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Advances in paclitaxel biosynthesis and transcriptional
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Abstract: Paclitaxel, a rare diterpene extracted from the bark of Chinese yew (Taxus chinensis),
is renowned for its anti-cancer activity and serves as a primary drug for treating cancers. Due to
the exceptionally low content of paclitaxel in the bark, a semi-synthetic method that depletes
Chinese yew resources is used in the production of paclitaxel, which, however, fails to meet the
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escalating clinical demand. In recent years, researchers have achieved significant progress in

heterologous biosynthesis and metabolic engineering for the production of paclitaxel. This

article comprehensively reviews the advancements in paclitaxel production, encompassing

chemical synthesis, heterologous biosynthesis, and cell engineering. It provides an in-depth

introduction to the biosynthetic pathway and transcriptional regulation mechanisms of

paclitaxel, aiming to provide a valuable reference for further research on paclitaxel biosynthesis.
Keywords: Chinese yew (Taxus chinensis); paclitaxel; elicitors; transcriptional regulation; cell

engineering
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Figure 1 Chemical total synthesis pathway of paclitaxel. A: 21 steps total synthesis of paclitaxel by Professor
Li’s team"™. B: The chemical total synthesis route of paclitaxel, the red arrow indicates the use of toxic

substances in the synthesis pathway, and the temperature represents the extreme temperature during the
synthesis process. C: Holton’s team semi synthetic route starting from 10-DAB!""!.
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Figure 2 Speculated biosynthetic pathway of paclitaxel. The black solid arrows represent the known steps, the
black dashed arrows represent putative steps. Different background colors represent the three stages of
paclitaxel biosynthesis. MEP: Methylerythritol; MVA: Mevalonate; IPP: Isopentenyl pyrophosphate; DMAPP:
Dimethylallyl pyrophosphate; IDI: Isopentenyl diphosphate isomerase; GGPPS: Geranylgeranyl diphosphate
synthase; GGPP: Geranylgeranyl diphosphate; TS: Taxadiene synthase; TSaH: Taxadiene-5a-hydroxylase; TAT:
Taxadienol-5a-O-acetyl transferase; T10BH: Taxane-10B-hydroxylase; T13aH: Taxoid-13a-hydroxylase; T9oH:
Taxane-9a-hydroxylase; T7PH: Taxane-7B-hydroxylase; T2aH: Taxane-2a-hydroxylase; T1BH: Taxane-1p-
hydroxylase; TBT: Taxane-2a-O-benzoyltransferase; DBAT: 10-deacetylbaccatin III-10-O-acetyltransferase;
PAM:  Phenylalanine  aminomutase; PCL: B-phenylalanine-CoAligase; BAPT:  3-amino-3-

phenylpropanoyltransferase; T2'aOH: Taxane-2'a-hydroxylase; DBTNBT: 3'-N-debenzoyl-2'-deoxytaxol-
N-benzoyltransferase.
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i J& (Botrytis sp.) XT2 . H % #% % )&
(Papulaspora sp.) XT17, “EAZHEEM 77 &4 5
1 276.75. 161.24. 10.25 pg/LP?, 2006 4, H
{2105 55 I B 7 £ G AZAR v 43 S B — ik T SR AL B
B 52 B A% 1 )& (Alternaria. alternata sp.) P A= EL T
TPF6, T RRER PSR HATIA 84.5 ng/L™,
2009 4F, Zhang 5 M2 HV 21 GAZH R A
Hh — ™ A2 B 1Y ROIR A A TR (Cladosporium
cladosporioides) MD2, H: % [ r= Az () &5 A2 s =
o 112 pg/LBY. 2010 4E, Kumaran 25764t
AEERMERSER KR ERR

http://journals.im.ac.cn/cjben

(Pestalotiopsis versicolor) BSL045, & i H
LRl 478 pg/LPY, 2013 4E, Garyali 2§
X N S RHELT TS 3 B A P AR EUE T 5
FRERRE AT TR, JHrh— RO & S A B
(Fusarium redolens) TBPJ-B kB i & 4257
A3k 66 pg/LP%, 2015 4, Wang %5 TN
A EERYR T HDFS4-26 77 AR (K20
NG LT G AZ AR R e B B 56 A2 T A 0 il 9 4
JifL A R A SO A M R T O T A TS s A ATl
MR ASE . aifaitg . gt fnm =L g MR
A3 PR A R A R A P TR, IESE T LA
7 A ) ER A T TR A 2 o8 3 4 PR 240 e & A A
To, 35 AT A2 Hr BRI 58 A2 B 4 1 AL
FHFET, 2019 4E, El-Sayed 2R L1 T A2
Gy BT B — ik IR I —— A h 25 (Aspergillus
flavipes) ATCC 24487, H &R hHE2E "
T A6 185 ng/L; $5FR4E 5 KuF, 7ERERY
A 1 pg/mL AFRRREME, RS2 EE )™
N5 £%, 5% 850 ng/LPY, 2021 4F, WRE
S5 N2 I 21 A2 v 43 B A — R S AZ R



LR F | EEBEYERSETAENFFRER 1387
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Table 1

