MITE I RFFRCARFFR,H 37 K, % 2 ,2017 F 3 A
Journal of Zhejiang Sci-Tech University (Natural Sciences)

Vol. 36, No. 2, Mar. 2017

DOI:10. 3969/j. issn. 1673-3851. 2017. 03. 018

BRI SN EN SR 5RE
RERBIRHRHE

(T I RF,a. A9 M FFR ;b T HHEDAERB AR ETEEZRE LM 310018)

W OB BEREDKSETRERB D EARRFOHR 2 KEXS FALEMPFARSEH. £H S R
BFe T AEFEFRATZ, BFRAMNTEDERNEDRTT R ERAGARL . 2L 0HEHEENEDY S B E

R Fo 25 BAT T M A B AR X AR B 09 L T Fo Al K B 09 ) Al

B ABRRBIREFT @, LFAMBME LS B

Yo mAREARR M TRBAT LR, 2 THYFREENESHG LRI,
KGR ik RS 2D AR HE R ML & F P450; A R LA

FESES: Q812 XHERARARRD: A

0 3l

AL & W R 2w T U A A = P D BAE
A3 A A W TR ) B AR R T R A B O RE B A
R BB E A R AT (YD T
WA CHTG Q) DEa R (2 3D VB 454 F g
AE O 4E 1 (I BE 28 2% #2840 & W 02 iy 52 I — 0
BT AR A HEAR A A FORAY . AR A
S T BOE il AR A W T Ry O R A o
AN NI E A S & S ey
Yy or ¥ B A AN TR 1 B 20 50, AR 0 ik 3 B0y AS [R]
Ao O BE L ER G OBUER i A = BRE A . w2 Ak
BWTEA B R G R AE B R R B A
SUBERBAE Z 4> J7 T, WA T R ST BE
FALREAE T A i 26 Ak & 1t BoAy 5 3 4
TR (E . T . il R A5 W T LAAE O 25 9 1 A 2
WO AT R R AR AZ B LU A S
B AR Tl T AR S RO IR D7 R AR
7Rz N AN T A K A At b R e At
TEAR . 1 5E 2L 2 1 & 1 2 A0 B3R AR 19 5% 50 A

il

YR H 3T 2016 —06—29 ™ 2% R H 1. 2017—01—19

XEHS: 1673-3851 (2017) 02-0255-10

AMF, BEAE A YRR T R — S A
Yy AT RN T AR . A U W o h
PRI 20 % 5 114 425 0 FOR % TR R R R HE T R
FIGLA W o e A 8 28 Al 3 W™ i B9 A T 7
5 210 G W Y A 25 BEME B0k M AT T G
TE LB T AT AR SR A F R A AR A W aa TR 4
SR w2 A WTE B AR T A A OF
HBCGRARZ A DI REZ Fl Z 0 . H AT, X il 28
& W9 A= WA RS I 5 T TR BE 9T 22 O TR
A T AR R T 2 AR TR T Bk A R E 1Y 2K
e P it s R AL & AU R AR B 2 — K
W o R SO A W RN R AR O
TR =75 N AR W SR AL S W AT A

1 EMIERUEIREDER

RS EY A R — MR 3 A B
[E] 44 S5 1 s 3 £ #5 B2 (isopentenyl pyrophosphate,
IPP) M o XU ## S5 Mg 7K — W 3L T 3L 4R oE
(dimethylallyl pyrophosphate, DMAPP) 4 4 . 5 BT
TR BT (e 3 Wk e FPP 4l 4 JLJE — w2

HEWH . BEARPIFHES T H (81373908, 81403033, 81673536) ; Wi IL4 H ARRI 4 4 & A3 H (LZ16H280001)
TEH R R B11965—) B BRVEER RN 2045 . 35 82 DA 2 25 T A 90 A A 38 )y T A AT 5



256 W B T Kk % % R

2017 4F B 37 %

GPP . 4= JL 3 4 4 JL 3 — B e GGPP %) I 4=
B i 2 AL A W AR B B KB i . GPPL FPP A
GGPP £ i Je & — W 12 & B (FPPS) (i =X 5 15 M
MW (cis-PT) 2 20 5 1380 1% % 1§ (trans-PT) Ml
e A L3 M 4 L3 — 8 R & i (GGPPS) %5 i 1k
T ERAT R — R AW, AR R
P2k, 655 L 3 R A O A TR 0 R E I S R R
(RS N B R RS2 A F By AR R R 2
2ONE D,

IPP<—>DMAPP
Y
B «—— GPP
(e
ﬁaﬁ%v\’\ Flyﬁmﬁgﬁarﬁ
- M s~ LS il
ppe 2L Zppp TP ety
trans-PT W’PS / kA
BV o GGPP——> il
Z cis.ml BN
TCUSTRE S s —06R y o BME
£ i B kg R TR
ZinhE RO Polyprenols
Ficaprenols

Alloprenols
B A A R A TRk R

1.1 IPP #l DMAPP 1 i

W) oh WG 2% A2 W 6 BGE AR T 5T BT A i R Ak A
Yyl BT AR TPP A1 DMAPP (941 & . 4
A4 48 i 5 R B 32 1% R (mevalonic acid, MVA) & #
M A B ACCoA) FF 6 7 A4 TPP, i J5t 44 v i1y
B 5 #% BE-4-%F B ( methylerythritol phosphate,
MEP) 38 12 W D\ P9 Tl iR 0 H 3 12 -3 - 12 T 1R T 1
IPP fil DMAPP, R AHEFEFI 7 C [\ AL & b5 id £
AR 7" MEP &2 fl MVA & 42, i i B B2 i &
BT LT 4 4G A MEP 3 MV A 3% 2 B i
IPP " C ¥ ok 8, [1-7° C % %) W% 43 il e [3-7
C13-8 B T s Fn [ 3-" C 17N B iz (MEP 3% 12 B9
AT W B, Bl B R [2-7 CT & Bk iR A
(MVA @& B &Y B . MEP &4 IPP
JE[3-1Cl 3-8 e H ol B A [ 3-" C TN B R 46 & T8
By, R, BT LLXE IPP A P8 A Bk R T 3 AT R ]
(IPP #1 DMAPP ) C-1 fl C-5 J&F). £ MVA
WY, =4 F OB A B B IPP, T LU AR id

