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Abstract

v

Considerable difference in artemisinin and its di-
rect precursors, artemisinic acid and dihydroarte-
misinic acid, was detected between two chemo-
types within the species Artemisia annua (A. an-
nua). These two chemotypes showed differential
metabolic response to methyl jasmonate (Me]A)
elicitation. Exogenous application of Me]A re-
sulted in an accumulation of dihydroartemisinic
acid and artemisinin in Type I plants. In Type I
plants, however, artemisinic acid and artemisinin
level decreased dramatically under MeJA elicita-
tion. Squalene and other sesquiterpenes, (e.g., car-
yophyllene, germacrene D), were stimulated by
Me]JA in both chemotypes. The effect of MeJA elic-
itation was also studied at the transcription level.
Real time RT-PCR analysis showed a coordinated
activation of most artemisinin pathway genes by
MeJA in Type I plants. The lack of change in cyto-
chrome P450 reductase (CPR) transcript in Type I
plants indicates that the rate-limiting enzymes in
artemisinin biosynthesis have yet to be identified.
Other chemotype-specific electron donor pro-

teins likely exist in A. annua to meet the demand
for P450-mediated reactions in MeJA-mediated
cellular processes. In Type II plants, mRNA expres-
sion patterns of most pathway genes were consis-
tent with the reduced artemisinin level. Intrigu-
ingly, the mRNA transcript of aldehyde dehydro-
genasel (ADHL1), an enzyme which catalyzes the
oxidation of artemisinic and dihydroartemisinic
aldehydes, was upregulated by MeJA. The differ-
ential metabolic response to MeJA suggests a che-
motype-dependent metabolic flux control to-
wards artemisinin and sterol production in the
species A. annua.

Abbreviations

v

GC-MS: gas chromatography-mass spectrometry

RT-PCR: reverse transcription-polymerase
chance reaction

CYP: cytochrome P-450

ROS: reactive oxygen species

Introduction

v

Artemisinin, a sesquiterpene lactone produced in
Artemisia annua, has attracted considerable at-
tention from researchers in recent years. Artemis-
inin and its derivatives form the fundament for ar-
temisinin-based combination therapies (ACTs),
which are the current treatment of choice for the
deadly disease malaria. Artemisinin is also effec-
tive against several other parasites, e.g., Schistoso-
ma spp. [1] and hepatitis B virus [2]. Lines of evi-
dence also suggest that artemisinin can inhibit or
delay the development of a variety of cancer cell
lines, including human leukemia, breast cancer,
colon, and small-cell lung carcinomas [3]. Given
the low artemisinin concentration in A. annua
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(0.01-0.8% of dry weight [4]), a complete under-
standing of artemisinin biosynthesis and metabo-
lism holds the key to improving artemisinin yield
through metabolic engineering efforts.

The C5 building blocks of artemisinin can be de-
rived from both mevalonate and nonmevalonate
pathways [5]. The formation of amorpha-4,11-di-
ene by amorpha- 4,11-diene synthase (ADS) is the
first committed step, followed by the oxidation of
amorpha-4,11-diene by the cytochrome P-450
CYP71AV1 to yield artemisinic alcohol [6,7]
(©Fig.1). CYP71AV1 is also capable of oxidizing
artemisinic alcohol into artemisinic acid via arte-
misinic aldehyde. Although some early evidence
suggests that artemisinic acid is an intermediate
in the artemisinin pathway, artemisinin appears
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to be derived from dihydroartemisinic acid in a series of photo-
oxygenic reactions [8,9]. Biochemical evidence of NAD/NADP-
dependent oxidation of dihydroartemisinic aldehyde in extracts
of A. annua [8,10] and the recent cloning of artemisinic aldehyde
D11 double bond reductase (DBR2) provide strong evidence that
dihydroartemisinic acid is formed via the oxidation of dihydroar-
temisinic aldehyde [11]. Most recently, the expression of an alde-
hyde dehydrogenase (ALDH1) cDNA in E. coli and the character-
ization of purified recombinant enzyme demonstrate that ALDH1
catalyses the NAD(P)-dependent oxidation of the putative arte-
misinin precursors, artemisinic and dihydroartemisinic alde-
hydes [12].

