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Abstract Elicitation is an important strategy to improve
production of secondary metabolites in vitro. Artemisinic acid
was studied as a novel elicitor to enhance the yield of terpenoid
indole alkaloids in the present paper. Our results demonstrated
that the concentrations of vindoline and vinblastine were
increased by sixfold and twofold, respectively, compared to
those of the control group after treatment with artemisinic acid.
To elucidate the underlying mechanism, we investigated the
gene expression of four enzymes involved in the biosynthetic
pathway of vinblastine in the suspension-cultured cells of
Catharanthu sroseus. RT-PCR experiment showed that ar-
temisinic acid was able to up-regulate the transcriptions of
tryptophan decarboxylase, geraniol 10-hydroxylase, taberso-
nine 16-hydroxylase and deacetoxyvindoline 4-hydroxylase.
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Introduction

Catharanthus roseus is an important source of terpenoi-
dindole alkaloids (TIAs). Vinblastine and vincristine
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isolated from C. roseus exhibit significant cytotoxic activity
and are used as antineoplastic agents in the clinical treatment
(Keglevich et al. 2012). As global demand for these com-
pounds increases, new methods to enhance their production
are needed because plant extract naturally has very low yield
butis currently the only commercial source (Van der Heijden
et al. 2004). Plant cell cultures are considered to be an
alternative for producing indole alkaloids. Suspension-cul-
tured cells of C. roseus have been studied for many years as a
potential way to produce therapeutically important indole
alkaloids such as vinblastine, catharanthine and ajmalicine
(Osman et al. 2007). However, few successful industrial
applications can be cited due to many biological and tech-
nological limitations, the biggest of which is the low yield of
those compounds in cell cultures (Zhao et al. 2005).

The use of elicitors is one of the most effective strategies
employed to increase the production of important alkaloids
in cells and organ cultures (Fabricant and Farnsworth 2001;
Pandey et al. 2010). There are two types of elicitors: biogenic
and abiogenic. Biogenic elicitors can be further divided into
exogenous and endogenous elicitors. Abiogenic elicitors
include heavy metal ions, inhibitors of some metabolic steps,
some antibiotics and fungicides, and UV radiation. Alkaloids
in cultures of C. roseus were enhanced by both biogenic and
abiogenic elicitors (Zhao et al. 2005). Although elicitors
such as methyl jasmonate and salicylic acid could accelerate
the biosynthesis of TIAs in the cultures of C. roseus, the
production of TIAs could not be increased significantly
(Gautam et al. 2011). Therefore, searching for more efficient
elicitor is urgently needed and actively being investigated.

Artemisinic acid, a cadinane-type sesquiterpene isolated
from A. annua, was supposed to be an intermediate in
biosynthesis pathway leading to artemisinin (Ferreira and
Luthria 2010). During a series of investigation about
the biosynthesis pathway of artemisinin, we unexpectedly
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discovered that suspension-cultured cells of C. roseus
could produce octadecanoic acid and its analogs upon
addition of artemisinic acid. The biosynthetic pathway of
octadecanoids has been reported to be involved in elicitor-
induced alkaloid production (Peebles et al. 2009). Jasmo-
nate and its octadecanoid precursors have been implicated
as intermediate signaling molecules in elicitor-induced
secondary metabolite accumulation (Gundlach et al. 1992;
Mueller et al. 1993). The biosynthetic pathway of jasmo-
nate is an integral part of the elicitor-triggered signal
transduction pathway that resulted in the coordinate
expression of the tryptophan decarboxylase (TDC) and
strictosidine synthase (STR) genes (Menke et al. 1999).
Thus, we were very interested to find out whether artem-
isinic acid could stimulate the biosynthesis of indole
alkaloids in suspension cultured cells of C. rosues. In our
previous study, we found that artemisinic acid could
increase the yield of catharanthine (Wen et al. 2012). In
order to have a comprehensive understanding of artemisi-
nic acid’s role on the production of TIAs in cultured-cells
of C. roseus, especially for vindoline and vinblastine, the
inducing effects of artemisinic acid as an elicitor were
investigated in this paper.