| IPP ) = A4Sk I 7 (C-2,C-4 A1 C-5) (F 2),
E— 25 fit A i 3 iR vk B RS 9k 4 BT AR g 1 Ak
SIS T 48 % MEP f1 MVA #& &5, R
BSR40 i X = AR SRR B AT ki A,
A IE UL W 2 AR AR s B BT R
B,k MVA fl MEP W 4% i& 12 /£ i 19 IPP M1
DMAPP UL J 4k 1fi 4= i 9 GPP #il FPP BE % 2F i
Jo AR B AT s

®CHO

OH

HO
OH Glc
OH

CH,0H

Y

®CH,0P

(0]
HO OH F1,6DP

oH
CH,0P

® CH.OP=——> CHOZ=——= (0’ %
':o I—OH I:o I:o

CH,0 ®CH,0P oCH, ®CH,
DHAP GADP Pyr Ac-CoA
OCH, o o
Ho— 9O ® @ SCoA
OH AAc-CoA
CH,OP )OJ\
DXP l. SCoA
0
ll HO”/ COSCoA
HO, ,. .I/\{
o co?
op HMG-CoA
OH OH l
MEP o
HO,
ll .'/ CH,OH
)
C

PP . ll
B ‘%’\Z{\OPP
IPP
Gle: # % 8% : F1,6DP: 1, 6- B iR Ml s DHAP . — 52 9 B B 1% 5
GADP : 3-B§ R H M S ; Pyr: NEIR ; Ac-CoA : ZHBEHTE A
AAc-CoA: Z B Z BEHIE A DXP . 1-J58 & -D- A BB -5-1 12 5
HMG-CoA : 3-F JE-3- 1 B ZBE Al i A
B2 SRUETL1- CI a5 8 43 i AL 9 MEPCA) Al
MVA(B) #4285 1 M 5070 19 ¢ 8 AR e A5 =00

MVA @& A = 8. 2B CoA BEFEH:
Jilf CAACT) | 3-#% J&-3-F & % — Bt CoA & A B
(HMGS) . 3-% #-3-H 3 [ — Bt CoA if JR fi§



%2 H

Lo AR A S A5 W 5 S TR A TR AT 5 257

(HMGR) ., MVA & IE T 2 45 F LBt CoA 7E
AACTEH T4 & T L 4k & Tk CoA. & Tk Tk
CoA 5 Z Bt CoA 78 HMGS 1E I F 45 & 4 1 3-5%
F-3-H % Bk CoA (HMG-CoA), HMG-CoA
£ HMGR 44 F B 38 Tk B R2 0GR . b I 1 ok
MVA 4 iy B 2 s . A2 3 g 1) TPP /Y
U AR AL EE A3 ) R R R (MIVKD | il iR
FH 2 I3 TR Tt ( PMIKO) R R 2 3G TR 55 1 R JId R ity
(MVD) i 1) 7 25 8% 1R Ak A A — 20 AR I i .

IPP A2 V5 T4 L i i MVA & 42, 3 — L 1 B I
4B B R = M B (IDD 1Y i /b T B L DMAPP
(K 3.

Cytosed £ ER 7 Peraxisontes p:m ate
'\oetyl(ux + (FA3P
[aacT) ‘ W

A \l, CoA ]
¥ iy v
HNIG-CII.-\
) * II;'! rum,«u ' m
M Mevalonale (MY 4) |' Rl DP ME
PATIINAY ¥ K il
| .
I\lemlonme-‘-phnsphate P!'a.ufd’ MLIP M |
Rll" IA-CPP
I\'Ir.'mlonnt&S—di hesphate
MYD| - ][%lpp\l-
DMAPP 4—»11 P PP DMAPP "."
[ ] / . |l.'ll
(]} o A0S) Pl
m/ ‘m IR S pMAPES e LR
Muw  Sesqui [ 6‘ 1o
ey r rrp ¥ .@ terpenes j
N
Schfmi

\ terpenes +é~
Sesiquiie

B3 R A YA R s e

MEP #2215 1PP B M A N B R 5 3-9E IR
H MR (GAP)JE ) DMAPP 1t 4 B4 52 1% 20 i .
AR AR 1) 55— 25 B S T T IR R 3l R H I 1
FE 1-JB0 5D AT B -5 -1 B2 & 1 (DXS) ik T B
B 1-JBE S -D- A W i -5-8% 2 (DOXP) . #& J5 DOXP
7 DXR(DOXP £ J?%‘#J@@ Wi MEP 4 i) i 1k
T AL MEP, MEP i#f — 0 i i 2k 1y 2- 1 B
Dfﬁﬁﬁ‘%@?&ﬁﬂﬁﬁﬂ)‘n%M%%%(MLT)\4—(5—%@4&:
i M ) -2-C- F JE-D- 25 % B2 B (CMIKD | 2-C-H
IR -2, A- R FE R IR 5 L (MDS) FlEE H S T 4%
F-A-WE TR A W (HDS) [l A2 5 7% A8 i % W 56 T M
H-4-HER (HMBPP) . &5 — 2 &M B —1EE 12
He-2-F JE-2- (B)- T s Fe-4-FE W R 18 JRUE ( HDR) [A]
A i i A VR i /6 HMBPP 4y 2 JE 1 IPP Al
DMAPP (& 3,
1.2 BEHEEHTAR) BT A