Jasmonates (JAs) are important plant hormones [13, 14] and their
ability to modulate gene expression in plant defense responses
has been well documented [15]. As potent elicitors or signaling
agents, JAs have also been suggested as mediators of secondary
product accumulation [16]. The exogenous application of JAs, as
well as their conjugated compounds such as methyl jasmonate
(MeJA), can stimulate secondary metabolites production in a va-
riety of plant species [17]. A previous study has shown that arte-
misinin production can be enhanced by different elicitors in A.
annua cell cultures and hairy root cultures [18]. However, to our
knowledge, the effect of MeJA elicitation on secondary metabo-
lites in different A. annua chemotypes has not yet been investi-
gated. The correlation between the expression pattern of path-
way genes and terpenoids profile in response to Me]A has also
yet to be established. The main objectives of this study are there-
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fore to evaluate the effect of MeJA elicitation on terpenoids pro-
file, especially sesquiterpenes, in different A. annua chemotypes.
Real time RT-PCR analysis was conducted to correlate the accu-
mulation of sesquiterpene metabolites under MeJA elicitation
with transcription rates of the respective pathway genes.

Materials and Methods

v

Plant materials and Me]A treatment

Two Artemisia annua L. cultivars were used in all experiments.
The seed samples (#YY0801 and #SH0802) are deposited in the
Hong Kong Herbarium. Seeds of chemotype I (#YY0801) were
purchased from Youyang (Sichuang province, China) and seeds
of Type Il chemotype (#SH0802) were kindly provided by Prof.
Chen Xiaoya at the Institute of Plant Physiology and Biochemis-
try, Chinese Academy of Sciences. Seeds were germinated and
grown in soil under controlled conditions (12 h day/12 h night
regimen at 22 °C) until the seedlings formed 8 leaves. 100 uM
MeJA was then sprayed onto the leaf surface. Mock solution was
applied to control plants at the same developmental stage. Leaf
samples were collected at 0, 6, 12, and 24 hours respectively.
For each group, 5 individual plants were used as biological re-
peats. Pooled leaf samples were frozen in liquid nitrogen and
stored at -80 °C for further analysis.

Chemicals and GC-MS analysis

Methyl jasmonate was purchased from Aldrich. Camphor (> 96 %)
and phytol (>90%) were purchased from Fluka. Caryophyllene
(0.902 g/mL), germacrene D (>96%), and squalene (>98%) were
purchased from Sigma Chemical Co. Artemisinic acid (295%)
was purchased from the Chinese Authenticating Institute of Ma-
terial Medical and Biological Products (Peking, China). Dihy-
droartemisinic acid (>95%), dihydro-epi-deoxyarteannuin B
(295%), and deoxyqinghaosu (> 93 %) were gifts from the Natural
Product Laboratory of the College of Pharmacy, Jilin University
(Jilin, China).

For metabolite analysis, frozen tissues were first lyophilized.
Thirty mg dry material were accurately weighed and extracted
twice with a total of 2 mL dichloromethane containing 2 ng-mL™
cis-nerolidol as the internal standard. Samples were then soni-
cated on ice for 30 min and centrifuged at 2000 rpm for 2 min-
utes. The supernatant was collected, dried and redissolved in
0.5 mL dichloromethane for GC-MS analysis.

GC-MS analysis was performed on HP 5890 series gas chromato-
graph and HP 5975 mass detector (70 eV), equipped with a capil-
lary HP-5MS (95% dimethylpolysilane, 30 m x 0.25 mm i.d., film
thickness 0.25 um). The carrier gas was He (1 mL/min). The inlet
temperature and detector temperature were 250°C and 290°C,
respectively. The oven was programmed at: 2 min 80 °C, 80°C to
235°C at 5°C per min, 235°C to 280°C at 25 °C per min, and final
time of 5 min.

Data preprocessing and PCA analysis

Data acquisition and the preprocessing procedure were designed
to extract the maximum amount of reliable information from the
chromatograms. The compounds were identified by comparison
of retention time and fragments with standards, and by matching
compound fragment patterns with those in the NIST library scor-
ing above 700. The software tools Metalign [19] and XCMS [20]
were used for automated baseline correction and alignment of
all the extracted mass peaks across samples. After automatic
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peak extraction and alignment of samples, metabolites were pre-
dicted by retention time and my/z value. The retention time shift
was taken into account and was corrected by calculating the me-
dian retention time and the deviation for each sample. Local
polynomial regression was used to fit the change from the devia-
tion. A data matrix was formed in which columns represented
the samples and rows represent the m/z values.

