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Abstract The shikonin derivatives, accumulated in the roots of Arnebia euchroma
(Boraginaceae), showed antibacterial, anti-inflammatory, and anti-tumor activities. To explore
their possible biosynthesis regulation mechanism, this paper investigated the effects of exog-
enous methyl jasmonate (MJ) on the biosynthesis of shikonin derivatives in callus cultures of
A. euchroma. The main results include: Under MJ treatment, the growth of A. euchroma callus
cultures was not inhibited, but the expression level of both the genes involved in the
biosynthesis of shikonin derivatives and their precursors and the genes responsible for
intracellular localization of shikonin derivatives increased significantly in the Red Strain
(shikonin derivatives high-producing strain). The quantitative analysis showed that six out
of the seven naphthoquinone compounds under investigation increased their contents in the
MJ-treated Red Strain, and in particular, the bioactive component acetylshikonin nearly
doubled its content in the MJ-treated Red Strain. In addition, it was also observed that the
metabolic profiling of naphthoquinone compounds changed significantly after MJ treatment,
and the MJ-treated and MJ-untreated strains clearly formed distinct clusters in the score plot of
PLS-DA. Our results provide some new insights into the regulation mechanism of the
biosynthesis of shikonin derivatives and a possible way to increase the production of
naphthoquinone compounds in A. euchroma callus cultures in the future.
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Abbreviations

AeAP Arnebia euchroma apoplastic protein gene
AeC4H Arnebia euchroma cinnamic acid 4-hydroxylase gene
Ae4CL Arnebia euchroma 4-coumarate:CoA ligase gene
AeDI2 Arnebia euchroma darkinducible gene 2
GPP Geranyl diphosphate
AeGPPS Arnebia euchroma geranyl pyrophosphate synthase gene
4-HB 4-Hydroxybenzoate
AeHMGR Arnebia euchroma 3-hydroxy-3-methylglutarylcoenzyme A reductase gene
AePGT Arnebia euchroma p-hydroxybenzoate 3-geranyltransferase gene
2,4-D 2,4-Dichlorophenoxyacetic acid
DW Dry weight
KT 6-Furfurylaminopurine
IAA Indoleacetic acid
MJ Methyl jasmonate

Introduction

Shikonin and related naphthoquinone compounds are natural lipophilic red pigments existing
in many plant species of the Boraginaceae family [1]. Shikonin has been used in China for
over thousands of years for the treatment of macular eruptions, measles, sore throat, carbun-
cles, and burns [2]. Shikonin and its derivatives exhibit multiple biological functions including
antioxidative, anti-inflammatory, anti-gonadotropin, immune regulation, anti-cancer, and anti-
HIV-1 properties [3]. Tabata, Mizukami, Hiraoka, & Konoshima [4] first reported the produc-
tion of shikonin derivatives by Lithospermum erythrorhizon callus cultures, and since then,
several cell culture systems for L. erythrorhizon have been established in order to produce
large amounts of shikonin and its derivatives. At the same time, intensive efforts have been
made to identify the regulatory factors controlling shikonin biosynthesis [5].

The key precursors for the biosynthesis of the shikonin skeleton are 4-hydroxybenzoate (4HB)
derived from the phenylpropanoid pathway, and geranyl diphosphate (GPP) produced by the
isoprenoid pathway (Fig. 1). The biosynthesis of shikonin includes a key prenylation step
catalyzed by geranyl diphosphate: 4-hydroxybenzoate 3-geranyltransferase (PGT), i.e., the cou-
pling of the phenylpropanoid and isoprenoid pathways [6]. PGT plays a critical role in the
regulation of shikonin biosynthesis, and upregulation and downregulation of its activity directly
affect the production of shikonin derivatives in cell cultures [6]. In addition, many other genes
encoding for enzymes involved in the biosynthetic pathway of phenylpropanoid and isoprenoid,
such as the phenylalanine ammonia lyase gene (PAL) [1, 7], the cinnamic acid 4-hydroxylase gene
(C4H) [8], the 4-coumarate:CoA ligase gene (4CL) [9], the 3-hydroxy-3-methylglutaryl coenzyme
A reductase gene (HMGR) [10], and the geranyl pyrophosphate synthase gene (GPPS) [11], have
also been reported as being involved in the regulation of shikonin biosynthesis (Fig. 1).

