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Research progress on metabolic regulation of artemisinin

XIAO Ling, LV Zong-you, TAN He-xin, ZHOU Zheng, ZHANG Lei
Second Military Medical University, Shanghai 200433, China

Abstract: Artemisinin is widely used for the treatment of malaria. Artemisia annua fielded low artemisinin, which was far behind the
requirements. The study on the metabolic regulation of A. annua is an effective way to improve the yield of artemisinin. Metabolic regulation
of artemisinin is an effective approach to improve the yield of artemisinin. In this paper, the variety of factors that affect artemisinin content
was summarized, including biosynthesis in artemisinin and its branch pathway of key enzyme genes, transcription factors, phytohormones,
environmental stress, induction factors, trichomes, etc. By reviewing the research progress of these factors in metabolic regulation of
artemisinin, new strategies in conventional secondary metabolic engineering were generalized based on artemisinin and its branch
biosynthesis pathway and fresh metabolic engineering based on trichomes. These strategies enriched the pathway in metabolic regulation of
artemisinin and put forward a new idea to cultivate transgenic strain of 4. annua with good quality and high yield.

Key words: Artemisia annua L.; artemisinin; metabolic regulation; secondary metabolism; biosynthesis

JEPOT BIER USRI — R BRI . R RARME, DU TR 0.01%~ 1% AR i 5%
PAHL (WHO) Ziit, 2015 47 2.4 0BER K. W BoRINERPE, Bzt ms SR il
I 438 ASETERY . RAESTESHPER AT 4T 7 KREPIR. RSO0 H R R oE it
O T IKRES T, ABIERAE IR AFMBEL R AT T4k, DDA HE s i R B ftp i g,
sk . AR OVERIIIECE HIZS (ACT) 1R AR AR, w7 i35 & i RS0 4t

TTIEB TR AR, oNbuE—22i. 1 FEZRRMBXIELEEYERIERE
i 2 (artemisinin) 22— & i M 5L B 4544 it 28 YR T 5 M R £E % R (isopentenyl

FIRE s NEERA &Y, FERIETREL S ZH diphosphate , IPP ) Al — H J& 75 & & £ i 2
VI EEACE Artemisia annua L. (LU fRIFR “FHE 7D, (dimethylallyl diphosphate, DMAPP), fL& H ¥k
Hil, SEamnHERERN, RNESTEFEEN REE (MVA B, 7 THD AR IR e

i BHA: 2016-10-29

HEEWB: EXARFSEESH ETE (81673529, 31670292); HE HARZEEETHFEIH (31300159)

fEEEIN: B ¥ (1989—), &, Wik, MHEZAMEYASMERT. E-mail: 15721571087@126.com

«EEEE Kk & B, AiEdR, WL, WA, R ENE YA & R 2 A TR
Tel: (021)81871307 E-mail: zhanglei@smmu.edu.cn



1006 * ¢ # % Chinese Traditional and Herbal Drugs 35 48 % # 5] 20173 B
A% (MEP 4%, A7 T AR o 15 Je LRI (faresyl 121 IPP Z5G 42— 21 FPP. 41l 1 iz, FPP J2

iphosphate,

MEP %%

FPP) &&

B AR A A= ) »
Schramek 2£¥iEid BCo, RN EARiCiE,

g/\¥

214 IPP Fl—43F MVA i&12 1 DMAPP 4%

— oL LA 1R (geranyl diphosphate, GPP),
SRIG GPP #EAMIF (cytoplasm), 5—7rF MEP i&

il

x
\
x

DMAPP.

MEP i&1%
(Fitk)

pyruvate + glyceraldehyde

3-phosphate
DXS

DXP
DXR l
MEP
|
CDP-MEP

MECS
cMEPP

|HDS

5 HMBPP

DI, ‘

\

B-caryophyllene

ADS-5 I —

REDI-—&#H &

SLARER

f? IDS-IPP/DMAPP 4

i

) 1
X

X

R

IPP +————————
GDS l
epi-cedrol GPP
FPS l

ECS
FPP
CPS
sos/ |
squalene

ADS-amorpha-4,11-diene synthase

alcohol

synthase A BFS-B-farnesene synthase

reductase

alcohol dehydrogenase 2

AAA-artemisinic aldehyde

DMAPP-dimethylallyl-diphosphate
hydroxy-3-methyl-glutaryl coenzyme A reductase

IPP/DMAPP-isopentenyl diphosphate isomerase-isopentenyl diphosphate/dimethylallyl-diphosphate
phospho-4-(cytidine5-diphospho)-2-C-methyl-D-erythritol
DXR-1-deoxy-D-xylulose-5-phosphate reductoisomerase

JHE R ALDHI-BERRERE 1

FPS-farnesyl diphosphate synthase

EZLLIES

MVA F1 MEP #4523t
IPP, 2 /¥ IPP 454

/

MVA i@z
(HfJ57)
3acetyl-CoA

| imGs
HMG-CoA
1 MK

mevalonate

l HMGR
mevalonate-P

l PMK

mevalonate-PP

\

1&%@213%%25@9‘%%%‘@%0
fEH &= EY G g
JE M FPP Az B AHAR — 0 (amorpha-4,11-diene)o

SR i 2 R

LIRS S KM A T
DMAPP 4 % GPP, #/J5TE%

B-farmesene

germacrene A

o

N

/ ADS \
amorpha-4,11-diene
AMO/CYP7LAVP
ADH2
AAOH DHAAOH
AMO/CYP7LAV AMO/CYP7LAV1
ADH1 ll ALDH]1 ”RED‘
AAA | 2BR0 » DHAAA
AMO/CYP7LAV ALDH]l
ALDHI
CPR  AA DHAA
9 :
+ 9 E
/ AB ;
Hisw

(artemisinin)