Real time RT-PCR analysis

Total RNA was extracted from the whole seedlings of mock-treat-
ed control and MeJA-treated A. annua plants using RNeasy Plant
Mini Kit (Qiagen). First-strand cDNA was synthesized from 1.5 nug
total RNA using super script Il Kit (Invitrogen) with Oligo (dT)12-
18 mer. Quantitative real-time RT-PCR was carried out with the
1Q5 Multicolor Real-time PCR Detection System (Bio-Rad) using
the 0.5X iQ™ SYBR Green Supermix (Bio-Rad) and gene-specific
primer. The cycling conditions were: 10 min 95 °C, followed by
40 cycles of 30s 95°C, 30s 60°C, 30s 72°C. Experiments were
performed in three biological replicates and three technical rep-
licates. Gene expression levels of genes were calculated relative
to the mock treatment with normalization to ACTIN 2.

The forward and reverse gene specific primers are listed in © Ta-
ble 1.

il

2000000 |

1800000

1600000 —{

1400000

1200000

1000000 |

20UBpPUNJE SANEISY

1000000

750000 5

700000 5

aouepuUNge aANE|oY

b Retention time (min)

Wu W et al. Chemotype-dependent Metabolic Response...

Table 1 The forward and reverse gene specific primers.

Gene Forward primer Reverse primer
5'-3' sequence 5'-3' sequence

ADS GAATGGGCTGTCTCTGCA- GGTTTGGGCATACTCCTCA-
CCTCC TTGACA

CYP71A GGAATTGAGGAAAGCATT- CAGAACCAAGGGTAGTGG-
GAACGG AGGGTG

CPR CCATTTCTTCTTCCCCAA- GTCATAGGCACGGCATTG
GGTTTG TTCATC

ABRS GGCATAAATGACAGAAG CGATTGCAGGGGAGATTCTAA-
GGACGAAT GACC

ALDH CCTTGGAATGGTCCTGCCTTCA  GTTAACCACATTAATCACGC

ACTIN2 CCATCCTTCGTTTGGACTTGGC  CAATTTCCCGCTCTGCTGTGGT

Results and Discussion

v

© Fig. 2 shows typical total ion chromatographs obtained from
leaf tissue of Type I and Type II plants. Although virtually all of
the observed variations in the terpenoids profile were quantita-
tive rather than qualitative, considerable differences in the con-
centration of artemisinin, artemisinic acid, and dihydroartemis-
inic acid were found between these two chemotypes. Much high-

Fig.2 Typical total ion chromatographs obtained
from leaf tissue of Artemisia annua Type | (@) and
Type Il (b) plants. Identified compounds were selec
tively labeled. (1) Camphor C;oH1¢0, (2) caryophyl-
lene Cys5Ha4, (3) germacrene D CqsHyy, (4) farnesol
isomer Cy5H560, (5) dihydroartemisinic acid,
Cy5H240, (6) artemisinic acid, Cy5H3,0;, (7) arte-
misinin Cy5H2,0s, (8) dihydroartemisinin, 3-deoxy,
Cy5H2404, (9) glyceryl monostearate, Co1H4204,
(10) squalene.
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Table 2 Differential metabolic response to MelA elicitation in two chemo-

types.
Metabolite

Phytol

Squalene
Caryophyllene
Germacrene
Dihydroartemisinic
acid
Dihydro-epi-deoxy-
arteannuin B
Deoxyqinghaosu
Artemisinin
Dihydroartemisinin,
3-deoxy

Glyceryl
monostearate
Artemisinin B

Artemisinic acid

1-Eicosanol

Typel
Relative amounts*
Treated|Control

(Fold change)
1.53+0.17/0.52 £ 0.04
(2.94)
2.04+0.29/0.52+0.07
(4.01)
1.57+0.21/0.51£0.11
(3.08)