IPP #il DMAPP & S A4 44, 9 1R 16 BK , v] L) 45
A kAR BE KB 4> . IPP Al DMAPP 78 JL#h 5

T 5 B T Tl ) AR T il 5 2 R N i 1
A . — 4> F IPP F1— 4 F DMAPP 7£ 4 2F
LB R A W (GPS) (A AL 46 & 28 1 4 L3
FHEIR (GPP) , B R SRl 19 1/ 44 P 3 719 TPP Al
—JrF 1 DMAPP ek e 3 —#i R & M E T
283 WAL R O AR BT e R AR R R (FPP) , B A%
il =G AT = 4 T IPP R — 4F T
DMAPP TE4 4= LA 4 I LA W R & M &2 it =25
A A RN IE U A L AR L S R (GGPP) L It
Sk U R DU B B4R PP R GGPP ] DL i — 45 B
G REiE,
1.3 WA E W A B LA 1 B B

TE LR L3 AT 49 it GPP . FPP 1 GGPP %4
W Z )G, A G286 B (terpene synthases, TPS) £ 1k
R L P T 0 SO0 45 e 28 4k & . GPP AT L
FE B A WA AL TR SRS 1 FPP Al LLAE A% F i
A R AR 2R 85 GGPP 76 5 & AL T
b . TPS AN Af DLk B — ik 9 T2 B 2 b
PRy T ELE 2 TPS i Al DL o4 Ak A 5] 1 6 4 7

AR AW X — 2B G 28 E G W Rl AR A

ZHE, SPGB BT R Y BUEE TPS BIAE T B K
(0 B4 7 ) 22 4 R VR IO T AR ) b — i 2 Ak
B YT B — s i B i SR AE R SRR R
FAb A SR AR R T A R R R
SER AR N TTE B =W, (EAL Y h 5 5 2
W) I A6 U R A A LG RS Bl R LA RS
iff A0 f 28 PASO S i AT L T RO G S
X LB A6 A il 1) A7 TEAR KRR BE I (AR 5 Ak & W Fh s
AR IR B 45 AL R A 0 T R e 2 R
I, TPS 6 i filg 16 A8 B i 2540 & W0 A2 0 6 i
HEEREZEMEN  WEWRRLEGY S HEEN EE
R
1.4 WA

TPS 4 A 1k 7= 9 A [ 1 2 A, 4y o SRl 4
it A% 2 A T L A AR S A . AniEl 4 BT
R SN A A T S A AT S R R A
TR A 4K AS T) 1) 8 28 10 B 0 0 A 8 DR A4 [ 4 52 4
(5 BRAT MK SR ER 7T B 5 Bk S 150 0 L 10 flk B
5 15 B A2 i F 20 B kL i AR U 41 2 R T 9
ML, TPS XAl LL4r g 7 AWK K. 4 5K



258 i

oM T Ok o o R

2017 4F B 37 %

TPS a.TPS b, TPS ¢.TPS d.TPS . TPS { fil TPS
g. HTCH TPS RS LB MIAE. AR X

¥ TPS HFi 4>k 7 AW Ji% : TPS-a, TPS-b, TPS-c.,
TPS-d.TPS-¢/f,TPS-g fl TPS-h([& 5), TPS-c I
T AE Bl 2 AE 4 T B A 51 5 TPS-e/£ 3 % 16 4 45 FE )
H R SE MR R s TPS-h W 8 VTR 6 #1145 A . TPSd
N TP FA ; TPS- b TPS-g Ml TPS-a iV J5 4 #
TR A ; TPS-a Wi —2 70 R 2 T 4dl:a1 K
T MY R a2 T AP R A s TPS-d I
Witk—#£ R 3 4 (d-1.d-2 F1 d-3),X 3 4l TPS
WH%KHE@I gt 55 A& IR IR R B &R R UR Y
TPS B3y 58 ¥4 5 2 1 28 A i 2 RE AL 1 2 241
B, BRI ALY TPS 5 Ak L, M5 3L
WA EM 2, Ht ksl Tz, H 5N
ANPFEBEY A (Oryza species) H g B HY ok — Fluk 7

imm and MEP pathways

it IS A WL ) B R AR L Oryza TPS1, (M1 #2: 4
2 550 Bl MU 1 SRR BN L 2 BIF 5 R BRI R SCIE
PR OryzaTPS1 ifigfa R0 —Fhoksh Y, 1
F+2: (Salvia miltiorrhiza Bunge) WA AR B9 B 55
L W4 S A W) L AR A DG I T T B P e
B ok L 20 5l Sk PE S 0 B O AR B R A T 3L Y (Sm
CPS) FIPF SN 5 A Wi S (Sm KSL)Y™ L4
FEERWH T Sm KSL 78 i 4k v 25 1 381 fike 2 5 3L
BN RERY = A B S KSL W] DA AR T B4 35 4= 5 iR
AR PSR T T B M R K (Indian
Sandalwood, Santalum album L.) W) 540 0 %,
T 0 LA FE R 3 00 2 B T S A 2 18 B T (SaSQST
SaSQS2), Hif ¥ 2 5 & M (SaBS) | 7 ik & Ml
(SaSS) Flik We ik 3 — % R & B (SaFDS) , 3 XX #
BT T M RE g e

Plastid

Isoprene synthase > J\’

Isoprene

24

0

Linalool Limonene 1,8-cinecle

OPP

Diterpone

ses (mono)