#iET IDI, GGPPS, TS, HKEM T EK
TR N IPP IR G S 0, TPl
0.5 mg/LM, 2010 4F, Ajikumar 2531311k
MEP 42, WERE T KIAF RS2 ™
& 1 gL, ZNNIERY 15 000 £51, 2016 47,
Biggs SRl XT AN P4SO EFFRIXIEA TR
b, TERIGFFE R IRAS T 5 i R S e
(570+£45) mg/LI™, 20224F, Wu %k T —HkE
HRWGFFHE BL21(DE3), FT MLk S 2ms
() SRR B A 22 A2 TS S0 T L 3 ek X DG B 1
i Ve RN R BEAR AL, e Ze7E 50 mL $Ef Kk
P SEEL T RS A b A B 27 mg/L,
HE 2 T -S0-BER PR 7 mg/LP,
232 BE{EARENMNLER

PR AR MVA 818, nJLIE
HE3E5 19 GGPP HifAYI(4n IPP. DMAPP. FPP),
DR A S SR AZ B U AR BT IS . 2005 4F:
TS R TE R 40 A v Bl A SR AL s A
WA WA A AR T EE TR B AR5 = 4 Hh A
BT, 2006 4F Dejong %5 77 IR 2238 H]
BRI AR A IR S T RIS 5 A OCHEEE, Bl
TORMEE /& 1 mg/L), 2008 4,
Engels 5538 i 1 il 55 G i #0542 IR i 5
HIETIE 8.8 mg/LI, 2014 4F, Ding Z7rik%k
ISEA R GGPPS, erg20. #4519 HMGR Al

Endophytic fungi producing paclitaxel from different hosts and their yields

Endophytic fungi Strain Host Production (pg/L) Reference
Ectostroma sp. XT5 Taxus chinensis 276.75 [32]
Botrytis sp. XT2 Taxus chinensis 161.24 [32]
Papulaspora sp. XT17 Taxus chinensis 10.25 [32]
Alternaria alternata sp. TPF6 Taxus chinensis 84.50 [33]
Cladosporium cladosporioides  MD?2 Taxus media 112.00 [34]
Pestalotiopsis versicolor BSL045 Taxus cuspidata 478.00 [35]
Fusarium redolens TBPJ-B Taxus wallichiana Zucc. 66.00 [36]
Aspergillus flavipes ATCC 24487 Taxus chinensis 185.00 [38]
Alternaria sp. MF5 Taxus media 580.00 [39]
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£ LRSS Ay fifi b, 78 Ho b3 hn 17 g hY
CYP725A4 F4ffl (0% P450 i JR L M AL
YLGAZARIR Y TAT J¥51, MIET LRS6 HtE,
FE TG P BE P R T BR S A2 ke A At A
A2 T -5a-BE A taxa-4(20),11(12)-dien-5a-yl
acetate {975, M4{lH 1 LAY hi#sht, taxa-
4(20),11(12)-dien-5a-yl acetate 7K~F4 3.7 mg/L,
LF T -So- P AR K200 20 mg/L, B
AELESERINT 2.7 %, 5% 78 mg/L®),
20224, Walls 55 S 1 75 77 B A 0 s o S5
TR THE B 2K FRAMN, ST
LRS6 7 1 L BIOSTAT JZ#a P RIRE #4514, dh—
HUEE TR R, AR T 387 mg/LPY,
233 2REFEEARENMNLER

2014 4, EHAETRE TS F AR Z B AR
T, FERZEEHLL RS T8RP, 2017 4E,
Bian 4% MVA i&72 M AH I SE R 55 A BEAS TR
(Alternaria Nees) 1 If i ek, AN 3-8
FE-3-H IR W A B R EF(HMGYL), DI,
TS TEREFE IR P IR, A e R 6 B R A
PR IS RN (61.946.3) ng/L. 2021 4,
AT A A 3 1 X R TN R S A N A Tl
HEAMEE TMS-26 1, PR RRESAHA T
b, PR EAR] 721.87 pg/L, SRR
BRARE AR = T 17.7%),
234 RIFEEYMIEARENINLER

SHUE IR A, MYRSIEEE A E
ik OATHARHER T A2 RN XS A A RS T T
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HAT B E R, Feil & S RN A it R
i, WRTTZAMIEEE P45 B HILTER

T3 8 2 1 AR AR 1 v ) s sl 1K

2004 4, Besumbes %5 % TSHEA T80 J5 5% AL
IR, RS R TS 52 2N R B R b TR Y
B, EEZy 2 d 5, TS MERBA K
-, HER IR SRR 600 ng/g (TE)PY,

2007 4, Kovacs 55 & BU7E B R & inin R ik
TS, AR T AR E b &R GGPP 2% %
R, MTETEE 0, R 7 il i
SR IR 160 me/kg (B TP,

2014 4F, Hasan %5 FARIE AT B L AL A B
HRIE TS, FASEEM S BUEEAZ M i i KA
i, UE— LR HSMNEE I MeJA S T
SRR PR m A e FEE, hF PSY
1 PDS WAL S ERTEYI T GGPP 25 Ui 1)
G, FrAZEDTER PSY #1 PDS )R, 4R1% T fe
KV 2 42 0 i ——50 pg/g (T E)PY,

2015 4, Li FLUERM. & &wiesnh
G AE T NN TR BT EE . B
TSE;ANHEEMY, 2 GC-MS b —
IR R EIA 129.7 pg/g (T, 2019 4E, Li
4 TS, ThaH KHPEER L EEE CPR AT
AR, I 1 X ARSI TR 5
TS5aH J P450 i gk, {f GGPP-TS-T50H/
CPR I3 F&THBR 1725 () B bRk, fisds —
SR AR (56.6+3.2) ng/g (BEHE); HE—HH
L[ G DXSH GGPPS ik, 442 H-
So-FE = M 0.9 pg/g (BEE)RSE 1.3 ng/g
(fFE)PY, 2021 4F, Fu 2l 241 G2 M) TS
DKL ) 886 7 91 (A G B 2 35 R il 5 i St A e i
JREEALIN L, H5 TS @7 T2k, FRAGAYHEE
DR R B P 282 0 1) 7= o w3k 87.8 ng/g (T
#)) BRIE Zhang 25 7E ) W 2242 B2 W45 Y
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KRR A RS T AEYE R SR LIRS B R B KR R, X RIE
IEINAEA A F R X AT T 50, R G Ik SR T RE

