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The progress of the research on plant monoterpene synthases
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Abstract; Monoterpenes are common constituents of plant resins and essential oils that play a vital role in plant growth,
development and evolvement, with valuable applications in the medicinal and ecological agricultural fields. They are all
synthesized in the plastid through 1-deoxy-D-xylulose- 5-phosphate ( DXP) pathway. Monoterpene synthases are the key
enzymes of monoterpenes biosynthesis, which to a large extent responsible for the diversity of monoterpene structures. This
paper focuses on the progress of the research on the catalysis mechanism, phylogeny, genetic expression and regulation,
molecular cloning and metabolic engineering of monoterpene synthases. The ecological significance and developmental

prospect of monoterpene synthases are also discussed.

Key Words: monoterpenes; monoterpene synthases; catalysis mechanism; phylogenetic evolution; expression and

regulation ; secondary metabolism; metabolic engineering
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B T HA S =P B AR TR

7% H H7:2008-03-25; 1&1T H 87 :2009-02-25
* W iRAE#H Corresponding author. E-mail ; ewuwei@ sicau. edu. cn.

http ://www. ecologica. cn



6 H5 WAL & YRS SRR 3189

1 HBiESBEATE

S S MR F R AL . 7E2 R TH BN T, AifA GPP B 1{k, OPP ¥ = C3 |, C2-C3 f#jiE
e, Al BEERME RS54 LPP, 33 FRRCES T4k, C6-C1 M7 HIE B terpinyl cation, i BL4KEE T HE A4 B3R
TG B FHERRTR BB T o PHES o 1) 1 25 BT AL BRBEAZ Y SR A AR B 20 1 S 7 A LB (1 1) 1O 7
R GETRE, (+) - RIFBER( - ) - RIIXFBRAK, 2051 J8F (3R) -LPP 1 (3S) -LPP, i GPP 5
A RS A e IRAS Y ™ o — P B E W R — S ik, (B R B R 4 LPP
RIRES), RRBESR FEER,

10

—OPP 5

i

N !
Pyr 2 1 Mono-TPS

4 -=-3> DXP---3» MEP---3 [PP---> 5{__ ¢ |—> &
GP A y | Intermediates

DMAPP G ™ !

8 GPP 9 Terpmly cation o/

+
&
o)

1 /N

SOH
Plastid |
|

Linalool Limonene Carene Tricyclane
;

\/

Monoterpene derivatives

BT R A B
Fig.1 The pathway of plant monoterpenes biosynthesis
S Sk B A BRI I SO , KB A Sk 7 e T W A DGR 1R S 7 5 BOIR B8 7= M AR A5 2 GPP B AL A0 S AR T Rl B il i B S
terpinyl cation ; IR BT K YR T GPP 8¢ LPP B F4LTE M Bk BH 25 T ; Linalool , L& B ; limonene , ¥ 452 4 ; carene , B4 45 ; tricyclane , = 35 , 20+ 5l
FEREER L B R  BUBR AN =35 Bl 7 5 HE N RN B IR 64 S5 s B WS SLARME 2R Pry, pyruvate, P % ; GP, D-glyceraldehyde-3-
phosphate, B & H Jli#% ; DXP, 1-deoxy-D-xylulose-5-phosphate , 5 - it S5 A Bl i ; MEP , 2-C-methyl-D-erythritol-4-phosphate , 4 -1 B - 2- B 3k i 4%
¥ IPP, isopentenyl diphosphate , 5 /% 4% 3£ fE B BR ; DMAPP, dimethylallyl diphosphate , — F B4 5 2 A2 B R ; GPP, geranyl diphosphate , 7 I JE &
WEER ; OPP, diphosphate moiety , £ B Bk 5% 3t ; LPP, linalyl diphosphate , JJT7F & £ B R ; intermediates, 1 [f]{&  Solid arrows denote the reactions
catalyzed by monoterpene synthases, broken arrows represent steps catalyzed by a series of upstream or downstream related enzymes; Formation of the
cyclic products requires preliminary ionization and isomerizatoin of geranyl diphosphate to terpinyl caton via linalyl diphosphate; The acyclic proucts
could be formed from either geranyl diphosphate or linalyl diphosphate via carbocations; The acyclic, monocyclic, bicyclic and tricyclic monoterpenes
are represented by linalool, limonene, carene and tricyclane, respectively; Ligand conformations represented by the four intermediates are boxed ; The