The biosynthesis of TIAs is strictly regulated. Many
enzymes involved have been purified and characterized.
The first committed steps towards TIAs biosynthesis are the
conversion of tryptophan to tryptamine by TDC and the
conversion of geraniol to 10-hydroxygeraniol by geraniol
10-hydroxylase (G10H). The pathway leading to the for-
mation of vindoline from tabersonine has been studied in
Catharanthus (De Luca et al. 1988). The regulation of
vindoline synthesis is achieved mainly through three
enzymes: tabersonine 16-hydroxylase (T16H), deacet-
oxyvindoline 4-hydroxylase (D4H) and deacetylvindoline
acetyl CoA acetyltransferase (DAT) (De Luca and Lafl-
amme 2001). Expression of genes upstream of T16H and
DA4H is needed for vindoline production (He et al. 2011).
The TIA pathways are not only regulated developmentally
and tissue-specifically, but also affected by external biotic
and abiotic factors (Geerings et al. 2000). Therefore,
external regulatory strategies activating D4H and T16H
transcription may contribute to the accumulation of vindo-
line. Vindoline is condensed with catharanthine to form
vinblastine and vincristine. Many studies on plant regula-
tion and metabolic engineering are based on gene expres-
sion profiling, which requires quantification of specific
mRNA sequences. Currently, one of the most widely used
methods for conducting these analyses is to perform reverse
transcription PCR (RT-PCR). To elucidate the underlying
mechanism of artemisinic acid as a novel elicitor, tran-
scriptional levels of four key enzymes (TDC, G10H, T16H
and D4H) involved in the biosynthetic pathway of vin-
blastine were measured by RT-PCR in this paper.
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Materials and methods
Plant materials

C. roseus suspension-cultured cells were directly induced
from leaves in our laboratory (Yan et al. 2008). Suspen-
sion-cultured cells of C. roseus were transplanted to
500 ml conical flask containing 200 ml of MS medium,
supplemented with indole-3-acetic acid (IAA) 1 mgL ™",
6-benzylaminopuriple  (6-BA) 0.5 mgL™',  sucrose
40 g L™'. The suspension-cultured cells were incubated
under light at 25 °C and shaken at 110 rpm.

Treatment with artemisinic acid

The solutions of artemisinic acid were prepared in absolute
ethanol. Different concentrations of artemisinic acid were
added to 12-day-old suspension-cultured cells of C. roseus,
and the final concentrations of artemisinic acid were 10, 30
and 50 mg L™', respectively. For the control treatment
absolute ethanol alone was used. The suspension-cultured
cells and culture media were collected at 24, 48 and 72 h
after elicitation.

Dry weight determination

After treatment at 24, 48 and 72 h with 10, 30 and
50 mg L™" of artemisinic acid, cells and media were sep-
arated by filtration with suction. The cells were dried at
55 °C. After total elimination of water was achieved, the
dried cells were weighed. Each sample was done in trip-
licate. Absolute ethanol was used as the control group.

Alkaloid extraction and determination

The extraction and determination of alkaloids were carried
out as references (Zhao et al. 1999, 2000). Briefly, dry cell
power was extracted sonically with methanol three times.
After concentration of combined extract solutions under
vacuum, the residue was dissolved in 2.5 % sulfuric acid
(v/v) and washed twice with ethyl acetate. The pH value of
the aqueous solution was adjusted to 10 and then the
solutions were partitioned for three times. The ethyl acetate
layer was concentrated under vacuum, and then the residue
was re-suspended with 1 ml of methanol and stored at 4 °C
for alkaloid analysis. Alkaloids in the medium were
directly partitioned into ethyl acetate after the pH value
was adjusted to 10. The extracts of ethyl acetate were
combined and concentrated into dryness. The residue was
dissolved in methanol and then analyzed by HPLC.
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Separation of TIAs was performed using a reversed phase
C,g column (Hydro-RP, 250 x 4.6 mm, particle size of
4 pm, Phenomenex). The temperature was maintained at
35 °C, and UV detection at 220 nm. Alkaloids were eluted
with a mobile phase of methanol/acetonitrile/0.025 mol L™"
ammonium acetate/triethylamine (15:40:45:0.1) at a flow
rate of 1 mL min~'. The sample injection volume was
10 pL. Alkaloids were identified and quantified by com-
parison with their commercial standard.

RNA extraction and RT-PCR

The total RNA was extracted from different cell samples
using Trizol Reagent. Semi-quantitative RT-PCR was used
to measure the transcript levels of TDC, G10H, T16H and
D4H. B-actin was used to calibrate the cDNA samples and
as an internal reference. The forward and reverse primers
for TDC, G10H (Wei 2010), T16H, D4H and B-actin (He
et al. 2011) were listed in Table 1. The PCR reaction cycle
numbers were optimized for each gene, so that the accu-
mulation of products was in the exponential range. The
cycles of PCR reaction varied as following: 30 cycles for
B-actin, 35 cycles for TDC and T16H, and 40 cycles for
G10H and D4H. The conditions for PCR reaction were as
follows: denaturing at 94 °C for 5 min, followed by vari-
ous cycles with different genes of denaturing at 94 °C for
30S, annealing at 60 °C for 30S, extension at 72 °C for
1 min, and final extension for 5 min at 72 °C. The products
of PCR reaction were loaded onto 1.5 % agarose gel.
RT-PCR images were obtained and band intensities were
quantified by Image J software.