AL A EE, HilE T RS R 52 Zi b, B FIHERZ R SRS U e
e/l R RRAL, TEERS BV IERGEE 2), 2R TH C1. 09 iR

®2 REREVTHECESHREEIREK

Table 2 Paclitaxel pathway engineering in heterologous chassises

Metabolites Biological chassis Engineering strategy Production Reference
Baccatin III Nico-tiana Coexpression of T9aH, T9-a oxidase, 154.84 ng/g (FW)  [29]
benthamiana T1p0OH and PCL
Taxa-4(5),11(12)-diene Escherichia coli Overexpression of IDI, GGPPS TS About 0.50 mg/L  [40]
Taxa-4(5),11(12)-diene E. coli Optimization MEP pathway 1g/L [41]
Oxygenated taxanes E. cali Optimizing the expression of cytochrome  (570+45) mg/L [42]
P450 enzyme
Taxa-4(5),11(12)-dien-5 E. coli Constructing an oxidative system mediated 7 mg/L [43]
a-ol by TSand cytochrome P450
Oxygenated taxanes E. coli Constructing an oxidative system mediated 27 mg/L [43]
by TSand cytochrome P450
Taxa-4(5),11(12)-diene Saccharomyces Overexpression of GGPPS, TS, T5aH, TAT About 1 mg/L [45]
cerevisiae and T108H
Taxa-4(5),11(12)-diene S cerevisiae Inhibition of competitive pathways 8.80 mg/L [46]
Taxa-4(5),11(12)-diene S cerevisiae Coexpression of GGPPS, erg20, Truncated 72.80 mg/L [47]
HMGRand TS
Taxa-4(5),11(12)-diene S cerevisiae Construction of LRS5 (129£15) mg/L [48]
Oxygenated taxanes S cerevisiae Constructed LRS6 strain 78 mg/L [49]
Taxa-4(20),11(12)-dien- S cerevisiae Constructed LRS6 strain 3.70 mg/L [49]
5a-yl acetate
Taxadien-5a-ol isomer S cerevisiae Constructed LRS6 strain 20 mg/L [49]
Taxane S cerevisiae Improved the cultivation conditions of 387 mg/L [50]
LRS6 in a 1L BIOSTAT reactor
Taxa-4(5),11(12)-diene Ganoderma lucidum  Expression of TS Detectable [51]
Taxa-4(5),11(12)-diene Alternariaalternata  Coexpression of tHMGL, IDI, TS (61.90+6.30) ug/L  [52]
Paclitaxel Aspergillus fumigatus  Transforming PAM 721.87 pg/L [53]
Taxa-4(5),11(12)-diene Arabidopsis Transforming TS and spray dexamethasone 600 ng/g (DW) [54]
Taxa-4(5),11(12)-diene Yellow flesh Expression of TS 160 mg/kg [55]
Taxa-4(5),11(12)-diene Nicotiana benthamiana Overexpression of TS virus-induced gene 50 ug/g (DW) [56]
silencing PSY and PDS
Taxa-4(5),11(12)-diene Artemisia annua L. Expression of TS 129.70 pg/g (DW)  [57]
Taxa-4(5),11(12)-diene Nicotiana benthamiana Eliminated spatial barriers in (56.60+3.20) pug/g  [58]
GGPP-TS-T5aH/CPR metabolic pathways (FW)
Taxa-4(5),11(12)-dien-5 Nicotiana benthamiana Eliminated spatial barriers in 1.30 pg/g (FW) [58]
a-ol GGPP-TS-T5aH/CPR metabolic pathways,
coexpression of DXSand GGPPS
Taxa-4(5),11(12)-diene Nicotiana tabacum cv. Truncated sequence of TS fused with 87.80 ng/g (DW)  [59]
Petit Havana chloroplast transport peptide

&: 010-64807509 B<: cjb@im.ac.cn
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i, C4. C5 XUHEAIPREAL SO I EA AR
WA TE HAN IR BEAL S R AR, -2 H i
Mk A BRI e iR A, T AT 220
ROV A BERAE AR . IR, RIS A )
SRR AN BEEA TR B AR 7

3 NALIMERIBEALE
FRYE

GEEE ) IS % ST R DA RS (5N
FETCR AR TSR P EMY i . 2126,
R, T B DR TR B AR A R A A £ 5
PRI RRE , DASE B ) ) PR 5 R o
PR BB o B3R DA AN LA i N TR R 2
B f 7=, X b Tk BB G T ORR AR K AR 4T
¥, [T ASMEREE, A 17
A= B I I A o 3K A L 7 1 vk R R
R () A PP B AL T — i B TR SRR LR A B AR
T, BRI BRI M, s A
BRERIF .,

1973 4F, Rohr 76 N TIEFR M35 E H TER
M SRR IR AL, NITH 748
AR AN T AR R, AR FBAE 1989 4F:
e B 21 S R ) AN R 7 A R AL
1993 4 Wickremesinhe 2515 IR A L 55554
A, BINNZ R LT G AR S A4
21, 3@ OB 6 3% (HPLC) Ay i R
TIE S B 2 i v AR R AZ IO S fof 3 1o A
YA i AR 4 R SR A B R e AR R T ]
g, TRITFZMR ARG ZE HLO G20
TN AR AT A L ML 5
3.1 IMEFRIEE