stereochemical scheme was ignored

BATHE A LA SR R 2 R AR B AL R B . AN BRI C i N SPI o BRIEX AR, C W2 TE
PEDCEE, WG PE AL A B H P 6 A4 o BREM L. HRAZBRIRFX DDxD HEL & -T2 ME&RE (W
Mg®*) , FfEid S %S H,0-Mg” B4 E i Hy0 AERR TG ML WA S 451 . 4 GPP #EAJG,
DDxxD &5 & —4> Mg™ ", S5 A IR 45 & — 1> Mg® ", S8 FR 3 1 ( diphosphate , PP, ) 3 H & & FE PR 4%
& o MHE,PP-Mgy* 454 5 IR MO o BRBEHLINHES ] 3 AMEAIRZS , FF-f GPP B T4k, AR BkBHE
T PP FAMERIF FIR AR m BIEFAR S, kM BRIER T RAEFH EHMIR LSRR
PP, \H,0 Fil— e B BRI [R5 2 5 AN g0 FEL BRI , Xk B B T Sr AR Ak 2 R B Sl R B R A5 PR A L7222 ) N
HifE PP-Mg: " 5 T & M—H A “IE 7" Z5H407E C ST tEAL M 0 b R A M4 . X2
THGE AR AE IR AR C AR R A LB P . Hoh N R BB R SFIX. RRxg W 55 DDxxD
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TE R R-D BREGESFRR T 4EFe 50T 5, 08 EE M AT a8, Bl 44 5E/E N 2 GPP 3| LPP R H B
T 2 A G 0 0 P 7 525 ) 5 4 i B 7R SR 1 . Williams 25 BF 5T WA DT B RR ROAT B & B RE i
GPP S:A4 A LPP, BN AEME AL AL PR BHE ™ . RRxy W BF A 5k il % B ( Clarkia. breweri) Y& BEA HE ™ |
IRGFF (Arabidopsis thaliana) UUEBES B 4 (Antirrhinum majus ) F AR 4 BEA B 85 4 552 tEs%
AR

BTG S B AL P RN 2R L) AR 22 S AR BRI . SLARALZE B AR ) — R Sk FH B 1 1]
TRHER AT BB R BT LB BRI B IR T & AR b . (R, 1R 2 B4 & B AR RE AL 7= A Z2 Fp 7= 4 , LA 7 A
%o QNEE TR (Perilla frutescens) H M & BEMMEILT YA A B 53. 8% iz 20. 9% ULFEEE 19. 8% Ak
5.5%", SEURMER B EEH CIRFIIRE , — B LM MBENE AR R T JERABh S5,
W Bk e A A O 2K G BB D ARk 5 =X, E TR PR 2K R L] . REERR T 5 TR R I, #HUR
Y. ( Salvia officinalis) i B (K H' 21k ) WK & B (H, O # KL 1k ) Ao i A W R & B ( PP i 3R 2%
1k) B C 3— /BB e Xt (4R) -o-85 & BB 7&K 0k 7 R 4%, N SBO= AR 5 J636% 42 (Abies
grandis) JERA W A5 58 AR BF 5 2% BRI k57 A P 400 A0 4 BB g — 8 G 2 IR T LA i PR g B ) s AR B
(Lavandula angustifolia) """ #7188 22 7 (Mentha citrata) " | B #) ( Ocimum basilicum) ™' | 3  (Artemisia
annua) " AliZe R BRIF (B (Fragaria ananassa) Y A BEA B H ML H)ER RA UTE BE, S L
BRI, %268 C R SR BEE SR AR 1 3 DR EEFR B GPP 1 & FLi BigkH, 0
KM LR o
2 BIERHMAZABTEERSN
2.1 FERFHIH

5285 B (terpeniod synthase , TPS) ¥JiEIE T S & 5 , LAEEERR T 5 AHBLEE 40% Sy RN Hogr g TPS-
a—TPS-g 7 ML (P8 24) ") o A M T TPS-b TPS-d TPS-f #l TPS-g 4 MK, #FHMH
& BN, IR FHEYH R G — &0 T TPS-d, #FHEY B S BERMA, 0k 3 A
SEHEA R o TPS-f A Bt B 1 — . B Y B0 & BRI LB TR, 35 R A ALK, H#E I R A 5
KIEAFETE . B, TPS-g BE RS AERABEN™ . T EH &R HET AR/ AT s
o BT I/ AR A B B N S PR R 555 (5 5 Ik il /B Ak , B A Ak 7= A AR A K W E T B