CYP71AV1-amorphadiene-12-hydroxylase
DHAAOH-dihydroartemisinic alcohol

E1

AMO/CYP71AVI- £ -4 LA AAOH-
ECS-EMEEATH SQS-MEAHE GAS-KIREMH A G EF BFS-B-ILBMi G HEE CPS-B-ATT/i& Al CPR-4IELEE P450 LJE-?NE
L REE  CYP7IAVI-4H i {6 %
DHAAOH-N A HHHE DHAAA-—A T

P450 A LEE DBR2-FH
it DHAA-—

CPS-B-caryophyllene synthase

c¢MEPP-2-C-methyl-D-erythritol-2,4-cyclodiphosphate

DXS-1-deoxy-D-xylulose-5-phosphate synthase
HDS-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase
2,4-cyclodiphosphate  MEP-2-methyl-D-erythritol 4-phosphate pathway MK-mevalonate kinase

AR DMAPP-—
GPP-42: JLIE — R HMGR-3-$256-3- H k- Ik — bl A 38
MVA-H %% CDP-MEP- BRI H -2-C- ! F:-D- 7R i Wl i -2- W R
DXP-1-fit 4 -D-A Wil b -5 - 2
AR HDS-4-J35E-2- 5L -2-E- T I B -4-FE R A T
i MEP-2-F 56D bl i -4- T R

HMBPP-1-#23-2-F 3£-2-7]

MK-H2RRMEE  PMK- B 2 LR
ALDH1-aldehyde dehydrogenase 1
AA-artemisinic acid AB-arteannuin B ECS-epi-cedrol synthase

R

T T LB A J5 i
PP 0 TR i £ PR T

AMO/CYP71AV 1-amorphadiene-12-hydroxylase

CPR-cytochrome P450 reductase
DBR2-artemisinic aldehyde A11(13) reductase
DHAAA-dihydroartemisinic aldehyde

FPP-farnesyl diphosphate

HMBPP-hydroxyl-2-methyl-2-butenyl 4-diphosphate

ZHERIEE

Fig.1 Isoprenoid biosynthetic pathways in A. annua

AAA-

ADHI-

SQS-squalene synthase
RED]1-dihydroartemisinic aldehyde
ADHI1-alcohol dehydrogenase 1
DHAA-dihydroartemisinic acid
HMGR-3-
HMGS-3-hydroxy-3-methyl-glutaryl coenzyme A synthase IPP-isopentenyl diphosphate IDS-
MVA-mevalonate pathway = CDP-MEP-2-
DXP-1-deoxy-D-xylulose-5-phosphate

W AA-TER  AB-H

CEEERE 1

GPP-geranyl diphosphate

GDS-geranyl diphosphate synthase
MECS-2-C-methyl-D-erythritol-
PMK-phosphomevalonate kinase

I

ADH2-Z B2 i S 2
FPS-V%Je S ARk iR & UM FPP-V% )8
LA HMGS-3-F256-3- F R0 - E 4G A &l IPP-J R ALk
CMEPP-2-F £:-D- 7 BEFEE-2,4- 38 1%
DXR-1-Jit S -D-ARERPE-5- B B R M AL EE  DXS-1- SR FIRE-S-BEBR & Bl GDS-HeF ) L3 iR
fi-4-FEREIR MECS-2-C-F JE-D-FREEHE-2 4- SRR IR &

AAOH-artemisinic

GAS-germacrene

ADH2-



¢ # % Chinese Traditional and Herbal Drugs 35 48 % # 5] 20173 B

* 1007 -

FPP. FPP £ 5B — )& Bl (amorpha-4,11-diene
synthase, ADS) fifk, AR — a0 At
TG HA R P450 HLE L EF (cytochrome P450
monooxygenase, CYP71AV1) ALY 3 B, 41
AIE R #EE (artemisinic alcohol, AAOH). T &
1% (artemisinic aldehyde, AAA) 175 & R (artemisinic
acid, AA) %, Hrh, AAOH AJ AR HEALIE i — A
M (dihydroartemisinic alcohol, DHAAOH) ',
AAA T] LB S R AUEEA R [artemisinic aldehyde
delta-11(13) reductase, DBR2] fALIERL A5 &5
(dihydroartemisinic aldehyde, DHAAA) P, AA 7]
DA RATYE R, WaaF SR RA T ME
#z B, 54h, DHAAOH # CYP7IAVI A
ALDHI1 f#{L % i DHAAA, E% &A% &R
(dihydroartemisinic acid, DHAA) T &M,
DHAAA — J7 Ifii 7] #% /% /i & B 1 ( aldehyde
dehydrogenase 1, ALDH1) {f{bJE i DHAA!Y, 7
— 7R H AT E B
(dihydroartemisinic aldehyde reductase, RED1) it 5
i DHAAOH™. Eisk DHAA C4#IE 5L AT &
RIEEATR, HIX AR N 2T N2
R AT RS,

VR R AR A USRS, FPP 48 B A [A] 1 g
WAL A 4 AMEEHEAT 1 4=k, BLFPP 4
JKH), GEEEEANE (epi-cedrol synthase, ECS) HJ
LA R B-F RSB LGN 45— Aol B-f
V1468 (B-caryophyllene synthase, CPS), FJ{E{L
FPP A2 p BT (it T AR s il
(germacrene A synthase, GAS) & [K|4mit (¥ BFREME 1L
FPP & A KA A A 52K 545, FPP £ B-
1B M5 1l (B-farnesene synthase, BFS) REfEfL
FEA 1 Bk RN LT Btk A, B
CL &k B FPP ib ] # A & M5 & 1§ ( squalene
synthesisase, SQS) i AL A i 4 — i ol 45 41200,
2 FEREXEREZRXEMERAMNEESREN
pp=A10)

W 7 TR AR KR, ©& kS

T i A GG O G BB R N . @ i
I R T B RGBS AT ) 0% B il R R A AT
il & AR S IB ST B, WA — e E g
B E & =AM A R AR, =EE S
HEHEERNE. AT HI CEWIENF &R LAH
Kl KA G IS, ASCHN T A AT LT