1995 4, Fett-Neto SFXARICLL EAZHATHN
58, KIAZEREEG U@ AL R AR A
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1996 4, FKo2 8% LLLT G AZHEBRR AL HI R B 350
gy B MBORSMEERETIAE S, BRI RS
By re T A4, 1998 4, EHEA S LIRS
T LA IR R SE B AR, B AR AR TR
MR SV R IR, 2001 4, F5 I R4S
A3 T ARE 5 21 A2 B ZE BERN 28 R SE I b R iR 1 7
B, WP R MRS ZEBOM L, @A LA
PR L 5 R A B A A A K
FETPOOT B AR AN, (H T 25 B Al ROk
B, 2 NGRS EERFTEBRENSERAGA
LN HME IR
3.2 OSBRSS EAIRE

TEREFRIL e RE I, PR AS TR 0 S A 8% 57
H4n B5. MS. SH F1 WPM ¥yu] Fi T 54141
8%, BRSBTS AT T R IR R 4L &
AmHSE KRGS R AL, 2010 4, 4ol
ZHH BS. MS., WPM JURREFRIENTLT G AZIT
WA, RIEGE A TIESARIuL G F
A ARSI WPM IR 2.0 mg/L
2,4-DI 2011 4, FRASEXT LA 24 T
TS, RIAR MR REARIL G2 AS
S i R e P GO < V& SR T AT i % Y
DAl i 45 LH 2 BT S TR 4T 6 %
33 AOMMREFEFRERNESLIRMKL

L0 240 B T B R i AL A ] R R
FE VR AR B SR 3 IR R s A= W S B #5 vh DT e
IR [ A 8% 35 8 35 B4 0 A0 A P i s 7 5
5o X I AT LAk S A i R B T
KORBUEE R AR, REAR
GF RO R, DRl RS A 77 S 42 B 1) fie
121 1993 4, Wickremesinhe 251 ¥ F|
FH 2 b 2T SAZ I A 20 2 Ny 41 A2 A
TFEFEAR R SRR A B R TR SR A A&
AT T, 2014 45, EXARME S A P2 T 21
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TAHE R SR SN . B5+0.6 mg/L 2,4-D+
0.8 mg/L NAA+1.0 mg/L KT+220 mg/L FriEHR+
350 mg/L R LIGMEAESifi+450 me/L /KfRFLE I+
30 g/L BEME(pH 5.8); ImAEREFR AN A&
H 0.1 g/mL, 7ERFEFH 110 /min, 25 °C Kik;
FRU0, 2018 4%, FIRARSEURILLA G2 A
BE, XTSRS R AR AT Tk, KB
A R EEL G M 21.58 mg/L -4 %K Bl

3.09 mg/L 4k4EZE B6. 201.29 mg/L JILEEAI
1.77 mg/L MR, SEAZWE ™ 5 249 K % B4 Y
1.22 4%, A3k 2.767 mg/LUY, 2019 4F, s
S T R T LA A RTRE IRA R

VN RANCR 2 - S 3 E A OE - SrB e

B5+0.4 mg/L 2,4-D+0.3 mg/L NAA+1.2—1.6 mg/L
KT+30.0 g/L i Wi (pH 5.8), WfEHERE A

0.09 g/mL"™, HHT, 7ERDLALA: 40, Phyton
Biotech A FI/EMIZE AR B SEIK, CAEIEEZE
4 B i R 9 25 F M W 40 i & 8% (plant cell
fermentation, PCF)IJitiMinl 10 4. %A FIPHA
75000 L A 45 e, AR 52 mTRe 1t 100 ke,
BRIl H A 43 ZE Al 7P
34 MNRFSFIOASHZEFIEFMEEE
XA AL A

T AE 52 e Yy sl AR AR D i a I, AR Sy
TR U AE AU ™ Py X A A0 3% . e, F
FHIF 3 1) 20 sl 38 si AR ) A0 B 355 5% bk AR A
YA 6, B — RN A R A R
W, HR TR N R B A TR, 2
THARH RO, RIS ER, N
WIR TS5 70+, FEZS [ A ) s iy A4
LA A S =4 | B e LI DY K |
NIRRT LA R B R A OGS DR A SRR
TR SR AP 00 77 A o TELL G AZ R A
Mads SR, ke & EE R TP i AR Yy s AR A=
YT, St B RESR RS, DRI 2
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TRV REA B — R RO
341 HEMFSF