WFHEY B SRR E MR SHY BR T RREERERRR, M- PRIPEELAXR,
AH TR] W R 5 90 BT - TR L PR S /&5 T ) BN TR] T 0 e R DA [ F) B 5 B, R I AL R A AN R
yte  RIRHE ALY RS A B LT R T R — AN IE IR Lamiaceae ) 25778 W4T B 1 U 22
JBEE (B 2A) o BT FIARRIAE AT DO RS HE U FOR 5 2 305 5 B8, 2R RE TN =1 . 5895 A il & B A0
%) ARG B P SR RIEANL 51% , TR F12E AT B0 & B8P 5 A (0L 38 80%
2.2 EREZEMHL

HIEREMERNNS FASNEF a0+ E  EH AN ER . RIS G IR R I
3K ~UANETMR2~ISAMHPEBF(13) 9 PMHEFMI0 M EF(IK) DIEM6 MAET (I
%) (E2B) P 1 KARAE T AR 54 W a1 FE /551 ( conifer diterpene internal sequence , CDIS) | J& 25 ) BA 15
AEE LR RIS SO EA KB, BT YRS AEREEE 125,CDIS BEE%, k%
BT PSS AL R &, CDIS £k IR IF R E AR 29 MK E S, BARAFA 3 e
fy T LA 8 MERBRAIEA S NTCIE TSR AMER NS TERIE. BIIANTEK 6 MRS T
FEFTA M2 A TR AR AR TR R I SR A B A B A B R AUA 5 a0 dk— g
AN TR Z5 0 i 2R
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Pf limonene syn. (D49368)
Pf myrcene syn. (AF271259)
Ms 4S-limonene syn. (MHC4SLSP)
St 4R-limonene syn. (AF282875)
Ss 3-carene syn. (AF527416)
So (+)-sabinene syn. (AF051901)
So 1, 8-cineole syn. (AF051899)

Cl (-)-pinene syn. (AF514288)
_{—£Cl terpinene syn. (AF514286)
Cu ocimene syn. (AB110642)
At myrcene_ocimene syn. (NM_127982)
_: At 1, 8-cineole syn. (NM_113485)

] Am myrcene syn. (AY195609)
—|:E Am ocimene syn. (AY195607)
— Am linalool_nerolidol syn. (EF433761)

TPS-g . :
Fa linalool nerolidol syn. (AX529067)
At linalool syn. (AF497485)

Na 5-epi-aristolochene syn. (AF542544)
4|_—|-—— Mp farnesene syn. (AF024615)
TPS-a Ob selinene syn. (AY693643)
Ag phellandrene syn. (AF139205)
Pa (-)-limonene syn. (AY473624)
TPS-d Pa(-)-pinene syn. (AY473622)
Ps(-)-linalool syn. (DQ195274)
— Pt farnesene syn. (AF543528)
W Cm ent-kaurene syn. (U43904)
Zm ent-kaurene syn. (AF529266)
h TPS-c — Cm copalyl diphosphate syn. (AF049905)
) copalyl diphosphate syn. (AB015675)
Cb linalool syn. (AF067603)

TPS-b

TPS-f

B

Mono-TPS Location of introns and conserved domains Codons Class
RRxsW CDIS DDxxD

I o v v o ve v v IX X X XI Xl XV

Ancestral TPS

Linalool syn. ,
Clarkia breweri IV V. VI v

XI

Limonene syn.
Abies grandis v v X X XI X Xm Xv

Limonene syn.
Mentha spicata 111 Vil XL X X Xiv

Linalool_nerolidol syn.
Fragaria ananessa 111 Vil XU X0 X

K2 FEYRE A RIS R L A IR S5 B
Fig.2 Phylogenetic tree (A) and gene structures(B) of the plant mono-TPS subfamilies