GGFP

\L ZZFPP

Geranyllinalool

I Sesquiterpene synlhasa; éo&r @/\A\

ﬁw SEE e

Diterpene synthases (bl

f-phellandrene c.terpinene

endo-a-bergamotene

OH
Sesqui
i?\ quiterpene a)mtham) i& 9 i’\x"
Spp O°F

(E)-p-famesene (E)-fi-caryophryliene Nerolidol

Cytosol

Pl 4 S [) bl 26 AR AL ] RS A2 1 i 2 Al 13 4



% 2 H

Lo AR A S A5 W 5 S TR A TR AT 5 259

— . ptens

w— 5. pp0e lendorffii
Crymmospering

e P, frichocarpo
Fovinifera

w— A thaliana

w—— (). sctiver

p— 8. hicolar

TPS-g

Pl 5 LRh e i A A 2 b s 1 A R 28 4 B R AR A A AR R 28 B R R R F Ay T

1.5 4iffifaz P450

41 i {5, 2 P450 (cytochromes P450,CYPs) 7E i
FALB WSS Z R A bR F O AR
LKy 97 % i 2 b & i it CYPs fEfbE 17 &
R, TEAEYI T CYPs 2 i v i K 0 88 5 %, e
NG A EARBIERNE 1%, BIR CYPs i H
L A Ak B g 2 2 Bk Ak (AL R BE CYPs i) DA Ak
VFZ ML LB 5 22 I SO . R T SR A5 R
ST ARG KB 1 R FE AR SR 22 A 5 ke R 2 1) A 5 3 B
CYPs ML N & 22 oo e 1, 7T DLz 52 2 Fh I g
YIRS ™= e Z R =t E P S A A R
W TS TS T, Guo &V S T 14
THRASZmAED S R CYPs, B #
CYP76AH1 (miltiradiene oxidase) 1k Ik F+ =
T IFEALTE R 5 B (ferruginol) , 3T 3B WF 5
WeE T W ) CYPs, 43 9l 8 CYP76AH3 Al
CYP76 AK1, ¥ # 16 J7° M 4k T2 1l 4 3 4%, i &
BT S A . AR R B CYP76AHS i
R A T 1) S A () B Bl R o R A AR TR R
P ] =y, i CYP76 AKL {5 5 A v 6] 72 1 9 Cao
P R AEFSA. SR, TR S A B B
K, Z o A 5 AR Y 5 7, X 45
CYPs W IIRES i ok T — 2k ik,

2 HEYMERLEMEDNSHREE

RS A ERZR T2 R RN
Wi, 322G YA 8] & B BR80T R Y AR
YT ESE R AR 55, A SRR
V-6 UK O ) Tl AN A 52 3] 22 J A Gt B R 53 K7 1Y
P I 52 B T SR SO OKCE B R
2.1 HHY) R E B BeAUE BT

HEL ) v 5 e M 2 Ak G W) 48 TE R A N TR B &
A B THROE MY A L0 & BOF R, TE 4 iR
(snapdragon) f€ H', 1 5% H H: & (myrcene) . ¥ )
(ocimene) , 75 1% B (linalool) FIAE #8  BE (nerolidoD)
JE LR TPS HEPIAE AL B L M 8 B A i %
kLI H XA TRAL S 5 X LAl & Y 7 A R R
BT, AR R B Y mRNA Rk 5B R A
RS AN 45 A B mRNA 50 B 1 AE 75
o HE B K — B BT AR S Y K 5k 3] T
L0 S N O P DR 53 o I P D B S i)
mRNA 7K i 30 A1 31 38, 5 A 5 Bl R i
AEMRRKKR, XLRY T H R AL 8065 0 44
B R T RE B BAE R AR I F R . AR
B (grapevine) 1 = F TPS J K 1Y 3% 15 7 45 4 -
AEFNIK SR A 2 B A [) 1Y S B, 3X = TPS



260 i

oM T Ok o o R

2017 4F B 37 %

BE DR 3 53 A 2R A A 5 R T (Vo Val) |, 7 5 05 -
D-4 il 5 A (VoGerD ) F1 8L A Bl 56 K (VoTer)
TEFF AL Z B0 e A =M i 7 AR 7S v AR PR B H dee o
) mRNA Kk, MR B BIE, BA VoVal 1)
It i 6 3R L I W A ) B R ) 3, A g T
(Arabidopsis) AL, Fis FAT 2 s 5 1 76 16| A
Fak s ST BT FRIRALPR T4 3k AE 24 R R
FH L AET H 2L AR T K R S R AT B R
TR, R CETE T T 13:00— 1700 fe , MM 7E
BIH] 21:00—1:00 fR ik, WAL, BFSE & BLIZA Y H
S W B X Rl e T R, R AR RO
MRS R A A 4 K PR SR AL & W 1 Gk
FUBE IR A B 25 5 S 0k A W R & B B R B AR
PEXT i AL A W) A W) & CRAT LA AR,
2.2 YA TR A EE AW Y 4

) il 2R AL W) A B L2 B A ) R R
SAERT A RS Wy R A R 2R . TER Y Pk
WA — DA R Y 2P 5 m 13-IBA &
R AR JRR R 1) 3 S Ak B TS T 0% AR W & B
ISR T B, B R TS 0 SR AR W P A T A AL A
AR . 4 05 =% B4 Ak I B 7 A 56 A IR
(jasmonic acid) . A1 R M AT A= ¥ 9\ b 7E K BT
R AR 1 B AR b R G B A A A AR
FHE=2 0 FE HAHE 4 f R 22 1) 22 A8, i
U1 25 8 475 B (verbenone) | # I [ (geraniol) Fl 7 15
P Ceitral) , 545210l 40 B-52 3t okS (B-cubebene) |
a¥k JB M (afarnesene ) Ml B-fA T (B
caryophyllene) i B UK F 5 45 B9 W 42 A, 3-ff
1% 35 BB (capsidiol 3-acetate) 7£ M ¥ ( Nicotiana
benthamiana) "PAE b —Fh B % 25 b HK 31 RNA JR
T4 E T X (Potato Virus X, PVX), W58 & #K
PVX i Z1E S NoTPS1 Ml NbEAH W43
DAL, it 3% P R0 R IR A R X AN BRI 2 5 PVX
V500 3- Tl TR MU 1) A= 1 B