Besides the key genes encoding for enzymes in the shikonin biosynthetic pathway, several
other genes are also involved in the regulation of shikonin biosynthesis. Zhang et al. [12]
found that the LeERF-1 gene, which is a putative ethylene response factor, might be a crucial
positive regulator in the biosynthesis of shikonin. Yazaki, Matsuoka, Shimomura, Bechthold,
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& Sato [13] reported that the downregulation of LeDI-2, a dark inducible gene of
L. erythrorhizon, could decrease shikonin accumulation. Yamamura, Sahin, Nagatsu, and
Mizukami [14] reported that the apoplastic protein2 (LEPS-2), a novel cell wall protein, might
be involved in the intra-cell wall trapping of shikonin pigments.

In addition to gene regulation, various biotic and abiotic factors, such as light irradiation
[14, 15], ammonium ions, the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D),
oligogalacturonide (OG) [16], ethylene [17], Cu2+ [18], fungal elicitors [19], and methyl
jasmonate (MJ) [20], have also been found to play important roles in regulating the biosyn-
thesis of shikonin derivatives. Among these factors, methyl jasmonate, as one of the signaling
molecules of the jasmonate family, was able to induce the production of antioxidant defense
enzymes and secondary metabolites in some plants and cell cultures [21]. Yazaki, Takeda, &
Tabata [20] reported that methyl jasmonate caused a rapid increase in the activities of enzymes
involved in the biosynthesis of shikonin, such as PGT, which was followed by a rapid
accumulation of dihydroechinofuran and a delayed production of shikonin in
L. erythrorhizon. Sakunphueak and Panichayupakaranant [22] found that elicitation with MJ
increased production of naphthoquinones in Impatiens balsamina root cultures. Wang et al.
[23] reported that exogenous methyl jasmonate increased the biosynthesis of sesquiterpene
lactone artemisinin and its precursors in Artemisia annua plants.

Arnebia euchroma (Royle) Johnst, a traditional Chinese medicinal plant, is a perennial
herb. The roots of A. euchroma are rich in naphthoquinone compounds, such as alkannin,
shikonin, and their derivatives. Compared with L. erythrorhizon, A. euchroma is much richer
in red pigments and is regarded as an even better source of shikonin-related compounds [1]. In

Fig. 1 The proposed biosynthetic pathway leading to shikonin and its biosynthetically related products [14].
C4H cinnamic acid 4-hydroxylase, 4CL 4-coumarate:CoA ligase,DMAPP dimethylallyl pyrophosphate,GHB 4-
geranyl hydroxybenzoic acid, GHQ geranyl hydroquinone, GPP geranyl diphosphate, GPPS geranyl pyrophos-
phate synthase, 4HB 4-hydroxybenzoic acid, HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A, HMGR 3-
hydroxy-3-methylglutaryl coenzyme A reductase, IPP isopentenyl diphosphate, MVA mevalonic acid, PAL
phenylalanine ammonia lyase, and PGT geranyl diphosphate:4-hydroxybenzoic acid geranyl transferase
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order to protect the wild resources of A. euchroma, Li, Wu, Ye, Lu, and Xiang [24] established
a callus culture system of A. euchroma for the production of shikonin pigments and obtained a
red strain rich of shikonin derivatives and a white strain almost absent of shikonin derivatives.
In this paper, both the two A. euchroma callus strains, with their marked differences in
shikonin derivatives biosynthetic ability, were treated with exogenous MJ and the effects of
MJ treatment on the biosynthesis of shikonin derivatives were investigated. The results
showed that MJ treatment could significantly increase the biosynthesis of bioactive shikonin
derivatives and could be used as a way to increase the production of naphthoquinone
compounds in A. euchroma callus cultures in the future.