FRT B 20 % BRI AT LA pE S A2 B AR 2 A
PIsT FAFERARR T, KR . wEEEM
AN R TR

SR A1 2 H JiE (methyl Jasmonate, MeJA)+&—
i W R E LAY, 5P
B ISR . 1996 4F, Yukimune %5 % PRTE 2
2T S AZ AR R B SR, TS0 MeJA Al i &
FEAE SRR, Hg RN 5 VY B
J&, Qian ZEEBEUI MeJA L, fEHELL
A2 0 5 1 5 R 0 78 5 L S R TR
(2,3-dihydroxypropyljasmonate, DHPJA) K}, H.
BAEYIEENEZE C MRS EZ, 7
7 d %I 100 pmol/L ) DHPJA B, 21 d EiZHEE
PR A K (47.240.5) mg/g™, AL, Naill %
A AR b 40 G2 B 3R AR o A SR F IR
(jasmonic acid, JA)R] i3I AZ L2 i in
RS A 10-AECBEE R A T IR,
P12 d EATREIRAE, 2o IRy 6 £
20104, Onrubia % & BULE NN 21 G AZ (R 7 15
TR Z HPOI AR F R P R AT (0 S AZ B ) e A
Tt 445, B2 RRET 3.6 577, HiE
Z (coronatine, COR)J&FH ¥ 40 i T & 15 5 i 1
TER YA R v = A i — AR AR KT )
RS, R S A R R 2 1 SR TR JA-Tle) )
SrFMT, 2013 4, Onrubia 25K BIES
Hi V2T A2 A5 AL AR AR A A K 1 B 7 L B 57
14 d JER 2= R AR = A A 3R ik
e, FEIAGER £ 2 B R Em a2 m b iy
ki, 514dM8.14 mgL M, A
R 2R R TR AN IR S5 A2 e 2 B AE 16 d R Tk
77.46 mg/L, USHN MelA B4 EIFIRTE 12 d )5
LR e ot g 21.48 mg/L™,

JK W (salicylic acid, SA)Z—Fh = i

B<: cjb@im.ac.cn
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YiE, EERTHEYAERK KT U AS S &M
e FE BRI, 2000 4R, A
RIAEFE 7 2L GAZ R SRR R E N 0.1 mg/L
(R KABR AT AR PR ) 3 5, 2007 41,
Wang 58 kK FE B IG SR EILLGAZ T, B
20 mg/L i SA AIIEF RN AED G, 7
Al ik 1.581 mg/g (T-E)*),

FIMIAE (cyclodextrin, CD)J2 2F #0FT B 7= 4=
1) A RHIHG 7 70 W 5 5 % il A b B D R A Y
— R IR R B AR, RO HRE e
MR TR AENIE S TG T2z R,
2014 4, Sabater-Jara 5 k& AL S HW 21 & A2 41
58 Y T S M AT AT 5 A2 RN A
EAZBERTE B G W) I RS = B K PE 1 56 42
vS ST N 3 A O D Y N0l | -
bGP e A M N R R A o [RISFUER, SRORTA
AT 55 SR R Y R I ) ot 184 om0 A A4 3R
H S RERY B, AT R BRI 55 5,

AN, EEHES PR Mgz G R
TZBE, 2001 4F, SKACVAE L IAERS Jr 4L A4
IR SR RA RS K IR AR AR, ATk
TIWE, AT DS A2 B 7 ok S 2 B v 0 R
) 5 A5, 2009 4, Li 557E 20 L ABEFEAEYI
Joj g W S T AR RS S SR N R ) TS AR
B FANGR A =3= 2t OB S W - A A
PREUEATIL 2.0-6.8 15, I/t A 6.11 mg/L,
HAELZL TR B MR SR 0 5 d BN KR
SFEWMBE AL ER ARG W
ST TGRS R TE SRS 8 REHIMA
100 pg/mL B R ZESF, eLiigEE 21 dit, 41
DA AL RN 10.68 me/L, SRR
iy 245, SR ZHS PRI T 52
IR £ 1
342 EEMFESTF

H A C 28 A B AT DA S A2 BE A R AR
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AT FEER LG . AR, R
SRR Phofil B 4

PadliE , Fi - IC R bl (Ce) B (La) X S 4
MRS . k. BERAT 2 A 2ER ™,
FAE 1998 4F, Yuan S50 & BLTE ARILLL G AZ 400
B FAREURSS NG LG La A1 Ce B
Pm TEEENEY AR, H Ce' HHAbH 1
BF La¥ M Ce HAARL, HAZME R R Y
(g 7 F5°00, 2008 47, bt T A S sk R 4 27
W, A ZouatimAatb ik, BB Cet AT
RO 41 i TP AE ER T A2 (phospholipase A2, PLA2)
MBS EREE D (phospholipase D, PLD)F =ik
PE, SETAE ST A e I i D B B
T — RN, R HE T AR e RS
T-(programmed cell death, PCD)FI45 42 () ;=
A, ARkt BRI 4 £50Y

— H L (dimethyl sulfoxide, DMSO)J&
—FPERERERAL G, BAIAWE TAESR . 20 4
60 AR, AMTIATRE] T X AP B AS [FTE 7 3L
L, DMSO ¥4hn 7Ry &M, fHY) iz
VAR 3 25 Wyl ol A IR 1 204 2. 2012 4,
Kajani 55 & I 5T+ 7] DMSO H AT 755 K
LGRS BB RE )T, IR REAE i
BREERNGN . TEAAKBEUGHIIMA 5%
i) DMSO, 153 7 d )5, SR =8k
{ 3.34 mg/g (TH), JEXF 4L 2.26 £,

B R MYTE B RS T AR SR
— g WL AE WA A B AR 2R s A A
Yy, CHOENE H AR T P A0 B R R 1
JiZ—P, 2011 4R, Xu AL ARE TS
LLGAZRIF A" A S, SR R
SAALPS 35 h eIk E R, JERTRREY 2.7 1,
WA e IR A T I S AZ I ) P A i 4 K
TPt 7% 12 (abscisic acid, ABA){5 51 &1,

2010 4, oA AE 2L GAZ B IR i AR
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290 M 2 A AN [ RSB ko e ORI Bl 52

A (ERC RSN QUIEER A B R A i
VL . X PR ERDBCR R i T AR A AR IRZERY 7-9 £5PY (3R 3).