1.07+0.17/0.31 £0.05
(3.45)
23.57+£2.12/12.51 £1.09
(1.88)
1.54+0.23/1.06 £0.17
(1.45)
1.31+0.18/1.21+£0.13
(1.08)
4.53+0.61/3.07 £0.63
(1.48)
3.55+0.27/2.51+0.32
(1.41)
2.23+0.21/2.11£0.19
(1.06)
0.81+0.09/0.53 £0.08
(+1.52)

T

0.59+0.67/0.46 + 0.38
(1.28)

Type ll
Relative amounts*
Treated|Control

(Fold change)
2.11£0.19/0.58 £ 0.08
(3.64)
6.52+0.53/0.56 +0.07
(11.64)
1.93+0.21/0.56 £+ 0.04
(3.45)
2.81+0.22/0.92+0.12
(3.05)

T

1.25+0.13/1.97 £0.21
(0.63)
T

2.72+0.31/2.70+0.23
(1.00)
1.86+0.15/2.39+0.02
(0.78)
7.82+0.67/16.65+ 1.59
(0.47)
1.91+0.16/1.83£0.23
(1.04)

* Ratio of individual metabolite peak area over that of the internal standard cis-nero-
lidol. Five A. annua plants at the 8-leaves stage were subjected to 100 uM MeJA treat-

ment. Leaf samples were taken from 5 individual plants after 24 h treatment. T: only
trace amount of metabolites were detected in both control and MeJA treated samples

er levels of dihydroartemisinic acid and artemisinin were found
in Type I plants. Conversely, notably lower levels of artemisinin
and dihydroartemisinic acid but higher levels of artemisinic acid
were detected in Type II plants. These two chemotypes, which
were also reported earlier by Wallaart et al. [21], provide an ideal
system for a comparative study aimed at obtaining a better
understanding of artemisinin and terpenoid metabolism in A. an-
nua.

To characterize the effect of MeJA elicitation on artemisinin pro-
duction, a range of sesquiterpenoids was measured by GC/MS.
These two chemotypes were found to be differentially regulated,
and the chemotype-specific metabolic response to Me]JA elicita-
tion is illustrated in © Table 2. In Type I plants, Me]A elicitation
resulted in an accumulation of artemisinin and dihydroartemis-
inic acid, and the level of the latter increased by nearly two folds.
In Type II plants, Me]JA elicitation resulted in a reduced amount of
artemisinin and artemisinic acid. Increased caryophyllene, ger-
macrene D, and squalene levels were observed in both chemo-
types (p <0.001).

Terpenoids serve as both constitutive and inducible defense
chemicals in many plant species. The exogenous application of
Me]JA may elicit a response similar to stress, and high levels of
singlet oxygen are formed under such conditions. It is suggested
that dihydroartemisinic acid may act as an antioxidant by
quenching singlet oxygen, yielding artemisinin as a stable end-
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Fig.3 Effects of MeJA elicitation on artemisinin pathway gene transcripts.
a. Type | A. annua. b. Type Il A. annua. X-axis: treatment time. Y-axis: log,
fold change of pathway gene transcript relative to transcript level at 0 h.

product in which the reactive oxygen is stored. By maintaining
high levels of dihydroartemisinic acid, the plants may be pro-
tected from injury caused by a high concentration of singlet
oxygen. MeJA has been suggested to promote (E)-beta-caryo-
phylle production in rice [22]. Germacrenes are typically pro-
duced in a number of plant species for their antimicrobial and in-
secticidal properties, although they also play a role as insect
pheromones. Further investigations are needed in order to eluci-
date the exact role of these sesquiterpenes in MeJA-mediated sig-
naling events.

The squalene profile in Me]JA-elicited A. annua plants increased
significantly in both chemotypes (p <0.001). Squalene has been
proposed to act as a quencher of singlet oxygen and prevents
the corresponding lipid peroxidation resulting from MeJA in ani-
mal studies [23]. The function of induced squalene by Me]JA elici-
tation in A. annua remains to be determined.

To elucidate the effect of MeJA on pathway gene expression and
to determine if the change of the terpenoids profile is also re-
flected at the transcript level, the mRNA expression of selected
key artemisinin pathway genes was examined by real time
RT-PCR with or without MeJA elicitation. The real time RT-PCR
analysis employed gene-specific primers, and actin2 was used as
an internal control. The time course mRNA expression profiles for
CYP71AV1, ADS, CPR, DBR2, and ALDH1 gene are illustrated in
©Fig. 3.