Materials and Methods

Callus Cultures and MJ Treatment

The callus cultures of A. euchroma (Royle) Johnst used in this study were obtained from the
Key Laboratory of Plant Molecular Physiology, Institute of Botany, Chinese Academy of
Sciences, Beijing, China [24]. The calli were cultured on AG-7 medium [modified mass
spectroscopy (MS) medium supplemented with 0.1 mg/l vitamin B1, 0.2 mg/l indoleacetic
acid (IAA), and 1.0 mg/l 6-furfurylaminopurine (KT)] at 25 °C in the dark and subcultured
every 25 days. The reddish portions of the calli were selectively subcultured and a callus strain
with higher shikonin derivatives content (hereinafter referred to as Red Strain) was established
after six successive selective subcultures. In addition, the other callus strain without shikonin
derivatives (hereinafter referred to as White Strain) was also established by selectively
subculturing the whitish portions of the callus cultures with six successions.

MJ dissolved in 0.8 % (v/v) alcohol was added to the AG-7 medium and the final MJ
concentration was 3.67 μM, whereas with the untreated control, only 0.8 % (v/v) ethanol was
added to the AG-7 medium. After treatment, both the Red Strain and the White Strain were
cultured at 25 °C in dark. The cultures were harvested at 11, 18, 25, 32, and 40 days after
inoculation. Then the callus cultures were dried at 40 °C and the dryweights (DWs) were recorded.

Reagents and Standards

Analytical grade methanol, petroleum ether (30–60 °C), ethyl acetate, 95 % alcohol and
acetonitrile (BJchem, Beijing, China) were used for preparing the samples. High-
performance liquid chromatography (HPLC)-grade methanol and acetonitrile were purchased
from Tedi, USA, and deionized water was purchased from Wahaha (Hangzhou, China).
Formic acid and methyl jasmonate (95 % v/v) were purchased from Sigma-Aldrich.

The chemical reference substance, shikonins (S, 110769-200405), was purchased from the
National Institutes for Food and Drug Control (Beijing, China), acetylshikonin (AS,
11122931) and lithospermic acid (LA, E-0625) were purchased from Tauto Biotech
(Shanghai, China), deoxyshikonin (DS, C23420C), β,β-dimethylacrylshikonin (β,β-dimeth-
yl- acrylshikonin, C140492C), isobutylshikonin (IBS, A11000A), and isovalerylshikonin
(IVS, C01830C) were purchased from TCI (Tokyo, Japan).

Extraction and HPLC Analysis of Shikonin Derivatives

As described in the “Callus Cultures and MJ Treatment” section, the dried callus cultures of
the control and the MJ treatment harvested at different sample points were ground into powder.
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Exactly 2.5 g of the dried powder was extracted with 30 ml of petroleum ether (30–60 °C) in an
ultrasonic bath for 20 min. After filtering, the filtrate was evaporated to dryness in a vacuum at
38 °C and then the residue was re-dissolved in 50 ml of acetic ether for the next extraction.
Following the steps mentioned above, acetic ether, 95 % alcohol, and acetonitrile were used to
gradually extract the residue. The temperature used for evaporating to dryness in the vacuumwas
45, 60, and 45 °C, respectively. Vacuum-dried residues were obtained at every step. Following
this, the dried residues from each step were re-dissolved in methanol and then all the solutions
were mixed together. After filtering through a 0.2 μmmembrane filter, the mixed solutions were
made up to a volume of 10 ml. Finally, the solutions were stored at 4 °C until required.

Using the methods (with some modifications) described by Kim et al. [25], the chromato-
graphic separation was achieved using an Agilent 1200 liquid chromatograph (Agilent
Technologies, Palo Alto, CA, USA) equipped with a quaternary HPLC pump, a degasser, an
autosampler and a UV detector (VWD). For chromatographic analysis, an Agilent ZORBAX
SB-C18 (250×4.6 mm, 5 μm) column was used. The mobile phase for HPLC consisted of
solvent A (0.03 % formic acid in water) and solvent B (acetonitrile). The solvent gradient was
as follows (relative to solvent A): 0 min, 20 % B; 10 min, 30 % B; 20 min, 45 % B; 30 min,
55 % B; 40 min, 70 % B; 50 min, 85 % B; and 60 min, 85 % B. The flow rate was 1.0 ml/min
and the injection volume was 6 μl. The eluent was detected at 254 nm and all the HPLC
analyses were performed at 30 °C.