RIS EER, SR NE 1. K, DEfTg
ERTRENFEREME B EMKERNAE
HMGR. FPS. DXR. DBR2. ALDHI #l ADS;
Cit T2 RHRNEREMERNASERE HDR/
ADS™!, FPS/ADS™). CYP71AV1/CPR. HMGR/
ADS . HMGR/FPS . ADS/CYP71AV1/CPR #iI
FPS/CYP71AV1/CPR 2529, W45 §F 9 10 B 401 1) 35
FER AN T L Ig 2% R SQS. CPS. BFS.
GAS %, MAsiRm SR MER,

FHBE L CLRUESE, & &= W A R £
AR T BRSO 7 2R R O A R S
fiR B b R A B R R A D AN, R
AH G B 5 M R A I L R B I A S IR B B R
AW AR I R, 4T S T & A Y,
JiR B HL 25 T R A A ORI b 7 1R R T 1 A
WD, iRy, SWARERESEERE
S IEARSED T, KBS (B-glucosidase) F43E
DR 75 15 o O 4 M B P G T S R P

DHAA /&5 & & & I Bk, A Em
g THERN G708 TR g R
FH, MEFELIZEM 3 (AaLTP3) FIZ [a)fif 2514 4%
Iz H (AaPDR2) fEiE (DH) AA fEMHEH 5T
SMAH IR R &, Bl (DH) AA MJBAMAE EI41 i
B AR, B NSk FI s AB FIT 5 2 1040t
ite XU e E AW N RS SR YA K
(P #EAR S AP,

RA, FEFERAEREEES, Bl
ANKEEZ . Han N Sb 45 LR, CYPTIAVI
Ja3ITH CaMV35S J3 8143 7% FPS/ADS & [H
HAFRIER, CaMV35S JE 8 FIRENIE R KL &
B, (ARERERIEEZIT CYPT1AV] REIRENH &
FABBEEREREPRRRE, BHTHER
MG . ZEE RR, 75T & R R Al
TR A A OB R 3§, W CYP71AVI
JRENT, AR THERERDE SRR,

3 BRETFHNEEZREHEIZM

e (transcription factor, TF) &—KEE
R &R E s T E R, AE%ARN TES
) — M EEFR. FxF Tl 55EEE )T R
87 RO FH TG 45 4, AT B0 L b 22 DAL () 2 5%
HATTE S &S Rm AW A Ot fE v R IA 2 M 17
Z5, A% WRKY (1 4. NAC (1 4. bHLH
(24%), bZIP (24>) F1 AP2/ERF (4 ) KA1



1008 - ¢ # % Chinese Traditional and Herbal Drugs 35 48 % # 5] 20173 B
*1 BFERERGHEBERIBFEXBEHEER
Table 1 Genes of artemisinin synthesis pathway and branch pathway
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ADS LR WA R AL B e FE T IR AR SR R — 0 5
CYP71AVI g th 3 P450 A LG AL T HRE . . FERM AT HEHR 6-8
DBR2 H i B IL i AT T A i A R 9
REDI TATH S IE AN AL A HR LR A 13
ADHI LEEPRERE 1 MEAL T I A s 24
ALDHI 2t i S 1 HAEREER. —AHEBAN _—AHER 12
ADH2 LTE G 2 MR A B AR BT 25
CPR 2 €35 PASO i 5 i N €38 PASO AL T £ 1 26
SQS btk ey P L B FE IR AE A i ) 19-20,27
ECS ARG AT B B R B R A R T FA T 14
GAS KIREFMIHEGE A AL B AR R AR KR B I I 16,27
BFS B-E Je Hi 5 AT B B R IR A B BV B M 17-18,27
CPS B- AT I A AT B B R R A B B- A 1T M 15,27

Flk. eAES R S R EDE BORT R R E
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WRKY & ¥ ¥ H 1% & B+ Kk,
AaWRKY1 s i P AEH BRI R+, B
FKWZER TS5 ADS A1 CYP71AV1 3 8hF X8
W-box 454, WRKY i Rk AT $& i 4 L DA i ke b
HMGR. DBR2. ADS 1 CYP71AV1 %R ff) 3 i57K
S, N R AR,
3.2 NAC Rk REF

NAC EHgH 7 RE T B KB R T2
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JLIH ADS [RIE BT, HFERERN®.
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ADS M1 CYP71AV1 J& 5 ¥ X 51 E-box = AF FH 7o
&4, R E g %15 AabHLH1 A2 % HMGR.
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ETFHE IR AaMYC2 #4535 [K 1, E W] 1% 3k A
% JA %S, W5 CYP71AV1 Al DBR2 JE 51
G-box like itk &, RIE AaMYC2 F:[A Ffd
T CYP71AV1 fil DBR2 3 [K {6 5 /KF, #9017 7
ERME: NAEWRRN, EFESEFE R,
JA 5 GA Z M55 1% 34K AaMYC2-DELLA &
F (AR ELAE FEOL,
3.4 DbZIP RiE¥KEF

AabZIP1 Fl AaHD1 [F)J& T bZIP 2% 5K 75K
%, BAEEA DNA 456 KR 2 R h sE 454
IR, AabZIP1 ZE[AiEE 5 ADS 1 CYP71AV1
Ja 8T X ABA Mot (ABRE) 454, Eif
T ADS. CYP71AV1. DBR2 fll ALDHI J[X %%
SR, ENEERNEME K AabZIPl K
ABA F5lEHFEREMERBERER. 1M
AaHD1 5 JA G5 3K, ZER@EL LSS
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AaJAZ8 (jasmonate ZIM-domain 8), 520 JA i1,
PR E P AR ERIIE A, AaHD1 o 3Rk v] 2 25 18 n
B MR ERERE, RARETESTHBRN
=48]
H

o

3.5 AP2/ERF K&¥EFEAF

AP2/ERF %3 IR GO AE T 8 i sk i 2 Hh o
RE%, Hul 4 MIEK AaERF1.AaERF2.AaORA
A AaTARD HJ& FiZx . Yo ZWIHF 5 % 9
AaERF1 Fl AaERF2 N Z M H1 JA W N (1) AP2 #53%
B+, 5 ADS # CYP71AV1 3 3 ¥ X 8 K
CRTDREHVCBEF2 (CBF2) 1 RAVIAAT (RAA)
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Al S IR B R E KA R, el s S ADS
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WIEHERNEWAERP. Bo, Wang 5P
X} ALDH1 33T 15k, iEB] AaORA FI AaERF2
WA RAA 2538 BAE R, 2 & R ING .