AAEYITER B IR A K R ; 2T DNAStar 3k 4 ClustalV ¥ 2047, FESIA 3B 40182, 5 IR A GenBank 5 Phylogenetic analysis of the
represented plant TPS based on ClustalV alignment of Lasergene DNAStar programs; GenBank accession numbers are shown in brackets

syn. :synthase, & fif§ ; Pf: Perilla frutescens , %575 ; Ms : Mentha spicata , 88 %7 ; Mp : Mentha x piperita , $1HUEFT ; St : Schizonepeta tenuifolia , 7+ ; So:
Salvia officinalis , #/R4EW ;Ss: Salvia stenophylla , M B %L ; Cl: Citrus limon , #7455 ; Cu;; Citrus unshiu , Ji M 24 5 At: Arabidopsis thaliana , A5
I% s Am ; Antirrhinum majus ,4: 5% ;Fa; Fragaria x ananassa , 5% ; Na ; Nicotiana attenuata , 5L ; Ob ; Ocimum basilicum , % ) ; Ag:Abies grandis,
JbE¥ K2 s Pa: Picea abies, BRIz AZ ; Pt: Pinus taeda , K Ji#A ;Ps: Picea sitchensis , t.3& = 4% ; Cm ; Cucurbita maxima , 1)K ;Zm ; Zea mays , T4 ;S1:
Solanum lycopersicum , & #li ; Cb : Clarkia breweri, il| Z¢ J§} ; Limonene , #7454 ; myrcene, H #: 5 ; carene, ¥ /5 ; sabinene, 12 /5 ; cineole , £ 1 i ;
pinene , JE 4 ; terpinene , i i1 4 ; ocimene , B #1475 ; linalool , /{7 ¥ ; phellandrene , 7K 5% ; nerolidol , #% #£ A % ; aristolochene , T J1144 # ; famesene,
HEWEHE ; selinene, - T/ ; ent-kaurene , D 55424 ; copalyl diphosphate , 7 F e A 7% AR

B. Bl AL R SRR I HE AN S R A BRI B F RIS F (1 —XV) , ZWE K BE s i R 3RR & F 5% CDIS, #A S il g (AT B )
%1 ; RRxg W Fl DDxxD SHARSFIFF 5 « A K BLIZESSHY Models for the gene structures of plant mono-TPS, with lengths being ignored ; Boxes
and vertical lines represent exons and introns(1 ~ 14, Roman numerals) , respectively; Broken vertical lines illustrate sequential loss of introns; CDIS
region represents the conifer diterpene internal sequence domain; RRxg W and DDxxD denote the highest conserved sequences. Asterisk indicates

exception to the otherwise conserved architecture

http ://www. ecologica. cn



3192 £

Bt
i
b

29 &

3 HIESEmERRKEE
3.1 KRB

B EMERNREIRHEENEREATFRE . RGBS ERZKEW AR B A ERERE AL M
RE B BRI, LAE BOE TR BT AL B 7 o aniR M B ( Citrus unshiu) 76 BRI A0 5 #h i &
BHAFE,BE EEATHEY EEG B ERRE 5 & RN EE YR T 8 B PR R e
FEHAERTLRBYINR LB, UK FE R B A RRRE R A KRR EN FERE,
TERYI A B A LU & 5 N B R A a0

B A BN R Z AT . RXBUH NGRS LR, ME&asE GG H
WA FERBAI Y MBIREITA B/ DR A T RE R BB RIS R R A
BRI, B ESNETTE RS B A AR TG B AT . A Z X BN A=Yk
R T —B, B AL AR R RS0E ek B # s

B SRR N S RS BT R#E R L . RERREREYYHRENEZARN . £V hEEReE
R FIR KA AT 0, AR A shyy & RRREEE S ik B i SO E B TR RS Bt
AP MR A B R Y RN B Rk, H AR KRR LR, BRI B L B 5 AR 40 B B T B
0EF 1 45 T AR ( Lotus japonicus ) 3% —BEM-25ZH0 G 6 ~24h (B RERHUR R D ¥hif AR5 | Bl K5, B
RS SHEH R IR RS Ya ) IR IR & AR (Quercus ilex) 1] FIBAHE T BR A1 P 9 B
LA G PR, H RO BT R B R PR AR ™ . BB IR BE F 354k, BT AR e R A RE
BRI E S B SR EEEEERE XL,
3.2 fFEEFHHEE