Quantitative Determination of Shikonin Derivatives

Reference samples (10 mM) of lithospermic acid, shikonin, acetylshikonin, deoxyshikonin,
isobutylshikonin, β,β-dimethylacrylshikonin, and isovalerylshikonin were dissolved in meth-
anol. The reference samples were diluted into different ratios by methanol. The diluted
reference samples were detected by HPLC. The standard curves were drawn according to
the chromatographic peak areas and the contents of reference samples. Finally, the contents of
shikonin derivatives in the extraction of callus cultures were calculated according to the
standard curves.

Data Conversion and Multivariate Analysis

For quantitative analysis, the chromatogram peak integral areas were calculated using the
software that came with the Agilent HPLC equipment. The peaks in every assay were arrayed
and adjusted by retention time. The data were organized by MS Office Excel. The results were
represented as mean ± standard deviations (SD) and tested by paired Student’s t test. The peak
areas were evaluated by the least squares analysis (PLS-DA) using the SIMCA-P software
program (Umetrics AB, Umea, Sweden).

Gene Expression Analysis by Quantitative Real-Time PCR

Both the MJ-treated strains (Red Strain and White Strain) and the MJ-untreated strains (Red
Strain andWhite Strain) at different sample points were harvested and frozen in liquid nitrogen
and then stored at −80 °C until they were needed. RNA was extracted from 200 mg of the
callus cultures using the RNA simple total RNA kit (Tiangen, Beijing, China) and quantified
spectrophotomically at 260 nm (Fulitai UV-1600PC, Shenzhen, China). Quality was checked
using the A 260/A 280 ratio calculation with an acceptable ratio of between 1.9 and 2.0.
Exactly 1 μg total RNAwas reverse transcribed into cDNA using One-Step cDNA Removal
and cDNA Synthesis SuperMix (TransGen, Beijing, China).
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In order to select a reference gene suitable for the experimental conditions used in this
study, five potential reference genes, namely, actin, 18s-RNA, 28s-RNA, GAPDH (glyceral-
dehyde- 3-phosphate dehydrogenase), and Ef-1a (Elongation factor 1a), were tested. Since the
expression of actin, 18s-RNA, 28s-RNA, and GAPDHwere also affected by MJ treatment, but
the expression of Ef-1a was hardly affected by MJ treatment. Therefore, Ef-1a was chosen as
the reference for our studies. The primers were designed to generate an amplicon size of
between 100 and 250 base pairs. The primers used in this study are listed in Table 1. The PCR
products were sequenced to confirm their identity. Quantitative real-time PCR was performed
in 96-well reaction plates on an Mx3000P real-time PCR system (Stratagene). The following
thermal profile was used for all PCR reactions: 95 °C for 5 min, 40 cycles of 95 °C for 15 s,
57 °C [51 °C for A. euchroma 4-coumarate:CoA ligase gene (Ae4CL) and A. euchroma
cinnamic acid 4-hydroxylase gene (AeC4H)] for 15 s, and 72 °C for 30 s. The dsDNA melting
curve analysis was carried out in order to ensure amplicon specificity. Each reaction was
performed in a 10 μl solution containing 200 nM of each primer, 1 μl of cDNA (1:50) and 5 μl
of TransStart Green qPCR SuperMix UDG. Quantitative PCR was performed in three
independent experiments with three samples each [26]. Finally, the melt curves and the fold-
change expression data were analyzed using Comparative Quantitation (Calibrator) software
(Stratagene).