Table 1 Sequence for forward and reverse primers of the TIA bio-
synthetic pathway genes monitored (TDC, G10H, T16H and D4H)

Gene Primer sequence (5' — 3')

G10H-Forward TGAATGCTTGGGCAATTGGA
primer

G10H-Reverse GCAAATTCTTCGGCCAGCAC
primer

TDC-Forward primer TCCGAAAACAAGCCCATCGT

TDC-Reverse primer AAGGAGCGGTTTCGGGGATA

T16H-Forward ATGACTTTGAAGCCCCACTG

primer

CCACCAAATGGTAGATACTCG
TAGGATCCGAGCAAGAAAGAAAAATG
ATCTGCAGGACGCTTATTTAGTCCAAC
GGCGGATGCTGAGGATATTC

T16H-Reverse primer
D4H-Forward primer
D4H-Reverse primer

B-actin-Forward
primer

B-actin-Reverse TCCAGAGTCCAGAACAATACCA

primer

Results

Effect of artemisinic acid on the growth of suspension-
cultured cells

The average dry weight of the cells was decreased after they
were treated with artemisinic acid at concentrations of 30
and 50 mg L™". This information indicated that artemisinic
acid at high concentrations might have a negative effect on
cell growth. However, there were no significant differences
between the artemisinic acid-treated groups and the control
group for each time point (Table 2).

Effect of artemisinic acid on the production
of vindoline

Significant differences in the concentrations of vindoline
between the artemisinic acid-treated groups and the control
group were observed at 24, 48 and 72 h after elicitation.
The highest concentration of vindoline was found at 24 h
after elicitation. As shown in Fig. 1, the concentration of
vindoline in the artemisinic acid-treated groups was sig-
nificantly higher than that of control group. The maximal
concentration of vindoline obtained in the artemisinic acid-
treated groups was 142 + 9.8 pg L', six-fold increase to
that of control group. More importantly, most (75-95 %)
vindoline was excreted into medium, which would greatly
facilitate the recovery of this compound.

Effect of artemisinic acid on the production
of vinblastine

In elicited experimental groups, artemisinic acid was added
on the induction day (day 12) at 10, 30 and 50 mg L™". As
the results showed in Fig. 2, rapid increase of vinblastine
occurred after 24 h, which continued up to 72 h at
10 mg L™" for artemisinic acid group. The production of
vinblastine in the artemisinic acid-treated groups maxi-
mized at 160 & 23.4 ng L™', which was 2.23-fold higher
than that of the control group.

Table 2 Dry weights of suspension-cultured cells of C. roseus trea-
ted with artemisinic acid in different concentrations (10, 30 and
50 mg L")

Time (h) Dry cells weight (g L")

0 10 30 50
24 2351 £0.22 2248 £ 1.15 20.66 £ 0.21 18.41 &+ 0.90
48 19.65 £ 234 1940+ 122 1855+ 121 1575+ 032
72 18.81 £2.32 19.65 £3.80 19.01 £ 0.66 15.05 & 0.32

Values represent mean £ SD from triplicate sample
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Fig. 1 Effect of Artemisinic acid in different concentrations (10, 30
and 50 mg LY on extracellular vindoline production (A) and total
vindoline production (B); values represent mean + SD from triplicate
sample

Effect of artemisinic acid on TDC, G10H, T16H
and D4H transcript abundance in suspension-cultured
cells of C. roseus

Transcript levels of PB-actin (internal reference), TDC,
G10H, T16H and D4H were determined at 48 h after
treatment with artemisinic acid, and the results were shown
in Fig. 3. The results demonstrated that the transcript level
of TDC increased obviously after elicitation. In the group
treated with artemisinic acid at concentration of
30 mg L™', the highest transcript level of TDC was
eightfold higher than that of the control group. The tran-
script level of G10H was also increased in response to the
treatment with artemisinic acid. The highest transcript level
of G10H was approximately fivefold higher than that of the
control group after elicitation. The above information
indicated that artemisinic acid could induce the transcrip-
tion of TDC and G10H in suspension-cultured cells of C.
roseus. Similarly, the artemisinic acid-treated groups
showed a notable increase in the transcript level of T16H.
In the group treated with artemisinic acid at concentration
of 30 mg L™, the highest transcript level of TI6H was
approximately tenfold higher than that of the control group.
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Fig. 2 Effect of artemisinic acid in different concentrations (10, 30
and 50 mg L") on extracellular vinblastine production (A) and total
vinbalstine production (B); values represent mean &+ SD from
triplicate sample

The transcript level of D4H was transiently responsive and
reached its peak when the concentration of artemisinic acid
was 10 mg L™, followed by a return to the level of control
group. The highest transcript level of D4H was only
approximately twofold higher than that of the control

group.