HiEAMERNRLHBREF EE5ERAEREF=ATEEAE. BEREFEEERZE B a
W) FEFTBR S (methyl jasmonate, MeJA ) A R H B8 , #2 5 FF /B . 54 6 EH.C \H,0,,
IP, SR FIEAER (jasmonate, JA) F1Z 555 0 FEB A R 7 /EH T B sh FR BI04, 3655 55 0
BATRE A WL IR 0k, Ak 7 A M R B

FRIKBBEA TR A & — AR T FS . B, AR R T EE R — e — I E
F5 A Fn B IVME SRR TERAANRNERE 7 BEAFRENIEEEREZRER, MEFEERHE T
MiESESELEE H,0,.G EE .Ca’ il IP, 4 M55 B4R, BIRME 24h B R ERAEVER, T Ca®* B2
THE L 480" K, BPG R ( Cupressus lusitanica) o5 R I BIGATE DB, BD 8 ~ 24h B K&
SESR B R AR (—4%) ,36h J5 LA — S B UM 05 O 3 (=40 % L B A2 Z AR U5 90 301 A 7d
JE TR BB B B AR . ARBSRE TR ENESREE LR, RMAVEERRR, —F
T, MeJA S 2 R BHKX G SR, %% Ca* FEERERENES A TESAEYERKNRKRUT
T 5T, PR 0 B B o BT B, B R A A R A AR, BT DA AR R R S 18 A
TGS Wtk kg
4 BIESEERRE

BTG T IR v A R SR S HE U A BAPE e R AL SR o S I I R AR IR AR R 5 ik
TRE M cDNA SCEERP B EEE R . MR R X MRS AP A i S RE R I, (A AN TR G B E D, 1 B
i flHE B R B A A — 8 A . AR ST R A R I 9F 514 PCR 3 384 K P 31, BT
PREFIE cDNA SCEEEGHE T RACE-PCR 3813414 cDNA, Bk # /BRI B, & B HE % B, (A KiE F Fim 4
Yyl KBRS A T SR A R . BEHLIT RIS AH cDNA SCEIS EST 51, Rl W5 B % 7 B0
#t F 9 EST, NI SKE F AR Sebe o L3k BE AR S48 4 1 Bl A IR BN, 058 FH o e ™ o sepe sl 3t
RF LR RBE LR LTI TR A=Y RE . W RIRBIR T5 KBS N o 5T 5% 18 Ik
WIS
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H Cobly % )\ B 227 (Mentha spicata) H FTRE SIS — A 4S-FrBeii S BRI LR BLE KB IL+ -9 Fh
FRE AR AR R , FEEPEW AV ERAHEY) R ISR R FEY PR L. XERUR E
FEPEE EE NEKBAR%SREER R E, T E AR 4B (Melaleuca alternifolia) '™ %
WiFp B/ — 5T,
5 BiERHEIE

BRI AR AT B T B SR AR S A BUE A A P R S T o W TE AR Y B Y A
FERRE R 5T B REEE R B RIR A 55 0 A B R S ek SE B
5.1 WAEMHFEMAB TR

WAV RAEA R ER S £ (HHFR TR ERZ , WIR DXP &2 4t43 1) PP Hl DMAPP JL-F
TEWH RN TREMTE, B, Carter 55 [0 KIHH B AR T E-& BUH 5C B I 25 H 4 R BB RS R 4 7™
Pt EEH BRI AT Y R BR& AR (mevalonate pathway , MVA) (41U R B 1) 5 IR — M AR iH& 42 ) A 4k e R
T IPP I DMAPP R R ) (B4 R I R R ok — B B5C, i ATP 5548 BY B 7 Jioe =4 35 %
E B ER R MEEFBmE
5.2 HMYFEMRHTRE

G AEY) MR BRTE  BE R o B R OR B R Y B . B T AR S Y S I 8
ERGMPIE RS, ZHY) KB MINF R E . Bk, /TR S-S E RO INES 2 F s 5 s ES
&RI T H IR, INER EHER MeJA JA H,0, .Ca’ "\ ZIHSFFHE T E T M55 4 7H0T LRk 8 75
RN A BRAED o MY B IR A A bR B T (B AT RS B B AU AL AR 7, R A R AR
o FiE BRI 0 FIRENE G 55 SRR RN AR I ETIR