As shown, Me]JA elicitation had dramatic effects on most of the
pathway gene transcripts, although the effects were quite differ-
ent in these two chemotypes. For Type I plants, most examined
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genes showed a coordinated upregulation in response to MeJA
elicitation, consistent with the observation that application of
Me]JA resulted in an increased amount of artemisinin. Interesting-
ly, the CPR transcript remained unchanged in Type I plants, indi-
cating that the rate-limiting enzymes for artemisinin biosynthe-
sis remain to be identified. For Type II plants, most of the genes
were downregulated at various time points. The exception was
ALDH1, which was induced at 6 h after elicitation.

Farnesol diphosphate (FDP) is a key intermediate compound sit-
uated at the branching point of the terpenoid pathway leading to
sesquiterpene, triterpene, squalene, and polyterpene biosynthe-
sis. The formation of amorpha-4,11-diene from FDP by amorpha-
4,11-diene synthase (ADS) is the first committed step in artemis-
inin biosynthesis, followed by oxidation of amorpha-4,11-diene
by the cytochrome P-450 CYP71AV1 to yield artemisinic alcohol
(OFig.1). The ADS, CYP71AV1, DBR2, and ALDH1 transcripts
were all induced in Type I plants at different time points follow-
ing addition of MeJA. CYP71AV1 belongs to the family of cyto-
chrome P450 monooxygenase enzymes (P450s), which are
known to play key roles in a wide range of oxidative metabolic
reactions in various organisms. Using A. annua CPR as a redox
partner for CYP71AV1, Ro et al. have shown that CYP71AV1 could
catalyze the conversion of amorphadiene to more oxygenated ar-
temisinic acid in yeast [24]. Divergent CPR genes have been char-
acterized in parsley (Petroselinum crispum), Arabidopsis [25,26],
and poplar [19]. The results of previous studies suggest that the
CPR genes in these plants are differentially regulated. Some genes
are constitutively expressed while others are enhanced or re-
pressed by environmental stress, such as UV light and pathogen
infection. It is also likely that A. annua plants may deploy distinc-
tive classes of CYP/CPRs to meet the reductive demand for P450-
mediated reactions in MeJA-mediated cellular processes.

Similar to the concerted upregulation of both mRNA and metab-
olite observed after MeJA elicitation in Type I plants, mRNA pat-
terns of most pathway genes in Type II plants were also consis-
tent with the reduced artemisinin level. Intriguingly, ALDH1,
whose gene product catalyzes the oxidation of artemisinic and
dihydroartemisinic aldehydes, was upregulated by MeJA elicita-
tion. ALDHs represent a protein superfamily of NAD(P)*-depen-
dent enzymes that oxidize a wide range of endogenous and exog-
enous aldehydes. The Arabidopsis genome contains 14 unique
ALDH sequences encoding members of 9 ALDH families [27]. In
A. annua, however, only a limited number of ALDH has been re-
ported so far. It is reasonable to suppose that A. annua ALDH1
may encode an enzyme with broad substrate specificity that al-
lows it to detoxify other induced aldehydes under MeJA treat-
ment.

It is also noteworthy that alongside the reduction of artemisinin
levels, dramatic accumulations of two other types of sesquiter-
penes, caryophyllene and germacrene D, were observed in both
chemotypes. Further investigations of the chemotype-specific re-
sponse under MeJA elicitation are warranted in order to deter-
mine the regulatory machinery underlying artemisinin and other
sesquiterpenes biosynthesis. MeJA clearly plays a complex role in
controlling secondary metabolism, especially with regard to ter-
penoid metabolism. In the present study, we demonstrated that
exogenous application of MeJA elicited differential metabolic re-
sponses in these two chemotypes. Although a generally good cor-
relation between gene transcripts and metabolites was found in
artemisinin biosynthesis, our findings also raise a number of in-
teresting issues that have yet to be addressed. For example, do
any other rate-limiting enzymes exist in an artemisinin biosyn-
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thesis pathway? Does ALDH1 also function in cellular processes
other than artemisinin biosynthesis? These questions deserve
further investigation.
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