TR EZ, RO ECSWRIE N
TFREAL, BEERIE T 2 MNMEE EIRE R 2
xok M H AL XK K ok B AaGL2 M
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FEAEATBERIER, Bl CAMREmESE &
RIEW N A 10 Mot —SEEKEEES
()8 s DR ] R AR o e A T 4 X B AR i A
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S R AR ENRE, RIS K.
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JA BT RS A, NORSF AP IR A ARG
RETFEL, 5 QLR 0 2 b R 115 32
JA S, 35 AaNACI™, AaMYC2*!, AaERF1
1 AaERF2WVE  JX e S [N 74 TA 5 S R Rk &
Ham, AT IE R S R RS s R I 2 AN
R, REEERNE. WA, JA BT

IRBHE . TSR AR IR, JA
Al @ I s iR B AR SR FE K, Wl TFAR1 (trichome-
specific fatty acyl-CoA reductase 1), %R EHEP",
JAIE V] Bl bZIP 25 5% [F 1 K ) AaHD1 75 5 )i
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HE BT, AR A R e A
HMGR. FPS. CYP71AV1 HIRIEEEET &, 4%
TGN %7 8. Zhang 25O ER b a7
ABA 32 fk AaPYL9, HiEBATEF & it Kk
AaPYLY el & T & R O U A5 FPS. ADS #
CYP71AV1 [k, BMEEH S EN A
T H B & . Zhang 2N AET H w15 ABA
BRI ABF KK F——AabZIP1, %5 HfE
B AHE RS MIEREER ADS M1 CYP71AVI (1)
JRET, PEmT R R A R
43 SAWNEEREMBIFI

SA SRR A, HEERAEY) IR AEAR
W= A . TR, A5 BRI /MR SA
i, HEREYERISFEICHEHER ADS [RE R
I, FHEHEN AR EROER I, Haky,
SA fER & ATREE 2 MigEInE SRME: —
EREETEE (ROS) MR, (et A H SR H S
RHAL:, R R AW AR A,
0 SA 187 & =0 THLHLE A Frdt— P A
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GA J& T ZniKe, 2 Hut kIRt aE R E
Yo i B B R AR YEYE GA AT S
AA [EEEHAS), GA el HEEEEME K%
%1 FDS. ADS Fl CYP71AV1 K[ [k 85704,
RO R, S AR GA A H &S,
HFERWEMNT 3~4 1%, FNREBHEEN,
HHRET GA HEEERAEWE BRI EN 5T
ML A 7838 A WLARE

JA. GA. ABA 1 SA X JLMEYIB & BARE L
FEE AR & O 55 S, HEiTzm
WAFEH EAE ML . JA 5 GA 2 [8) 7] 4K #i
AaMYC2-DELLA F [ (M BAE AT (5 5 15 1
GA 155 DELLA & HAKIHIA 7Rk, 425 ROS
I SA MALER, HIFHIA (558%™ JA 5 SA S
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PR ER B ol R R g B IO 42 o A AR g
YIRS IR F o AR YAE IR BRI S
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mE, K PR 350, SR, =, &EK&
A H £ AR T ) A,
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(0 77 8 S H AR W A 15 H 2 6 TR K T 1 AR
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ERBEHINE SRS R ERER ADS.
CYP71AV1 1 DXS HIRIER; WEMTFHaEHE
B e RN R, M SRR EA M
THPE, FERE AR A A o B 4 i SRR R e
AA MIFEHERMWEL, ®REFERNE; EHEDH
AKEW, mIRAEEERNEKR. B, 5E
FEBMERLRSMLL, RASRSEEGHTEER
M. MHLZ TR, & SIRER. . e,
b E ER AR, T a8 )R nER Wi 240
HIHEERIA R, AV I S &
A, RIREREERE Glomus macrocarpum W ¥4 0 i &%
KRR,

JA. ABA FI SA 7EAE ) R0 B3 il i #2 o
WERKEZENIEN, REEPNEIEEDPIER
TR T JA FEDZ a5, U=, T
B BRI S AR, EPRNT JA 551
514 ABA SR BB AR 5 A% SRR R T
BIEEPY, SA 5 THMNT S0, AR
A YR E R S T A Y SO TA A A
KHE (LOXI. LOX2. AOC Ml JARD) ZA i
5T, WhhaaEd g mmIEtE JA e EE RN
FER, RFAREEMNE ST E N TG S
HFERARLIRTEEY,

52 FREFMHEERERNEND

BRUL ERFES, WAERKEBSHET. ¥ ES
FHFET . P, ZHETHK (DMSO). Jel%&h
RESZIR T 8 R I R
521 WARKHIBSHET WAREILATER
— PP R AEAR S TR, (R A IR AE A = (e
AU BRI, TR E A ER P SIA N A HE R
JE Colletotrichum sp.V'™, HERKERSE 13
mg/L. HARETEE, BEREM (DSM 11827)
MEZEE (W-5) @S SEkmE. TR