*3 ABRAEEEFEFARPREZCENSST

Table 3  Elicitors that can induce the accumulation of paclitaxel in suspension cultured cells of Taxus

Elicitors types Elicitors name Cell line source Results Reference
Biological inducer MeJA Taxus media The content of paclitaxel is 5.1 times higher than [74]
that of the control group
DHPJA Taxus chinensis On the 7th day, adding 100 umol/L of DHPJA [75]
resulted in a yield of (47.2+0.5) mg/g on the 21st
day
JA Taxus cuspidate The accumulation of baccatine III and [76]
10-deacetylated baccatine III increased, reaching
their maximum value around the 12th day
MeJA Taxus baccata The content of paclitaxel increased by 4.0 times, [77]
and the yield of baccatin III increased by 3.6
times
SA Taxuswallichiana  Increased production of paclitaxel by 3.0 times [82]
var. mairei
Taxus chinensis The yield of paclitaxel can reach 1.581 mg/g [83]
(DW)
COR Taxus media The content of paclitaxel can reach 77.46 mg/L [80]
after 16 days
CD Taxus media The content of paclitaxel can reach 55 times that  [85]
of the control group
Fusarium Taxus chinensis The yield of paclitaxel is 5.0 times higher than [86]
OXysporum that of the control group
Fusariummairei ~ Taxus cuspidate The accumulation of paclitaxel can reach 2.0-6.8 [87]
times, with a maximum yield of 6.11 mg/L
Ganoderma Taxuswallichiana  The total yield of paclitaxel can reach 10.68 [88]
lucidum var. mairei mg/L, which is 2.0 times higher than the control
group
Abiotic inducer La, Ce Taxus cuspidate The total amount of paclitaxel was 7.0 times that  [90]
of the control group
Ce*' Taxus cuspidate Increase the content of paclitaxel to [91]
approximately 4.0 times that of the control group
DMSO Taxus baccata The yield of paclitaxel reached 3.34 mg/g (DW), [93]
which is 2.26 times that of the control group
(O} Taxus chinensis The yield of paclitaxel reached its peak around [95]
35 hours after ozone treatment, which is 2.7 times
higher than the control
Pulse electrical Taxus chinensis Both types of electrical stimulation promoted the [96]

stimulation and
Micro AC
electrical

stimulation

generation of paclitaxel, but the content of
paclitaxel was higher when using pulsed electrical
stimulation, which was 7.0-9.0 times higher than

the control group

&: 010-64807509

: cjb@im.ac.cn



1394 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

IRSESTPUREELY/IFAIVE t = Re W NI N7 a5 Sl o)y
BB IR s B A AR T AL A B PR R IR A o
SRR R R, [HFES TR & & BRI I%
JERCIE RN . I, RFELLE *%%
WA AT 55 U AZ IR 70 T IR R
WL%%IIE\K%IEU&%Iﬁﬁﬁﬁh
REBNE RECR, WO — D E AT
] IEAFRIBTTE R, — Lo g T RE X AN
Vo TR R N, s ARG g ie
KEEMFI AR, RSP I SR AZ IR 5

w3, W 3). X—KIEE T AW ETB
PR REAZAAE P RCR IR TR BRI 15

4 BRYBEYE RN HETRHE
L

¥ 5% [N F(transcription factor, TF), tFRI
KIERBHF, & —KBa G T R R S

3 50-5 000 bp AR FH G, IE5 5
PO N SRR IR A B I SedE, X

<
=
=
bHLH68 S
=
TmMYB3 =
<)

(TJJAMYC1/2/d)  (NAC2) (TcWRKY26)

C NAcz) (TJAMYC1/2/4) (rcWRKY44/52) @CWRK%RKY/ STCWRKYI)

B APT Baccatm 1T DBAT 10-deacetylbaccatin III ]
Paclitaxel DBTNB B -phenylalanoy
baccatin III -
BAPT B phenylalamne—CoA} PAM a-phenylalanine
TcWRKY20)  (TcWRKY8/47 TcWRKY3 @cWRKY20 (TcJAMYC1/2/4)
cERF1 cERF1
TcWRKY44/5 (TeMYC2a)  (TcWRKY44/52)  (TcWRKY8/47)

3 S5REBEARRIENERET

Figure 3 Transcription factors involved in the regulation of paclitaxel synthesis.
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FAE R PR A AR & AR R FAIL I F 5% 10 S 1
A, Fsk MR B T —Fh e s ik A A )
AT B 1 R Sk K RS A TH R Y
Rt e, AR T 2 3k B A~ 5L 2 > 45 4l Bk
N, BCREONEE. HET, TEEE2EAYE R
RN Z i k445 MYB. ERF.
WRKY ., MYC, NAC Fl bHLH Z25%I( 4).
4.1 MYB XEEREF

