plants, namely, S. miltiorrhiza from different habitats and S.
miltiorrhiza transgenic hairy root cultures, were analyzed by LC−MS/
MS according to the methods described in the Supporting
Information.

Gene Clone, Subcellular Localization, and Transgenic
Analysis. The information about the gene cloning and phylogenetic
analysis of SmRAS and SmCYP98A14 can be found in the Supporting
Information. The details regarding the antisense vector construction
and plant transformation can be found in the Supporting Information.
Subcellular localization analysis followed the method described in the
Supporting Information.

Statistical Analysis. Statistical analysis was performed with SPSS
13.0 software. Analysis of variance (ANOVA) was followed by Tukey’s
pairwise comparison tests, at a level of p < 0.05, to determine
significant differences between means.
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