Ak AR S BLE A  R 3EN, T E
=g,
522 WEESIHESHET NO K ROSIEN—FE
SRERT, etk AERE IR E . £
KAEYA T, NO 1 ROS 121 DHAA #48 Rk
K, TR BT,
523 BEE FEHE. FORIAERER SR TR
FeAE KR NO M ROSVY™), (R ERNE; M4
BTG IR E E R AR, (HER AR E S &
(B o
5.2.4 DMSO DMSO & HiFEmAEDr=Er, H
AE AR R ROS M Hy0, WRFE, RiEE HE &R
E@é\ﬁim-sm 3
525 Hl HERMWERESEEERAGR. Kl
MIF AT G S L2k (CRY D ¥ AH &+,
HHE R ORISR EREILE FPS. ADS 1 CYP71AVI]
A RN, HEREREE 30%—40%"",
MeAh, EHFFRERE, FGREE NG EA ERRE 7R
MR EE R RS, B SiE ], e,
206, WO, BRSO, ZDGTERMEIEE H A
SEMREE IR FE T B R A
6 RBE

R MILATEY R 2 M A E . BRig
TXPUERSL, B ERBAYERA KM R, 5
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Fig. 2 Sketch map of artemisinin metabolic engineering

IEERIE R ARSI A BN HA A DG g
BRlo He, SNSRI BT GEBs s
RN Z) FESRT CRELLPRRKIAE);
B AFE JA. GA. SA 1 ABA; FEHFE NCIER
H5E SR BN R E 7 LM ES, R
WA EREBREMK (Babpil) M5EEEE
BHE CREFRD MR, FR, B 2 aHE0
X7 Tz SRR Z R, BRI
bR EMERERNEILE, WAERA, AU EGER
FIAMEER, &aiEdEFE R &SR YA R
RERE. B AL 3 FRERE, R
T & =AY E USRI A AR 45 S 0
BT BB A SR R, IRE S SR =

T e =AU R ] T 8 R A A U SR %
By BT EYEE. . B9 RTARE
HHAT, BAEAEUEEREDE BB L
1) TR AE AR 42 R0 LA B R At 1 3 2R A
7 (E2). BT, ARSCER L AUHN I IR AEAR
RS IRIFTRAEMIERA A REER G
H BURAR R R 2 0] J 53 s At 2 TR LA, TR
et S P VA RS L i) = bl ety 1 1 2
R TG R E SR BRI A, AT SEI
ZANEEREWE RSB E SR A
NFHEDIE R WS LESET, AR REZAE
B R e S N TR B R AR A R
BREMNZANANFEREER. 55— m, JFREET
BRB S FE MR B LA SR BEA R ERE
FHR ISR 7 YR UIRAHESHE T, 2
A IRE R B AHREEFERE, LOH &R

TR BEEH R EDE AR K R
THURIFRRABT T, 2 W3 H B AR LA 2
SEBL, AN B e D T R R I B A
TR R 3R A 5 IR B A

S 3Lk

[1] Pulice G, Pelaz S, Matias-Hernandez L. Molecular
farming in Artemisia annua, a promising approach to
improve anti-malarial drug production [J]. Front Plant
Sci, 2016, doi: 10.3389/1pls.2016.00329.

[2] Van Noorden R. Demand for malaria drug soars [J].
Nature, 2010, 466(7307): 672-673.

[3] K/, $B29E, BEEE. REMAEEREERSEMN
SBEEEEFELR S (1] 4%, 2011, 46(4):
472-478.

[4] Schramek N, Wang H, Romisch-Margl W, et al
Artemisinin biosynthesis in growing plants of Artemisia
annua. A *CO, study [J]. Phytochemistry, 2010, 71(2/3):

179-187.
[5] Nguyen K T, Arsenault P R, Weathers P J. Trichomes +
roots + ROS = artemisinin: regulating artemisinin

biosynthesis in Artemisia annua L [J]. In Vitro Cell Dev
PI, 2011, 47(3): 329-338.

[6] Wang H, Han J, Kanagarajan S, et al. Trichome-specific
expression of the amorpha-4,11-diene 12-hydroxylase
(cyp71avl) gene, encoding a key enzyme of artemisinin
biosynthesis in Artemisia annua, as reported by a
promoter-GUS fusion [J]. Plant Mol Biol, 2013, 81(1/2):
119-138.

[7] Wang Y, Yang K, Jing F, et al. Cloning and
characterization of trichome specific promoter of
cpr7lavl gene involved in artemisinin biosynthesis in
Artemisia annua L. [J]. Mol Biol, 2011, 45(5): 817-824.

[8] Teoh K H, Polichuk D R, Reed D W, et al. Artemisia
annua L. (Asteraceae) trichome-specific cDNAs reveal
CYP71AV1, a cytochrome P450 with a key role in the



* 1012 -

¢ £ 4% Chinese Traditional and Herbal Drugs

Fa8E FSH 2017E3 A

[10]

[11]

[12]

[14]

biosynthesis of the antimalarial sesquiterpene lactone
artemisinin [J]. Febs Lett, 2006, 580(5): 1411-1416.

Wu T, Wang Y, Guo D. Investigation of glandular
proteins
comparative proteomics [J].
10.1371/journal.pone.0041822.
Muangphrom P, Seki H, Fukushima E O, et al.
Artemisinin-based antimalarial research: application of
biotechnology to the production of artemisinin, its mode
of action,
Plasmodium parasites [J].
318-334.

Suberu J, Gromski P S, Nordon A. Multivariate data
analysis and metabolic profiling of artemisinin and
related compounds in high yielding varieties of Artemisia
annua field-grown in Madagascar [J]. J Pharm Biomed
Anal, 2016, 117: 522-531.

Teoh K H, Polichuk D R, Reed D W, et al. Molecular
cloning of an aldehyde dehydrogenase implicated in

in Artemisia annua L.
PLoS One,

trichome using

2012, doi:

the mechanism of resistance of
J Nat Med, 2016, 70(3):

and

artemisinin biosynthesis in Artemisia annua [J]. Botany,
2009, 87(6): 635-642.