Results and Discussion

Effects of MJ on the Cell Growth of A. euchroma Callus

As shown in Fig. 2, MJ treatment has no influence on callus growth at dry weight basis.
During a 40-day-monitored growth cycle, the dry weights of all the callus tissues greatly

Table 1 Primers used for the gene expression analysis

Gene GenBank
accession
numbers

Description Sequence (5′ to 3′)

AeDI2 DQ395087 Arnebia euchroma dark-induced factor F: TCACCTTCTCAACTTAATCCATCT

R: TGCCAACTTCACTTATTTCAAACA

AePGT DQ395088 A. euchroma geranyl-geranyl
diphosphate synthase

F: CGCCTACCCGCTTTACATTT

R: CATCCTACTCCGAACCAACTAATC

AeGPPS DQ453140 A. euchroma geranyl-pyrophosphate
synthase

F: AGGGTCCGTCCTATTGTTTGTA

R: GGCTGTTGGCATCACTGTT

AeHMGR DQ993357 A. euchroma 3-hydroxy-3- methyl
glutaryl coenzyme A reductase

F: AGTTGCTCTTGTTGCTTCTTCA

R: CTCTTCCTCTTCCTCTTCTTCA

AeAP DQ400697 A. euchroma apoplastic protein gene F: CTCTCCATCCTCCTCTTCATCA

R: CTTCGTCCGTTCCGTTCAT

Ae4CL DQ445051 A. euchroma 4-coumarate: CoA ligase F: AGGCGACGGAGAGAACAATA

R: ACGGCAGCATCAGAGACT

AeC4H DQ395087 A. euchroma cinnamic acid 4-hydroxylase F: TCTCAGTCATCATTGCCATTGT

R: TTTGTCCCATCCGAAGAAGG

AeEf-1a AB026185 A. euchroma elongation factor 1a F: AGTCATTCGGGTTCTCAAGTCA

R: AGATAGTGGTGTCATTTGCTCCT
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increased from 11 to 25 days and remained at a relatively stable level from 25 to 32 days. After
32 days, the dry weights decreased due to a decline in the growth of the callus tissues.
Figure 2a showed that the dry weight of the MJ-treated Red Strain was slightly more than
that of the MJ-untreated strain. Compared with the Red Strain, MJ treatment had a relatively
small impact on the cell growth of the White Strain (Fig. 2b). These results showed that the MJ
treatment did not significantly affect the cell growth of A. euchroma callus tissues.

Effects of MJ on Naphthoquinone Metabolites in A. euchroma Callus

In order to investigate the effects of MJ treatment on the biosynthesis of naphthoquinone
compounds in the callus tissues of A. euchroma, the crude extraction of both the MJ-treated
andMJ-untreated callus (for both Red Strain andWhite Strain) was analyzed by HPLC and the
results were shown in Fig. 3. As it can be seen from Fig. 3, more than 11 principal
naphthoquinone peaks were detected by PDA at 254 nm in both the MJ-treated (Fig. 3b)
and MJ-untreated Red Strain (Fig. 3a). But for the White Strain untreated with MJ, only
lithospermic acid and a polyketide macrolide (des-O-methyllasiodiplodin) were detected by
PDA at 254 nm. After MJ treatment, the content of des-O-methyllasiodiplodin increased
significantly in the MJ-treated White Strain (Fig. 3c, d). des-O-methyllasiodiplodin belongs
to polyketide macrolides, which are typical fungal metabolites and not often isolated from
plants. The underlying reasons for the increase of des-O-methyllasiodiplodin in the MJ-treated
White Strain might be that the White Strain contained fewer naphthoquinone compounds than
the Red Strain and when they were subjected to exogenous MJ treatment, the cells increased
biosynthesis of des-O-methyllasiodiplodin in order to adapt to stimulation of MJ treatment.

By using shikonin derivative standard compound substances, the contents of seven
shikonin derivatives in the callus tissues of A. euchroma were analyzed quantitatively and
the results obtained during a 40-day growth cycle were shown in Fig. 4. It can be seen from
Fig. 4, except for lithospermic acid, that the contents of all the other six shikonin derivatives in
the MJ-treated callus tissues were higher than that of their untreated counterparts. In addition,
the lithospermic acid content in the MJ-treated Red Strain was lower than that of the MJ-
untreated Red Strain (Fig. 4a). These results implied that the MJ treatment inhibited
lithospermic acid biosynthesis and enhanced the biosynthesis of the other shikonin derivatives.
This could be explained by the changes of gene expression after MJ treatment (Fig. 6). From