[ w5 250 & W A& R Z 3] 1 HE A
TRy . B R AR, = A rh CO,
JECURLEE AR BE RE SRR O, 0 K M s A S
Y& MR A B AR KA 52, A ) 7 IR A= W 1B
B R EW AR 2 R A — e Al filn A
WFFE R B ™ A w 2R A0 & W ORI B B A T v il
JH AR 4 L TE iR R MEP & 42 A i
FALE WA A BT, AR R, TR
38 AT LA S 3 i e K O B e 2R AL i Rk
B R 38 ALK A5 05 AT DL S VLR S A R R Y

B
2.3 FEPIKOF Y R

MVA #l MEP i& #2 H JLAS B & 28 845
P18 Tt 2 T /0N B TR 5% T 40 G 1) 3K 2 /N B TR R 5 3
Wik A hEela ., £ MVA R0 & %%l
AACT .HMGS ,HMGR 1 MVD B 5% Z [a] J§ 3 [
i MEP &2 DXS.DXR.MCT,MDS #l HDR ix
SO R A ECE Z G H RIS, T2 MVA
Fl MEP 3 42 v [5] T 09 A [7] 4 R T2 AT FE 4
FEMMIA LT RR I AEMRRE AERKEE .
7 Y5SNI A AR i 2 A S W TR B G
EHEREBEAEH, W R, AEAE Y A AR =B
KM DXS $: K, —2& DXS #H (DXSD) il fig %
w90, —28 DXS B (DXS2) nl fig 2 Hik 2k
&Y Y A L =28 DXS K (DXS3) i fig %
W ERT TR EY AR . HMGR 3R
KRR 2R HMGR 5 PR 5 0 H A ) 4 S 47 A
AR RIS, PPS A A DXS HH
A4 HMGR 3, 9 HAEA AL h B 2% 2 5
Fik. DXS1 7EM ZERAE R %Rk DXS2 FEAE
M ZERIAR B Fh 23k s DX S3 AE M 25 KR B2 AR 1 rp
FE 35 s DX S 7825 (M A6 MR B2 RIAR (4 v rp 3%
ik DX S5 EFAEM 2k, JF HHF KKK
THEMAE DXS EH ., AREN DXS2 712
2 A WA o i AR . HMGR1
TEAL ZEFIAR (1 v A vy 3R 98 7E i i 3R 8 B i
HMGR?2 FZEZEMMHRE; 5HEILA HMGR
FEHAE L HMGR3 7625 (i AR B2 AR (% rh AT v g
Fi8 s HMGRA bR 3ROk  AE 4 21 (25
I AR R AR A o) R ) SRR AR L B HMGR 3
%K. A WF 5% & 8 HMGR1. HMGR2
HMGR3 7EFF S H & W i 5 w2,
2.4 FESEKOVI

s 7 OBk Oy e AR TR, AT L A A
PRI 2l X sl A = A o 1 A e S PR A AR
FH - 38 38 ST A ) 7 SR 0 4% TR O A SR OK R A
Yk W a6 Bz B T 2 R Sk I R i A, B
35 WRKY % % H 7 AP2/ERF K FH T,
bZ1P 255 55 N F  bHLH 28 5% 55 N 7 FEE 3 28 5%
EHEFES WSl 61 4> WRKY JEH,
ZHEFH ARV X 8 WRKY 5 5% K 78] L4r N
3RFEHM 8 AW, Hrp,22.13.4 il 1 4~ WRKY
Gyl EEAEM L ZE ML R R A B 21 A
WRKY FEAEWANHA R IE, 76K F R T A



% 28 Lo AR A S A5 W 5 S TR A TR AT 5 261

S BRM AP, 49 A~ WRKY K EILE A B
s g, Hoh 26 4~ WRKY 2L i, 18 &~ WRKY
FER R A 5 A WRKY 3 K78 A [6] 15 Ja]
S TAECT XA i B SEULT B I 43 A 45
EW L, A 42 4~ WRKY 5 K 0 5y g L £ 59 i
Ag' ARG HT G R X 8 WRKY ] i€ % 5 11 2 i
A N R HE R (artemisinin) & —Fh A
WAL E (Artemisia annua) W W B H = A 09
J, AT DAY Ry B HROBELAS 25 R 2 R L O AR
(RF5E 2 B, AP2/ERF 2% 5k 7 02 2 5 %5 21 il
HEZEEYWANIERNME RS EAS, R LR,
FERNFE IF A6 % B R R L P Al R2R3 MYDB % 5%
K+ MYB21 1 MYB24 BE W% fi #F M 38 7 A K i
MEE I H B R Z 8T (E)-B-A 1T ((E)-B-
caryophyllene) 51 A i TPS21 3[R i i85
MY C2 & — ol il 1Y 58 T - 3-8 i i o A+, W 5%
WESE 7R BURE ST HEAE R & 0l LSS & IR 85 R K AT R
T SR HE e VA 2 M B, DT T A 2
AWEE TPS21 fl TPS11 By #ik9 , MYB14 &
— M ERRLCEIEREEA EECRN MYB 2
B ST AR 5 3 B, A A MR AR 9 1) B A s R
MYB14 ft5ei@ it MVA 38 18 2 i /R A€ 1 4 45 45
BB AEWEY A RS .
2.5 SR BB KT 4

e St Ja SRR R KOT X i 2R A AR R AR L
AEEMIEAEM . R kB AE R T R
R, DXS B R 5% oK B i DXS 8 H7KF
HIR @, X F W MEP & 12 47 76 5% 5t 5 507,
IR ITHF AR A MR TE R T B R LS, & ¥ DXS A
AR, B T LU DXR B . A
FEAMET DXS . X R W MEP ik 18 52 31| #% 5%
JE R . A T PR R R AR, DXS F
DXR H£ P4 (1 5 55 AR R 2R 14 7K OF I8 R — 8000,
IEAN AR MV A & 4252 5 7 8% K S 79 4
5. HMGR 2 —FfiEfk MVA & 12 o 5 22 5 2
BRI OC B A, 8 1 8K OB R B PP2A (protein
phosphatase 2A) 3 #& H SUD1 £ K 4t 4 E3 2 &
YE R (E3 ubiquitin ligase) B 1% 3 . HMGR [ A9 3%
PEZ 3 T 8 ROKE B R st