TSI A 40 B B, 35 & SR BTG & B B % SR IR RV . R R 400 B JB R 5 1A R RE 4R it TPP AN
DMAPP , {H 24 MR Bl & B O TR A T 2 HEB AL IE 1 o BN TR R Ml 3 VT BB B
5| A7 (Solanum lycopersicum) &%= 4 4. ( Petunia hybrida ) 1 £ 4T ( Dianthus chinensis)3 Fp &%), 1LRI#E
KREA R EV=Y, TG #E 2 HE GPP 4R A B A=Y g B 16 S BBk B . Hik, %
AEREFEYBER, RS EERE O ERESEY BRI RS, W RTUE B/ B AL & B AR
PRI BB A B RN B, RS A M R T R B W, — R ARR
AN R EA, RERE, FEHATINEESE EARSHFR_EREMESRY, SBORER JHER 2L
BN E MR AMERISEAE Y A KR B M S BR A L B 2 s R, 3 2 1 A S A R R ik B A A
SMUSTEEMYMM ., R B EYmE IR M 4 Pk, X IPP F1 GPP I [l 4 %5 ™ % 1) 4 e Fn iz
i, A& AR A MERZAKFEED SR AIN 1.5 4, BEER-wEHEMEN S £,
TSR B BE AN 5 5 BB A8 22 W s LR, A8 32 9 I A 3B T S5 A8 U B B 7 18 1 AT A 0 T S i BR AR R
USRS 5 B AT S A T v 7 T 1 VAT IR 5 AU R AN 7 PR S IR R R R R R R
BEE IR TN Z BN S IR TR BRI A s 8 A AR B (L L e Y R A R4 A BB S
6 HELERE

B BT R, T H BB B R E S LR, FEREEZEFNULEINRRESHBREK
BMIIREREAL . BTG B EAAERR AR R ML AL S R , (E ST AR AL 2 S B SR AR A LR AR 20 Bh . AU
B LFATRA A WURGE T i R IR A I ML AT A I SR DB B AR
S FERRIT I T . BERTH SRz S5 5N X RGP . EIRER T/
K5 A B & BRI 7 TERFF R4 T HipLs APk

BRI 0 T IREL RN BGRA . MYIER TS0 PR i iUk
PSR ST B A B R R A IGER S . TIARESE T REIEES A% Rm Mg s H 150
SFRBHIEAR KSR . YRR NE S B E 516 S e B FROBREE 7445 B HF
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VAN WEAB I S S AIART AR 25 16, S B0 BE R i Bl B AT A AT S RIS, FRAT T 2l IREATT R H T
{55 A7) R B B AR, I AL A OR B SR R AE W B AR i RE ) B AR R AE I AR SE TR
ARSI

B LR B AR AT AN . SR &3 MVA 1 DXP Bi~5 & A lhg e
DAL AR MRS IPP A1 GPPYS™ ™) A R A R B P= AR B2, 0 TE 3 40 MU 3 3 , DR BARENl T Ue l
SHBEABHE o SN LR R R AT R AE ) R A TS OB B AR . RS R ARG AR 21
P2 S IR OSSR AR o A e o 0 DO 75 B3 5 R 9 2 o 0 M B i A 5
BRA LB R B IEE , BT S S R B TREAT B R RE, DS IE R AR R R E,

AR B L AR S S 2R TR (virus-induced gene silencing, VIGS) #/E S B 5% Ll U AR A 22
BEBIERBTH I, B X SR R R B Y R MY, BRES R E R A TR B AR Z T,
AR R Y A A R RN B AT Al DR FE TT R AL AN BE 7, DT HER 2 L T4 A A 2
FHE, RAN T RELIER RS IEYTEMAES R EIT . Page 55 FIMHFHEZU T (tobacco rattle
virus, TRV) BRI EBR T 5 — LU MG RE DR, SE 3 T 36 5 I e ARMHE R A ) o Lucker % [ Py I 8505 4R 4
BRSO B S | AR AT G S, R TR R 847 4™ o Aharoni SR 40l B I A SR 3L IR 5 R R
TR BT KR T R s LR o SBAE AR TR R 56 P TR 2 R B 1) A g B s
X RN B+ B, USRI AT % 2tk
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