Fig. 2 Time course of dry weight in Arnebia euchroma callus tissues during a 40-day growth cycle. a Time
course of dry weight (DW) in MJ-untreated Red Strain (Red) and MJ-treated Red Strain (MJ + Red). b Time
course of dried weight (DW) in MJ-untreated White Strain (White) and MJ-treated White Strain (MJ + White).
Values are the means ± SD of three independent experiments. Significant differences: *P<0.05, **P<0.01

2204 Appl Biochem Biotechnol (2014) 173:2198–2210



Fig. 6, it can be seen that the expression of the downstream gene of shikonin biosynthesis, such
as A. euchroma p-hydroxybenzoate 3-geranyltransferase gene (AePGT), is much highly
induced compared to the upstream genes like AeC4H and Ae4CL in the MJ-treated Red
Strain; therefore, more metabolic flux was consumed by AePGT to produce shikonin

Fig. 3 HPLC chromatogram of crude extraction from the callus tissues of Arnebia euchroma at 254 nm. a
Chromatograms of crude extraction from the Red Strain; b Chromatograms of crude extraction from the Red
Strain treated with exogenous MJ; c Chromatograms of crude extraction from the White Strain; d Chromato-
grams of crude extraction from the White Strain treated with exogenous MJ; e Chromatograms of shikonin
derivative compounds standard mixture. Peak Nos.: 1 lithospermic acid, 2 shikonin, 3 acetylshikonin, 4
deoxyshikonin, 5 isobutylshikonin, 6 β,β-dimethylacrylshikonin, and 7 isovalerylshikonin. Peak Nos. 8–11
were not identified by HPLC
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derivatives, and instead, the metabolic flux toward lithospermic acid biosynthesis is decreased
and resulted in the content of lithospermic acid decreased in the Red Strain after MJ treatment.

The untreated White Strain did not contain acetylshikonin and isobutylshikonin. However,
after treatment with MJ, traces of the above naphthoquinone compounds could be detected in
the White Strain callus tissues (Fig. 4c, e). Consequently, it could be speculated that the
untreated White Strain were not able to synthesize some naphthoquinone compounds, but MJ
treatment might activate some factors involved in the biosynthesis of shikonin derivatives,
leading to forming traces of naphthoquinone compounds.

In the untreated Red Strain, the isovalerylshikonin content was the highest among all the
shikonin derivatives and reached 6.11 mg/g (DW) at 32 days (Fig. 4g). The second highest
shikonin derivative was acetylshikonin and reached 4.08 mg/g (DW) at 32 days, which means
the isovalerylshikonin content is 50 % higher than that of acetylshikonin in the untreated Red
Strain (Fig. 4c, g). After MJ treatment, the isovalerylshikonin content, though still was the
highest among all the shikonin derivatives and reached 9.08mg/g (DW) at 32 days (Fig. 4g), the
content of acetylshikonin was close to that of isovalerylshikonin and reached 8.79 mg/g at
32 days, an increase of more than 93 % compared with that of the untreated Red Strain at the
same culture period (Fig. 4c). Considering that theMJ treatment could significantly increase the
biosynthesis of acetylshikonin and that acetylshikonin is the main bioactive component of
A. euchroma anti-tumor activity reported in Ref. [27], we think the MJ treatment could be used
as a practical means to increase the production of acetylshikonin in A. euchroma callus cultures.

Fig. 4 Content of different shikonin derivatives in the Red Strain (Red), the White Strain (White), the Red Strain
treated with exogenous MJ (MJ + Red), the White Strain treated with exogenous MJ (MJ + White) during a 40-
day growth cycle. a Lithospermic acid, b shikonin, c acetylshikonin, d deoxyshikonin, e isobutylshikonin, f β,β-
dimethylacrylshikonin, and g isovalerylshikonin. Values were means ± standard deviations (SD) of three
independent experiments with three samples each. Significant differences: *P<0.05, **P<0.01
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The content of shikonin was, in general, very low in the untreated callus tissues at most
sample points (Fig. 4b), but shikonin content increased in the MJ-treated Red Strain cultured
for 11 and 32 days. This could be explained by the highly induction of AePGT and relatively
low induction of later genes (although they are not known) for adding R group to shikonin
skeleton in the MJ-treated Red Strain (Fig. 6); therefore, some shikonin accumulated in the
cells.