3 TEERUEHMRBIRE

— LU ELAT S (B B 2R AL & W 1 A A A e
RARY) P IEARERS LR, 5005 28 KR Wy P AR 7 b
G AL BT IR OT K B> HOAT 8 i AW A

BUE S IR R A TE R ACH TR R
SERPATHY RN, e T 2 A W B R A B = R
FER IR & A A L Gl AR TR T Bt A
B S 0 77 i E 2 R B R T AR 2T
T 20 M TR 3 R TR A ) N A

200 B T G R LA SRR RS 2% A5 2R 435 3R S ML A
R PR S B % T vk O T 3 A B SR A R R b 4R
K, BRI B3R R AL CF
TRy R BC LG S L WS TR Y BT, 5 T A B
G R AR VE R AW T AR A R R B
A S NE B B 75 T DA R R R — O HLA
TR b 5 T 4 e B PR B 3R 58 DT 532 i A AR 35
Yoty 7= A R 3 R B 075 Ak AR ) 40 i
HAHSL UL E R SRS RS R AR
EEMFHET T 2B THRE R D AR RY

KETESF 1M L — i 5 T 0l A Ao i

iR A TR B SERRE R PES
IS AN B R FH IR W R 5 5 9 d 5 PF 20 &
K F) 28. 21 mg/ LG HRALMY 4. 9 FH5 Bl Xt
0 T R G AR ) RO AR T T R A Y 4H
UG SR NG e At 2 72 T SR . AR W S L i 1
L2 AT o 4 =X R0y A o AT 2B s A 55 2 I
N A% . A, IR 2 N 4% (wave-bioreactor) 5 H
TR R TR IE Bk T Al = i,

TE S IR AR WA W R0 AR L X R & T
Wt AL G PR Y& R R AT AR TR, AR
TR A R 2 v A A B g A
i T kAT B R AE . R W AT T (Escherichia
coli) MR B2 (Saccharomyces cerevisiae) J&#EAT
PO TR W PR SR . AR AL A )
A B L R R A B S 2 e AR B Ty
BT AR AR AR R W A T R R AR D AR S I
1 g/L WSR2t R R o B A7 A TR
RE B8 52 Il 28 7 ) 5 o 00 2 v TR R I8 D7 R G Tl
FE DA B TR Bk b o 65k HMGR , 1T Dl 55 48 1 11
PR RIS . A RS O B R A T B
NEEEG Lkt IO & R 1R A e 7 B
Y J 7= e 15 F) (156, 7+ 8. 62) mg/ L GBI 4h T 72
W R T 209 FON A A Wy i AR TR AR
REf% 92 I — L 28 55 i 2R AL & Wy n9 1 7, Ty LA — sk
R HHE A G W) A W B R AR Y B B SR T RE
WA A TR R & LA 5 R P450 2 512
i T A2 A BE R



262 W B T Kk % % R

2017 4F B 37 %

4 B E

it 2 AL G W A AN [ AR By 1) 9 AR B AR T AR 1Y
W1y 0 S IO A P58 Wk 3 25 5 T A AR AR EEL AR . A
A 2R A5 Wb 2 24 A D 9OT R T AL T
MRSV IESL7/ DI - - ¢ A R el e N Sy ey
YA o 25 (9 2 L U8 T 28 Ak & W 1E 25 W T
HAERIYRT S, Mo, — 28k 3 & Y ar L
AR SR R AL & W — TR AE AR R A W)

e 1d 25 W9 JUAF b ifl 26 A & W AGF 52 U
AR R L I B A A 22 1 T Be AR
TR AL T RN ERE LGS, T
oK G I A A PR AL S IR R E L I
HoAike T 0y =t SR i T 2 A AR
AR 5 0 52 A 0 2% L AR rhon 26 Ak A AU T
T3 PR Tl PR . DRI X il 2L S W B A S A
AP AL B A — 2 I O A L D s

S 2K

[1] SINGH B, SHARMA R A. Plant terpenes: defense
responses, phylogenetic analysis, regulation and clinical
applications[J]. 3 Biotech,2015,5(2):129-151.

[2] THOLL D. Biosynthesis and Biological Functions of
Terpenoids in Plants[ M. Biotechnology of Isoprenoids.
Berlin Heidelberg: Springer International Publishing,
2015:63-106.

[3] OLDFIEL E, LIN F Y. Terpene biosynthesis:
modularity rules[J]. Angewandte Chemie: International
Edition, 2012, 51(5):1124-1137.

[4] XIAO H, ZHONG J J. Production of useful terpenoids
by higher-fungus cell factory and synthetic biology
approaches [J]. Trends in Biotechnology,2016,34(3):
242-255.

[5] SKORUPINSKA-TUDEK K, WOJCIK J, SWIEZEWSKA
E. Polyisoprenoid alcohols: recent results of structural
studies[J]. Chemical Record,2008,8(1):33-45.

[6] VRANOVA E, COMAN D, GRUISSEM W. Network
analysis of the MVA and MEP pathways for isoprenoid
synthesis[J]. Annual Review of Plant Biology,2013,64
665-700.