MYB 25 [ Z RS AE ) 5 O A e R A i
WF Rz —, EEREMEDERIET RS
Folooaod A LA K g 17 A 4 A A 4 ik 1) R 4 %
FESEEEVEIPT, 2020 4, Yu 25 AR 42
B 1T 2 2 FIAR ) b2 20 B B A T A9 Rk R ) B2
TR IR TMMYB3 7 A2 B W14 R 1)
SRR RAEE AR . X R R SR A
) LRI R A8 1) SR RS T4 A, S
TASY, TBT. DBTNBT iX 3 MEAEMIFEEEN,
EMSA . ChIP-qPCR. XZ¢' 2 Bk i 2R3k 43 A
BT TmMYB3 X} TASY #1 TBT 3L 1955 2+
LA B S0 G, TmMYB3 A B i i s
TBT FI TASY (33K 1M S 5 SR A Al
2022 4E, Cao %K ¥ MYB29a H:[H7EEL 15 S
TAE B S BoR KRR S, 455 ChIP,
Y1H. EMSA FIRGOCRBEE LT, LI
gLy, RPE MYB29a 1t ARy @i
H 10-DAB {5 M (0.06£0.006) pg/g Bhnz| T
(0.143+£0.31) pg/g (THE), E-RZ 1 H&EMN
(0.0420.017) pg/g ¥ N%](0.16£0.006) pg/g (T
), LS EM0.313£0.111) pg/g 1 n%|
(1.3140.111) pg/g (TH), LS TcMYB29a fE4S
B IS ThaH (145 8 1R (i S A2 B A v [E 21
SRR R 2022 4F, Yu S5 LK
PR G RAEAE 2 22 S 2 b 21 T A2
A e v 7 A5 38— > ME R AR 22 S KR U B
A MYB39 M HEAESE T bHLH13, i1 &
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T FRERE A A ik, WEBT T MYB39
M bHLH13 B EAEXRR, Ef1a] DB R —1
MYB39-bHLH13 &G4, FhRIJE¥E T i
L FE 5l A% R IR15 3 MYB39 i 4lifk
B, HWIESR T MYB39-bHLHI3 #A] DL Al
GGPPS % T104H LA sh FAIZS &, FFiE e
Rk, LR R AR, 2023 4,
Yu SER SR BUEREAR , 2 1T 54205
Kb GWEA GG ZET ML mE, H
s ARG Wy A A 22 S B R R AL
HHT R T3 [FEHE S SCRNA MF . JH 8+
¥ 4 43 B A 3R E AL 2 BT 0 2 B T ONAC2 |
WRKY31., MYB47 Fl bHLH68 JL-/ ™M1k il 5 5%
K, it EMSA 5256 & ¥ MYB47 5 TASY Fil
TSaH f3 31 TH MBE 13 5454, bHLH68 5
TAT il T1I08H JAsh 7+ ABRE {75454,
NAC2 5 DBTNBT #i1 DBAT 2317+ ABRE
P44, WRKY31 #il TAT J3 8h 72 81 %A &
ML . T WERN MYB47, bHLH68 Fi
NAC2 ik, #4717 RO E R B 3 A
ME, 4ZERFEY MYB47 BEWE T ToaH %
ik, MYB47 3l F2 A5 TASY %35, BHLH68
B EPE TAT #1 TI0BH K3k, NAC2 B &M
DBTNBT #1 DBAT #*ik. HIL1E H45ie,
MYB47 1 bHLH68 & i £ 11 i s 306 1
NAC2 &SI EEA Y6 BGE T Th W TE 1Y e s A1
il RO
4.2 ERF HIE¥EFRETF

Z & [ A f- (ethylene responsive factor,
ERF)ZHY TS 54K KT HESHFHEN
— RIS, HERM RS H — KA H
60 M IERRAL M AR P DNA 25550,
2015 4F, Zhang 53R15 T —4> 550 MHIERY 5'-
(R P77 s T ) = e e i K A o L A
A BEEA EFT R AR o, LA
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Table 4 Transcription factors related to paclitaxel biosynthesis

Types Transcription Regulatory Mechanism Reference
factors name methods
MYB TmMYB3 + Activating the expression of TASY and TBT to promote the accumulation of [98]
paclitaxel
TcMYB29a + Combine and activate promoter of TSaH, promotes the accumulation of [99]
paclitaxel in Taxus Chinese
Complex MYB39-bHLHI13 + Related to promoters of GGPPSand T105H to enhance their activities [100]
MYB TcMYB47 + Combine and activate the expression of TSaH [101]
NAC TcNAC2 - Inhibiting the expression of DBTNBT and DBAT by binding to the ABRE [101]
sites in their promoters
bHLH  TcbHLH68 + Upregulate the expression of TAT and T105H by binding to the ABER site  [101]
in its promoters
ERF TcERF12 - Combining with GCC-box to inhibit the expression of TASY to inhibit the ~ [103]
accumulation of paclitaxel
TcERF15 + Combining with GCC-box to inhibit the expression of TASY to inhibit the ~ [103]
accumulation of paclitaxel
WRKY TcWRKY1 + Specifically bind to the W-box element within the DBAT promoter, activate [105]
the expression of DBAT to promote the accumulation of paclitaxel
TcWRKYS + Upregulate the expression of DBAT, TSaH and TcERF15, while [106]
downregulating the expression of TCERF12 to promote the accumulation of
paclitaxel
TcWRKY20 + Promote the expression of DBAT, TSaH, TCERF15 and TCERF12 genes, itis [106]
a positive regulatory factor in the biosynthesis of paclitaxel
TcWRKY26 + Activating the expression of DBAT and promoting the accumulation of [106]
paclitaxel
TcWRKY33 + Interacting with the W-box in the DBAT promoter to activate the expression [107]

of DBAT; it also increases the expression of TCERF15, thereby upregulating
TASY and promoting the accumulation of paclitaxel

TcWRKY44 - Inhibition the expression of DBAT, T5aH, TCERF15 and TcERF12, it is a [106]
negative regulatory factor in the biosynthesis of paclitaxel

TcWRKY47 + Upregulate the expression of DBAT, TS5aH and TcERF15, while [106]
downregulating the expression of TCERF12

TcWRKY52 - Inhibition the expression of DBAT, T5aH, TCERF15 and TcERF12, it is a [106]
negative regulatory factor in the biosynthesis of paclitaxel