Naphthoquinone Metabolic Profiling Analysis of A. euchroma Callus

To further clarify the effects of MJ treatment on the metabolic profiling of naphthoquinone
compounds, the 11 principal compounds were subjected to multivariate analysis using partial
least squares discriminant analysis (PLS-DA) during the 40-day growth cycle. The selection of
these compounds was based on their HPLC chromatogram. As shown in Fig. 5, the MJ-treated
Red and White Strain and the untreated Red and White Strain were clustered into four distinct
clusters in the score plot of PLS-DA (Fig. 5), which means that the product profiles are indeed
very different with and without treatment.

The compounds were selected based on their variable importance in the projection (VIP)
values. In Table 2, the 11 principal compounds are listed according to their VIP values. The
compounds with VIP values greater than 0.8 were lithospermic acid, acetylshikonin, and an
unidentified compound (Peak No. 10), and these compounds can be used as promising targets
for future studies on the biosynthesis of shikonin derivatives and metabolic engineering.

Real-Time PCR Analysis of Gene Expression in MJ Treated A. euchroma Callus

After MJ treatment, the production of six naphthoquinone compounds increased in the MJ-treated
Red Strain (Fig. 4). In order to investigate the cause for the increase of shikonin biosynthesis, the
expression changes of several genes [Ae4CL, AeC4H, A. euchroma 3-hydroxy-3-

Fig. 5 PLS-DA score of Arnebia euchroma callus cultures (Red Strain and White Strain) treated with MJ and
without MJ. R2X(1)=0.698, R2Y(1)=0.27, Q2(1)=0.267; R2X(2)=0.796, R2Y(2)=0.305, Q2(2)=0.404. Red Red
Strain, MJ + Red Red Strain treated with exogenous MJ, White White Strain, and MJ + White White Strain
treated with exogenous MJ
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methylglutarylcoenzyme A reductase gene (AeHMGR), AePGT, A. euchroma darkinducible gene
2 (AeDI2), A. euchroma apoplastic protein gene (AeAP), and A. euchroma geranyl pyrophosphate
synthase gene (AeGPPS)] involved in shikonin biosynthesis in A. euchroma callus tissues were
examined by real-time RT-PCR (Fig. 6). The general trend of gene expression change in the Red
Strain was the expression level of Ae4CL, AeC4H, AeHMGR, AePGT, and AeAP increased from
18 to 25 days or 32 days after MJ treatment. Then their expression levels decreased significantly
after 25 or 32 days. The expression level changes of these genes displayed a time-dependent
pattern (Fig. 6a, b, c, e, g). Meanwhile, the expression level of AeGPPS remained at a relatively
stable level throughout the entire culture period of 40 days (Fig. 6d).

As shown in Fig. 1, Ae4CL, AeC4H, and AeHMGR were involved in the biosynthesis of
shikonin derivatives precursors and AePGTwas the key gene for the biosynthesis of shikonin
derivatives. By comparing the gene expression patterns of the MJ-treated and MJ-untreated
callus tissues (for both Red Strain and White Strain), as shown in Fig. 6b, c, e, the expression
level of AeC4H, AeHMGR, and AePGT in the MJ-treated Red Strain all increased by varying
degrees compared to the MJ-untreated Red Strain at 25 and 32 days, while the expression
levels of these genes in the White Strain were not affected by MJ treatment. These results
indicated that the MJ treatment enhanced the expression of the genes involved in the
biosynthesis of shikonin derivatives and their precursors in the Red Strain. In
L. erythrorhizon cell suspension cultures, it was reported that MJ treatment caused a rapid
increase in PGT enzyme activity [20], which is consistent with our results on gene expression
in A. euchroma callus tissues.