[7] NAGEGOWDA D A. Plant volatile terpenoid metabolism:
biosynthetic genes, transcriptional regulation and subcellular
compartmentation[ ] ]. FEBS Letters,2010,584 (14) ; 2965-
2973.

(8] Ew i, 75 ik M I 77, 4. AH Wl 28 vk A ARk B i 4

(U], P A2 A A B2 . 2013.43(12) 1 1030-1046.

[9] MOSES T, POLLIER J, THEVELEIN ] M, et al.
Bioengineering of plant (tri) terpenoids: from metabolic
engineering of plants to synthetic biology in wivo and in
vitro[J]. New Phytologist,2013,200(1) :27-43.

[10] CHEN F, THOLL D, BOHLMANN ], et al. The
family of terpene synthases in plants:a mid-size family
of genes for specialized metabolism that is highly
diversified throughout the kingdom[J]. Plant Journal,
2011,66(1):212-229.

[11] CHEN H, LI G L, KOLLNER T G, et al. Positive
Darwinian selection is a driving force for the
diversification of terpenoid biosynthesis in the genus
OryzalJ]. BMC Plant Biology,2014,14(1) :239.

(127 @ fls, VR IR, 3045, 55, PH S & U2 B 2 OF o0
(1] EH 25253 ,2015,40(13) :2486-2491.

[13] HILLWIG M L, XU M M, TOYOMASU T, et al.
Domain loss has independently occurred multiple times
in plant terpene synthase evolution[ ]J]. Plant Journal,
2011,68(6):1051-1060.

[14] SRIVASTAVA P L, DARAMWAR P P, KRITHIKA
R, et al. Functional characterization of novel sesquiterpene
synthases from Indian Sandalwood. Santalum album [J].
Scientific Reports,2015,5:10095.

[15] GUO J, MA X H, CAI Y. et al. Cytochrome P450
promiscuity leads to a bifurcating biosynthetic pathway
for tanshinones[J]. New Phytologist, 2016, 210 (2):
525-534.

[16] GUO J, ZHOU Y J J, HILLWIGC M L, et al
CYP76 AH1 catalyzes turnover of miltiradiene in
tanshinones biosynthesis and enables heterologous
production of ferruginol in yeasts[J]. Proceedings of
the National Academy of Sciences, 2013, 110 (29):
12108-12113.

[17] DUDAREVA N, MARTIN D, KISH C M, et al.
(E)-beta-ocimene and myrcene synthase genes of floral
scent biosynthesis in snapdragon: function and
expression of three terpene synthase genes of a new
terpene synthase subfamily[J]. Plant Cell, 2003, 15
(5):1227-1241.

[18] NAGEGOWDA D A, GUTENSOHN M, WILKERSON
C G, et al. Two nearly identical terpene synthases catalyze
the formation of nerolidol and linalool in snapdragon
flowers[ ] ]. Plant Journal,2008,55(2) :224-239.

[19] LUCKER J, BOWEN P, BOHLMANN ]J. Vitis
vinifera terpenoid cyclases: functional identification of
two sesquiterpene synthase ¢cDNAs encoding (+ )-

valencene synthase and (-)-germacrene D synthase and



% 2 H

Lo AR A S A5 W 5 S TR A TR AT 5 263

expression of mono- and sesquiterpene synthases in
grapevine flowers and berries [ J ]. Phytochemistry,
2004,65(19) :2649-2659.

[20] THOLL D, CHEN F, PETRI J, et al Two
sesquiterpene synthases are responsible for the complex
mixture of sesquiterpenes emitted from Arabidopsis
flowers[J]. Plant Journal,2005,42(5):757-771.

(217 22— L. FOA0 b MRS B 5 46 7 K 1 30 By 180 AH 5C 19 ¥ &
PERE R BT IR 5 G D] 8 TU LR AR EOR
2£,2012.

[22] PIETERSE C M, LEON-REYES A, VAN DER ENT
S, et al. Networking by small-molecule hormones in
plant immunity[ J]. Nature chemical biology, 2009, 5
(5):308-316.

[23] WASTERNACK C, HAUSE B.

Jasmonates:

biosynthesis, perception, signal transduction and

action in plant stress response, growth and
development. An update to the 2007 review in Annals
of Botany[J]. Annals of Botany,2013,111(6):1021-
1058.

[24] LEE S. Exploring the biochemical and evolutionary
diversity of terpene biosynthetic enzymes in plants
[D]. Kentucky: University of Kentucky,2008.

[25] LI R, TEE C S, JIANG Y L, et al. A terpenoid
phytoalexin plays a role in basal defense of Nicotiana
benthamiana against potato virus X [ J]. Scientific
Reports,2015,5:9682.

[26] MONGELARD G, SEEMANN M, BOISSON A M, et
al. Measurement of carbon flux through the MEP
pathway for isoprenoid synthesis by P-31-NMR
spectroscopy after specific inhibition of 2-C-methyl-D-
erythritol 2, 4-cyclodiphosphate reductase. Effect of
light and temperature[J]. Plant Cell and Environment,
2011,34(8):1241-1247.

[27] HEMMERLIN A, HARWOOD J L, BACH T J. A
raison d’etre for two distinct pathways in the early
steps of plant isoprenoid biosynthesis? [J]. Progress
in Lipid Research,2012,51(2):95-148.

[28] CORDOBA E. PORTA H. ARROYO A. et al
Functional characterization of the three genes encoding
1-deoxy-D-xylulose 5-phosphate synthase in maize[ ] ].
Journal of Experimental Botany, 2011, 62 (6): 2023-
2038.

[29] MA Y M, YUAN L C, WU B, et al. Genome-wide
identification and characterization of novel genes
involved in terpenoid biosynthesis in  Salvia

miltiorrhiza [ J]. Journal of Experimental Botany,

2012,63(7):2809-2823.