Ryden A M, Carolien R S, Quax W, et al. The molecular
cloning of dihydroartemisinic aldehyde reductase and its
implication in artemisinin biosynthesis in Artemisia
annua [J]. Planta Med, 2010, 76(15): 1778-1783.

Mercke P, Crock J, Croteau R, ef al. Cloning, expression,
and characterization of epi-cedrol synthase, a
sesquiterpene cyclase from Artemisia annua L. [J]. Arch
Biochem Biophys, 1999, 369(2): 213-222.

Cai Y, Jia J W, Crock J, et al. A cDNA clone for
[beta]-caryophyllene synthase from Artemisia annua [J].
Phytochemistry, 2002, 61(5): 523-529.

Bertea C M, Voster A, Verstappen F W A, et al.
Isoprenoid biosynthesis in Artemisia annua: cloning and
heterologous expression of a germacrene A synthase from
a glandular trichome cDNA library [J]. Arch Biochem
Biophys, 2006, 448(1/2): 3-12.

Brown G D. The biosynthesis of artemisinin (Qinghaosu)
and the phytochemistry of Artemisia annua L. (Qinghao)
[7]. Molecules, 2010, 15(11): 7603-7698.

Picaud S, Brodelius M, Brodelius P E. Expression,
purification and characterization of recombinant (E)-
[beta]-farnesene synthase from Artemisia annua [J].
Phytochemistry, 2005, 66(9): 961-967.

Zhang L, Jing F, Li F, et al. Development of transgenic
Artemisia annua (Chinese wormwood) plants with an
enhanced content of artemisinin, an effective anti-malarial
drug, by hairpin-RNA-mediated gene silencing [J].
Biotechnol Appl Bioc, 2009, 52(3): 199-207.

Yan L, Ye H C, Wang H, er al. Molecular cloning,
Escherichia coli expression and genomic organization of
squalene synthase gene from Artemisia annua [J]. Acta
Botanica Sinica, 2003, 45(5): 608-613.

Nafis T, Akmal M, Ram M, et al. Enhancement of
artemisinin content by constitutive expression of the

(23]

(24]

(23]

[26]

[27]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

HMG-CoA reductase gene in high-yielding strain of
Artemisia annua L. [J]. Plant Biotechnol Rep, 2011, 5(5):
53-60.

Olsson M E, Olofsson L M, Lindahl A L, et al
Localization of enzymes of artemisinin biosynthesis to
the apical cells of glandular secretory trichomes of
Artemisia annua L. [J]. Phytochemistry, 2009, 70(9):
1123-1128.

Banyai W, Kirdmanee C, Mii M, et al. Overexpression of
farnesyl pyrophosphate synthase (FPS) gene affected
artemisinin content and growth of Artemisia annua L. [J].
Plant Cell Tiss Org, 2010, 103(2): 255-265.

Polichuk D, Teoh K H, Zhang Y, et al. Nucleotide
sequence encoding an alcohol dehydrogenease from
Artemisia annua and uses thereof: WO, 2010012074 [P].
2011-06-30.

Polichuk D R, Zhan Y S, Reed D W, et al. A glandular
trichome-specific monoterpene alcohol dehydrogenase
from Artemisia annua [J]. 2010,
71(11-12): 1264-1269.

Shen Q, Chen Y F, Wang T, et al. Overexpression of the
cytochrome P450 monooxygenase (cyp7lavl) and
cytochrome P450 reductase (cpr) genes
artemisinin content in Artemisia annua (Asteraceae) [J].
Gen Mol Res, 2012, 11(3): 3298-3309.

Lv Z, Zhang F, Pan Q, et al. Branch pathway blocking in
Artemisia annua is a useful method for obtaining high
yield artemisinin [J]. Plant Cell Physiol, 2016, 57(3):
588-602.

FAAE, et BRI, & dEKE HDR M ADS F
PR H R A S IR (0], 255254, 2014(9):
1346-1352.

Tang K, Shen Q, Yan T, et al. Transgenic approach to
increase artemisinin content in Artemisia annua L. [J].
Plant Cell Rep, 2014, 33(4): 605-615.

Duke S O, Paul R N. Development and fine structure of
the glandular trichomes of Artemisia annua L. [J]. Int J
Plant Sci, 1993, 154: 107-118.

Duke M V, Paul R N, Elsohly H N, et al. Localization of
artemisinin and artemisitene in foliar tissues of glanded
and glandless biotypes of Artemisia annua L. [J]. Int J
Plant Sci, 1994, 155(3): 365-372.

Olofsson L, Lundgren A, Brodelius P E. Trichome
isolation with and without fixation using
microdissection and pressure catapulting followed by
RNA amplification: expression of genes of terpene
metabolism in apical and sub-apical trichome cells of
Artemisia annua L. [J]. Plant Sci, 2012, 183(1): 9-13.
Bryant L, Patole C, Cramer R. Proteomic analysis of the
medicinal plant Artemisia annua: data from leaf and
trichome extracts [J]. Data Brief, 2016, 7: 325-331.

Xiao L, Tan H, Zhang L. Artemisia annua glandular
secretory trichomes: the biofactory of antimalarial agent
artemisinin [J]. Sci Bull, 2016, 61(1): 26-36.

Brown G D, Sy L K. In vivo transformations of

Phytochemistry,

increased

laser



¢ £ 4% Chinese Traditional and Herbal Drugs

F48% HSH 2017FE3 A +1013 «

[37]

[39]

[40]

[41]

[44]

[45]

artemisinic acid in Artemisia annua plants [J].
Tetrahedron, 2007, 63(18): 9548-9566.

Graham I A, Besser K, Blumer S, ef al. The genetic map
of Artemisia annua L. identifies loci affecting yield of the
antimalarial drug artemisinin [J]. 2010,
327(5963): 328-331.

Arsenault P R, Vail D, Wobbe K K, et al. Reproductive
development modulates gene expression and metabolite
levels with possible feedback inhibition of artemisinin in
Plant Physiol, 2010, 154(2):

Science,

Artemisia annua [J].
958-968.