In L. erythrorhizon, the LePS-2 [14] and LeDI2 [13] genes, located in the cytoplasmic
membrane, were closely linked with shikonin biosynthesis and were involved in the intra-cell
wall trapping of shikonin pigments. Yazaki et al. [13] reported LePS-2 plays an important role
in controlling intracellular localization of shikonin and its precursors in the vesicles and in the
cell wall, and LeDI2 affects the stability or transport of the intracellular vesicles where
shikonin biosynthesis takes place. In this study, sequence homology analysis showed that
AeAP was homologous to LePS-2 and that AeDI2 was homologous to LeDI2. Therefore, the
function of AeAP and AeDI2 might be similar to LePS-2 and LeDI2, respectively. The real-
time RT-PCR results showed that the two genes were highly expressed in the Red Strain, but

Table 2 Principal compounds in PLS-DA of Arnebia euchroma callus cultures treated with and without MJ

Peak no. Rt (min) Compounds VIP Family

10 41.256 des-O-methyllasiodiplodina 2.09 Polyketide macrolides

1 6.58 Lithospermic acid 1.342 Phenolic acids

3 39.087 Acetylshikonin 0.825 Naphthoquinones

8 24.484 –a 0.79 Non-naphthoquinones

4 44.51 Deoxyshikonin 0.771 Naphthoquinones

6 48.58 β,β-Dimethylacrylshikonin 0.757 Naphthoquinones

11 42.995 Propionylshikonina 0.757 Naphthoquinones

7 49.56 Isovalerylshikonin 0.751 Naphthoquinones

5 46.67 Isobutylshikonin 0.75 Naphthoquinones

9 35.553 β-Hydroxyisovalerylshikonina 0.726 Naphthoquinones

2 29.832 Shikonin 0.345 Naphthoquinones

Rt retention time, VIP variation importance in the projection, – unidentified
a Identified by LC-MS
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there was almost no expression in the White Strain. The expression levels of AeDI2 and AeAP
in the Red Strain treated with MJ increased two to four times compared to the untreated Red
Strain (Fig. 6f, g). These results indicated that AeAP and AeDI2 were involved in intracellular
localization of shikonin and its precursors in A. euchroma, and the elevated expression levels
of the genes caused by the MJ treatment would promote the transportation of shikonin
derivatives.

Methyl jasmonate, one of the signaling molecules of the jasmonate family, regulates the
synthesis of secondary metabolites in a wide range of plant species [28]. It was reported that
methyl jasmonate could induce shikonin and dihydroechinofuran production in cell cultures of
L. erythrorhizon in LS medium [20]. In the present study, the effects of MJ treatment on cell
growth, gene expression, and biosynthesis of naphthoquinones were investigated. The results
showed that MJ treatment did not inhibit cell growth in A. euchroma callus cultures and the
biosynthesis of naphthoquinone compounds were strongly stimulated by the MJ treatment
during a 40-day growth cycle.

Gene expression pattern analyses showed that the expression level of the genes involved in the
biosynthesis of shikonin derivatives and their precursors, such asAeHMGR andAePGT, increased
significantly in the MJ-treated Red Strain. Meanwhile, the expression level of the genes respon-
sible for intracellular localization of shikonin derivatives and their precursors in A. euchroma,
such as AeAP and AeDI2, also increased significantly in the Red Strain treated with MJ.

In summary, our results in this study demonstrate that methyl jasmonate promotes the
biosynthesis of naphthoquinones in at least two ways: first, by upregulating the expression of

Fig. 6 Real-time RT-PCR analysis of changes in the gene expression of Ae4CL (a), AeC4H (b), AeHMGR (c),
AeGPPS (d), AePGT (e), AeDI2 (f), and AeAP (g) in the Red Strain (Red), the White Strain (White), the Red
Strain treated with exogenous MJ (MJ + Red), the White Strain treated with exogenous MJ (MJ + White) during
a 40-day growth cycle. All data were means ± standard deviations (SD) of three technical replicates, and the
results were consistent in three biological replicates
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genes involved in the biosynthesis of shikonin derivatives and their precursors to increase the
biosynthesis of shikonin derivatives, and second, by positively regulating the expression of
genes responsible for intracellular localization to promote intracellular translocation of
shikonin derivatives and their precursors. Our results have provided some new insights into
the regulation of biosynthesis of shikonin derivatives. In addition, our results could also be
used as a possible way to increase the production of naphthoquinone compounds in
A. euchroma callus cultures in the future.
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