[30] 47 A s 25 A 3% 42 OC B 19 LL 38 S HoAE P& h
R IK AT D], P4 BRVG T K%, 2012,

(310 s, E ¥, RFE Hin, 4. P45 25 R A 9 25 5808 45 6 LI
BT e at LT, P 25,2015, 46 (20) : 3100-
3108.

[32] LICL, LID Q. SHAO F J. et al. Molecular cloning
and expression analysis of WRKY transcription factor
genes in Salvia miltiorrhiza [J]. BMC Genomics.,
2015,16(1):200.

[33] LU X, ZHANG L. ZHANG F Y. et al. AaORA, a
trichome-specific AP2/ERF transcription factor of
Artemisia annua . 1is a positive regulator in the
artemisinin  biosynthetic pathway and in disease
resistance to Botrytis cinerea [J]. New Phytologist,
2013,198(4):1191-1202.

[34] REEVES P H, ELLIS C M, PLOENSE S E, et al. A
regulatory network for coordinated flower maturation
[J]. Plos Genetics,2012, 8(2):e1002506.

[35] HONG G J, XUE XY, MAO Y B, et al. Arabidopsis
MYC2 interacts with DELLA proteins in regulating
sesquiterpene synthase gene expression[ J]. Plant Cell,
2012,24(6):2635-2648.

[36] BEDON F. BOMAL C., CARON S, et al. Subgroup 4
R2R3-MYBs in conifer trees:gene family expansion and
contribution to the isoprenoid- and flavonoid-oriented
responses[ J]. Journal of Experimental Botany, 2010,
61(14):3847-3864.

[37] GUEVARA-GARCIA A, SAN ROMAN C, ARROYO
A, et al. Characterization of the Arabidopsis clb6
mutant illustrates the importance of posttranscriptional
regulation of the methyl-D-erythritol 4-phosphate
pathway [J]. Plant Cell,2005,17(2) :628-643.

[38] FLORES-PEREZ U, SAURET-GUETO S, GAS E, et
al. A mutant impaired in the production of plastome-
encoded proteins uncovers a mechanism for the
homeostasis of isoprenoid biosynthetic enzymes in
Arabidopsis plastids[J]. Plant Cell,2008,20(5):1303-
1315.

[39] SAURET-GUETO S, BOTELLA-PAVIA P, FLORES-
PEREZ U, et al. Plastid cues posttranscriptionally
regulate the accumulation of key enzymes of the
methylerythritol phosphate pathway in Arabidopsis [ ]].
Plant Physiology,2006,141(1) :75-84.

[40] DOBLAS V G, AMORIM-SILVA V., POSE D, et al.
The SUDI gene encodes a putative E3 ubiquitin ligase
and is a positive regulator of 3-hydroxy-3-

methylglutaryl coenzyme a reductase activity in

Arabidopsis[J]. Plant Cell,2013,25(2) :728-743.



264 W M T Ok % % R 2017 4F B 37 &

[41] LEIVAR P, ANTOLIN-LLOVERA M. FERRERO S, Synergistic  effects of ultraviolet-B  and methyl
et al. Multilevel control of Arabidopsis 3-hydroxy-3- jasmonate on tanshinone biosynthesis in Salvia
methylglutaryl coenzyme A reductase by protein miltiorrhiza hairy roots[J]. Journal of Photochemistry
phosphatase 2A [J]. Plant Cell, 2011, 23 (4); 1494- and Photobiology B-Biology,2016,159:93-100.

1511. [46] MISAWA N. Pathway engineering for functional

[42] LANGE B M, AHKAMI A. Metabolic engineering of isoprenoids [ J ]. Current Opinion in Biotechnology,
plant monoterpenes, sesquiterpenes and diterpenes- 2011,22(5):627-633.
current status and future opportunities [ J]. Plant [47] AJIKUMAR P K, XIAO W H, TYO K E J, et al
Biotechnology Journal,2013,11(2) :169-196. Isoprenoid pathway optimization for taxol precursor

[43] BONFILL M, MALIK S, MIRJALILI M H, et al. overproduction in Escherichia coli[J]. Science, 2010,
Production and Genetic Engineering of Terpenoids 330(6000) :70-74.

Production in Plant Cell and Organ Cultures [ M . [48] RICO J, PARDO E, OREJAS M. Enhanced
Natural Products. Berlin Heidelberg: Springer, 2013 production of a plant monoterpene by overexpression of
2761-2796. the 3-hydroxy-3-methylglutaryl coenzyme A reductase

[44] CHENG Q Q. HE Y F, LI G, et al. Effects of catalytic domain in Saccharomyces cerevisiae [ ] ].
combined elicitors on tanshinone metabolic profiling Applied and Environmental Microbiology, 2010, 76
and SmCPS expression in Salvia miltiorrhiza hairy (19) :6449-6454.
root cultures[J]. Molecules,2013,18(7):7473-7485. (497 sk HIAK. FR7Y B2 HE o B-F W BE 5 & L& 12 A0 Al 2 5 1A

[45] WANG C H., ZHENG L P, TIAN H, et al FEID] AT st BT R 22, 2015,

Biosynthesis, Regulation and Metabolic Engineering of Terpenoids in Plants
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Abstract: Terpenoids are widespread in nature that have various types, multiple structures and
functions, most of which belong to secondary metabolites. In addition, terpenoids have been widely
applied to drug development, agricultural purposes and industrial production. Plant terpenoids have been
deeply investigated due to their new functions in recent years, including isolation, identification,
pharmacological research, biosynthetic genes cloning, functional identification of enzymes and metabolic
engineering. The biosynthesis and regulation of plant terpenoids along with metabolic engineering were
discussed in this review.
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