Singh N D, Kumar S, Daniell H. Expression of
B-glucosidase increases trichome density and artemisinin
content in transgenic Artemisia annua plants [J]. Plant
Biotechnol J, 2016, 14(3): 1034-1045.

Wang B, Kashkooli A B, Sallets A, er al. Transient
production of artemisinin in Nicotiana benthamiana, is
boosted by a specific lipid transfer protein from 4. annua
[J]. Metab Eng, 2016, 38: 159-169.

Han J, Wang H, Kanagarajan S, ef al. Promoting
artemisinin biosynthesis in Artemisia annua plants by
substrate channeling [J]. Mol Plant, 2016, 9(6): 946-948.
Han J, Wang H, Lundgren A, et al. Effects of
overexpression of AaWRKYI on artemisinin biosynthesis
in transgenic Artemisia annua plants [J]. Phytochemistry,
2014, 102(6): 89-96.

Ma D, Pu G, Lei C, et al. Isolation and characterization of
AaWRKYI, an Artemisia annua transcription factor that
regulates the amorpha-4,11-diene synthase gene, a key
gene of artemisinin biosynthesis [J]. Plant Cell Physiol,
2009, 50(12): 2146-2161.

Lv Z, Wang S, Zhang F, et al. Overexpression of a novel
NAC domain-containing gene
(AaNACI) enhances the content of artemisinin and

transcription  factor

increases tolerance to drought and Botrytis cinerea in
Artemisia annua [J]. Plant Cell Physiol, 2016, 57(9):
1961-1971.

Ji'Y, Xiao J, Shen Y, et al. Cloning and characterization of
AabHLHI, a bHLH transcription factor that positively
regulates artemisinin biosynthesis in Artemisia annua [J].
Plant Cell Physiol, 2014, 55(9): 1592-1604.

Shen Q, Lu X, Yan T, et al. The jasmonate-responsive
AaMYC2 transcription regulates
artemisinin biosynthesis in Artemisia annua [J].
Phytol, 2016, 210(4): 1269-1281.

Shen Q, Cui J, Fu X Q, Cloning and
characterization of DELLA genes in Artemisia annua [J].
Genet Mol Res, 2015, 14(3): 10037-10049.

Zhang F, Fu X, Lv Z, et al. A basic leucine zipper
transcription factor, AabZIPI, connects abscisic acid
signaling with artemisinin biosynthesis in Artemisia
annua L. [J]. Mol Plant, 2015, 8(1): 163-175.

Yan T, Chen M, Shen Q, et al. Homeodomain protein 1 is
required for jasmonate-mediated glandular trichome
initiation in Artemisia annua [J]. New Phytol, 2016, doi:

factor positively

New

et al.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[57]

[58]

[60]

10.1111/nph.14205.

Yo Z X, Li J] X, Yang C Q, et al
jasmonate-responsive AP2/ERF
AaERF1 and AaERF2 positively regulate artemisinin
biosynthesis in Artemisia annua L. [J]. Mol Plant, 2012,
5(2): 353-365.

Lu X, Zhang L, Zhang F, et al
AP2/ERF
Artemisia annua, is a positive regulator in the artemisinin
biosynthetic pathway and in disease resistance to Botrytis
cinerea [J]. New Phytol, 2013, 198(4): 1191-1202.

Tan H, Xiao L, Gao S, et al. Trichome and artemisinin
regulator 1 is required for trichome development and
artemisinin biosynthesis in Artemisia annua [J]. Mol
Plant, 2015, 8(9): 1396-411.

The
transcription factors

AaORA, a

trichome-specific transcription  factor of

Wang H, Liu W, Qiu F, et al. Molecular cloning and
characterization of the promoter of aldehyde
dehydrogenase gene from Artemisia annua [J].

Biotechnol Appl Biochem, 2016, doi: 10.1002/bab.1520.
Jindal S, Longchar B, Singh A, et al. Promoters of AaGL2
and AaMIXTA-Likel genes of Artemisia annua direct
reporter gene expression in glandular and non-glandular
trichomes [J]. Plant Signal Behav, 2015, doi:
10.1080/15592324.2015.1087629.

Wasternack C. Action of jasmonates in plant stress
responses and development-applied aspects [J].
Biotechnol Adv, 2014, 32(1): 31-39.

De Geyter N, Gholami A, Goormachtig S, et al.
Transcriptional machineries in jasmonate-elicited plant
secondary metabolism [J]. Trends Plant Sci, 2012, 17(6):
349-359.

Liu S, Tian N, Li J, et al. Isolation and identification of
novel genes involved in artemisinin production from
flowers of Artemisia annua using suppression subtractive
hybridization and metabolite analysis [J]. Planta Med,
2009, 75(14): 1542-1547.

Maes L, Van Nieuwerburgh F C, Zhang Y, et al.
Dissection of the phytohormonal regulation of trichome
formation and biosynthesis of the antimalarial compound
artemisinin in Artemisia annua plants [J]. New Phytol,
2010, 189(1): 176-189.

Yoshida T, Mogami J, Yamaguchi-Shinozaki K.
ABA-dependent and ABA-independent
response to osmotic stress in plants [J]. Curr Opin Plant
Biol, 2014, 21(21C): 133-139.

Jing F, Zhang L, Li M, et al. Abscisic acid (ABA)
treatment increases artemisinin content in Artemisia

signaling in

annua by enhancing the expression of genes in
artemisinin biosynthetic pathway [J]. Biologia, 2009,
64(2): 319-323.

Zhang F, Lu X, Lv Z, et al. Overexpression of the
Artemisia orthologue of ABA receptor, AaPYL9,
enhances ABA sensitivity and improves artemisinin
Content in Artemisia annua L. [J]. PLoS One, 2009, doi:
10.1371/journal.pone.0056697.