Discussion

Regulation of total indole alkaloids can be controlled either
by developmental or exogenous signals. Light is thought to
have an effect on enzyme induction and activation. Zhao
et al. (2001) found that light significantly influenced the
biosynthesis of vindoline. Light also plays a critical role for
vindoline biosynthesis and these effects are exerted
through the last two enzymes in the process, D4H and
DAT, which require the involvement of phytochrome
(Aerts and De Luca 1992; Vazquez-Flota and De Luca
1998). Therefore, the cells of C. roseus were cultured under
light in this study.

After the treatment of artemisinic acid, the yield of vindoline
increased significantly (23.8 & 22 — 142 £ 9.8 pg L ™).
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Fig. 3 Effect of artemisinic acid elicitation at various concentrations
(10, 30 and 50 mg L™") at 48 h on the gene expression of TDC,
G10H, TI6H and D4H in suspension cultures of C. roseus,
A Representative gel images; B Relative intensities of the transcripts
of TDC, G10H, T16H and D4H. B-actin was used as internal standard

The optimal condition for vindoline production was as follows:
cells of C. roseus were pre-cultured for 12 days under light and
then treated with artemisinic acid (10 mg L_l) for 24 h. It was
reported that the treatment of jasmonate generated 75.3 ng g~
vindoline of dry weight (He et al. 2011). Our investigation
showed that under the optimal condition, the production of
vindoline was significantly higher than what had been previ-
ously reported (He et al. 2011).

Although substantial progress has been made in the meta-
bolic engineering of TIAs in C. roseus, the bisindole alkaloids
vinblastine and vincristine still could not be successfully
produced on an industrial scale, owing to various biological
and technological limitations. The bisindole alkaloids occur-
red in extremely low quantities in plant due to their highly
cytotoxic nature, which posed the problem of cellular con-
tainment (De Luca and Cutler 1987). The TIA’s biosynthetic
pathway of C. roseus has attracted a lot of attention not only
because they could produce diverse alkaloid compounds of
significant pharmaceutical importance, but also because there

is a complex secondary metabolic pathway in the plants.
Vindoline and catharanthine are the precursors of bisindole
alkaloids in C. roseus. As shown in Fig. 1, the yield of vind-
oline reached its maximal level at 24 h after elicitation. The
yield of vinblastine in the culture increased from 24 h after
elicitation and maximized at 72 h, which may have occurred
because vindoline was the precursor of vinblastine (Fig. 2).
It had been assumed that the transcriptional block of genes
leading to vindoline biosynthesis resulted in a lack of vindo-
line in cultured cells of C.roseus (St-Pierre and De Luca 1995;
Vazquez-Flota et al. 2002). Therefore, variations at gene
transcription levels should reflect early regulations in a bio-
synthetic pathway. TDC catalyses the formation of tryptamine
from tryptophan, which is the first step in the synthesis of the
indole moiety of the Catharanthus alkaloids. TDC activity
could be increased after treatment with methyl jasmonate and
ethylene in suspension cultures (Vazquez-Flota et al. 2009). In
the present study, we report that TDC activity could be tran-
siently enhanced after elicitation with artemisinic acid. The
expression level of the terpenoid pathway gene for the elicited
condition was shown in Fig. 3. These results suggested that
artemisinic acid could stimulate the expression of G10H on
monoterpenoid indole alkaloid biosynthesis in the TIA bio-
synthetic pathway. Overexpression of G10H in transgenic
hairy-root cell lines significantly enhanced the accumulation
of ajmalicine, vincristine and vinblastine (Montiel et al. 2007).
In this study, overexpression of G10H in C. roseus suspension-
cultured cells increased the accumulation of vindoline and
vinblastine. Hernandez-Dominguez et al. (2004) found that
maximal vindoline accumulation in C. roseus in vitro shoot
cultures coincided with maximum activities of DAT, D4H and
TDC. In our study, although vindoline could be hardly
detected in unelicited in suspension culture cells, it was found
vindoline increased after the elicitation procedure treated with
artemisinic acid. This was corroborated by the observed
increase in T16H and D4H transcript levels upon elicitation.
In summary, we conclude that the addition of artemisi-
nic acid could enhance the accumulation of alkaloids as a
result of increasing the activities of TDC, G10H, T16H and
D4H in the TIA biosynthetic pathway. The result of this
experiment indicated that artemisinic acid could be used as
a promising elicitor, especially for the production of TIAs.
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