* 1014 -

¢ £ 4% Chinese Traditional and Herbal Drugs

HE48% S 2017FE3 A

[61]

[62]

[64]

[74]

Pu G Ma D, Chen J, et al. Salicylic acid activates
artemisinin biosynthesis in Artemisia annua L. [J]. Plant
Cell Rep, 2009, 28(7): 1127-1135.

Aftab T, Khan M M A, Idrees M, et al. Methyl jasmonate
counteracts boron toxicity by preventing oxidative stress
and regulating antioxidant enzyme activities and
artemisinin biosynthesis in Artemisia annua L. [J].
Protoplasma, 2011, 248(3): 601-612.

Zhang Y S, Ye H C, Liu BY, et al. Exogenous GA3 and
flowering induce the conversion of artemisinic acid to
artemisinin in Artemisia annua plants [J]. Russ J Plant
Physl, 2005, 52(1): 58-62.

Banerjee S, Zehra M, Gupta M M, et al. Agrobacterium
rhizogenes-mediated transformation of Artemisia annua:
production of transgenic plants [J]. Planta Med, 1997,
63(5): 467-469.

Paniego N, Giulietti A. Artemisinin production by
Artemisia annua L. transformed organ cultures [J].
Enzyme Microb Technol, 1996, 18(7): 526-530.
Robert-Seilaniantz A, Grant M, Jones J D. Hormone
crosstalk in plant disease and defense: more than just
jasmonate-salicylate  antagonism  [J]. Rev
Phytopathol, 2011, 49(1): 317-343.

Pandey N, Pandey-Rai S. Updates on artemisinin: an
insight to mode of actions and strategies for enhanced
global production. [J]. Protoplasma, 2016, 253(1): 15-30
Rivas-San Vicente M, Plasencia J. Salicylic acid beyond
defence: its role in plant growth and development [J]. J
Exp Bot, 2011, 62(10): 3321-3338.

Liu W, Wang H, Chen Y, et al. Cold stress improves the
production of artemisinin depending on the increase of
endogenous jasmonate [J].
2016, doi: 10.1002/bab.1493.
Tan R X, Zou W X. Endophytes: a rich source of
functional metabolites [J]. Nat Prod Rep, 2001, 18(4):
448-459.

Lu H, Zou W X, Meng J C, et al. New bioactive
metabolites

Annu

Biotechnol Appl Biochem,

produced by Colletotrichum sp. an
endophytic fungus in Artemisia annua [J]. Plant Sci,
2000, 151(1): 67-73.

Wang Y, Zhang H, Zhao B, et al. Improved growth of
Artemisia annua L. hairy roots and artemisinin production
under red light conditions [J]. Biotechnol Lett, 2001,
23(23): 1971-1973.

Arora M, Saxena P, Choudhary D K, et al. Dual
symbiosis  between  Piriformospora  indica  and
Azotobacter chroococcum enhances the artemisinin
content in Artemisia annua L. [J]. World J Microbiol
Biotechnol, 2016, doi: 10.1007/s11274-015-1972-5.

Zheng L P, Zhang B, Zou T, et al. Nitric oxide interacts

[76]

(80]

with reactive oxygen species to regulate oligosaccharide-
induced artemisinin biosynthesis in Artemisia annua hairy
roots [J]. J Med Plants Res, 2010, 4(9): 758-766.

Wang J W, Zheng L P, Zhang B, et al. Stimulation of
artemisinin synthesis by combined cerebroside and nitric
oxide elicitation in Artemisia annua hairy roots [J]. Appl
Microbiol Biot, 2009, 85(2): 285-292.

Zhang B, Zou T, Lu Y H, et al. Stimulation of artemisinin
biosynthesis in Artemisia annua hairy roots by
oligogalacturonides [J]. Afr J Biotechnol, 2010, 9(23):
3437-3442.

Weathers P J, Delesus-Gonzalez L, Kim Y J, et al.
Alteration of biomass and artemisinin production in
Artemisia annua hairy roots by media sterilization
method and sugars [J]. Plant Cell Rep, 2004, 23(6):
414-418.

Wang Y. Sugar control of artemisinin production [D].
Massachusetts: Worcester Polytechnic Institute, 2006.
Mannan A, Liu C, Arsenault P R, et al. DMSO triggers
the generation of ROS leading to an increase in
artemisinin and dihydroartemisinic acid in Artemisia
annua shoot cultures [J]. Plant Cell Rep, 2010, 29(2):
143-152.

Wallaart T E, Pras N, Quax W J.
identification of dihydroartemisinic acid hydroperoxide

Isolation and

from Artemisia annua: a novel biosynthetic precursor of
artemisinin [J]. J Nat Prod, 1999, 62(8): 1160-1162.

Hong G J, Hu W L, Li J X, et al. Increased accumulation
of artemisinin and anthocyanins in Artemisia annua
expressing the Arabidopsis blue light receptor CRY1 [J].
Plant Mol Biol Rep, 2009, 27(3): 334-341.

Liu C, Guo C, Wang Y, et al. Effect of light irradiation on
hairy root growth and artemisinin biosynthesis of
Artemisia annua L. [J]. Process Biochem, 2002, 38(4):
581-585.

Fredly, EFM, T HE. B ERIUT YRR 0t
sk [J] hEAEESEHEENE, 2014, 28(2):
309-314.

TR, b, TEREE, R HERIEYS BT
[7]. B S, 2015, 33(20): 31-35.

Di Sansebastiano G P, Rizzello F, Durante M, et al.
Subcellular compartmentalization in protoplasts from
Artemisia annua cell cultures: engineering attempts using
a modified SNARE protein [J]. J Biotechnol, 2015, 202:
146-152.

Patra N, Srivastava A K. Use of model-based nutrient
feeding for improved production of artemisinin by hairy
roots of Artemisia annua in a modified stirred tank
bioreactor [J]. Appl Biochem Biotechnol, 2015, 177(2):
373-388.