MYC TcJAMYCI1 - TcJAMYCI1 inhibits the expression of DBAT, PAM, BAPT, and DBTNT, and [109]

inhibits the accumulation of late stage paclitaxel

TcJAMYC2 - TcJAMYC2 inhibits the expression of DBAT, PAM, BAPT, and DBTNT, and [109]
inhibits the accumulation of late stage paclitaxel

TcJAMYC 4 - TcJAMYC4 inhibits the expression of DBAT, PAM, BAPT, and DBTNT, and [109]
inhibits the accumulation of late stage paclitaxel

TcMYC2a + (1) TeMYC2 can directly bind to T/G-, G-, and E-box in the promoter, [110]

thereby activating the expression of paclitaxel biosynthesis genes and
promoting the accumulation of paclitaxel

(2) TcMYC2a can mediate JA signaling by activating the expression of
TcERF15, thereby regulating downstream genes to promote the
accumulation of paclitaxel

+: Positive; —: Negative.

http://journals.im.ac.cn/cjben
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Wik YIH BT A4S & HE 1 TcERF12 Al
TcERF15, FfESZ TcERF15 Al TcERF12 it 5
GCC aZiakiM TASY JLR ik, TcERF15
Ml TcERF12 Wy B Sk — LR S T
TcERF15 J& TASY [i#{&+, TcERF12 j& TASY
R ] RO,
4.3 WRKY FKikiEREF

WRKY 56582t b kI — K2
BRI F500R o dd ek 5 8 6 B A XA FH e
G55 R AR B R T 2 S5 AP IR A )
B4 RS AR, 20134F, LiZE W ELr
SR TERE T DBAT JEK 5K 1 740 4>
WP A . TR ST E AL T DBAT Ja 3+
RN NG S e O S DT A S IS
gt, DEZEMIEEITAHE, g gl
il cDNA SCHZEH 4325 8l — 3 WRKY 4% 5%
[HF TceWRKY 1., EMSA SE56 FINV 2 Jifd 52 157 SE 56
FH], TcWRKY!1 #FRES R 7 PEL5 S T DBAT
IS W-box J741 . 18 o 5 SE R S50 1) 245
78, TeWRKY 1 #yid KA1 58 | DBAT 7415
A1k, RNAI FE(K T DBAT By%L 3K
. Ht, TcWRKY1 Al gL DBAT J3 81+
) W-box Z54 125 DBAT JEIK ik i35,
e AR L ) ) 2018 4, Zhang %5
LT FRE R AR R Z, A L AR SR
HEHEE TG 61 DMXTEEEEAY G RA
M EARFEIRT 6 M HAEREED
TcWRKY 17T /02, K FT0R H R MK 18
AbBRSS, 6 F TeWRKY 4745 25 i i H s A BE
P BHIX 6 4> TeWRKY He[H7E S AZ B o ot
FKik, XS ERZEEAY G B CEH & h
W-box HYJ DBAT, T5aH. TcERF15 fil TcERF12
#4177 qRT-PCR 7#r. Z5HFKH], TcWRKYS
Al TCTWRKY47 Fii DBAT. T5aH. TcERF15 3
PRIk, PRI HE 2 S A2 W AR 6 Y T

&: 010-64807509

T AHRCHL, TcWRKY44 Fll TeWRKY 52 1)
il T DBAT, T5aH. TcERF15 Fll TcERF12 FL[A
RFRik, B TcCWRKY44 Fil TCWRKY 52 A] fig &
EREBAY A R AR A 1 TeWRKY26
1 TcCWRKY20 £k DBAT, T5aH. TcERF15 Al
TCERF12 JEN M RE, BECEAYE BN IE
PERERFUC, 2021 4, Chen ZF7E AL SEA1K
PP PR 7 4> TeWRKY #3 A+, HpH
A 2 NME SA LFRE FiRR. 2§ TeWRKY33
RIEN, REBEELEAEYG BAEHE RSB
KRR T, HAE TcWRKY33 iF &kt A
R Z 0K X AR 1.20 1,
10-DAB 7K F- LU X B4 & 2.09 5. [RIET,
Y1H FIX R MR 5 L HUuESE,, TeWRKY33
LY DBAT Ja s+ M~ W-box AHEAEH
KPE DBAT M35, A, TcWRKY33 nf
DLt 54~ W-box 454 MTE TcERF15, iX
SeZE BLLH] . TeWRKY33 ARkt T 2 mn
A=A T
44 MYC RikFERETF

MYC #5578 bHLH 5 H it o 5
G, FEAEY AT B W A S A EAE R 2
Sty i, MUk, ©25 7HEY T
AR =Y A S AR, 2015 4,
Lenka S 7ELL GAZH R T 3 52 K F0 12 H R 15
FH MYC 5% 11 TeJAMYCL, TcJAMYC2,
TcJAMYC4, {HBEIT i RIR IR 45 R R VX 3 4>
MYC HFRHEAZ RN A B R E N, H
S, Zhang ZFUEETGH] TeMYC2a LA
B TE R F, TeMYC2a BEfigiEt 5 TASY
Ml TcERF12/15 J& 8l + X A9 5 8 =X o6 14
T/G-box. G-box. E-box 454K EEN &
o PE—4rH R, TcMYC2a BB 5 TcIAZ3
TEE A ZEMEEN, AT MeJA i
SEERA R R AR,
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RERES 5 EEEEE BUNEE 5H  fH
FENLRIB AT, (B2 R T2 G2 nie ik
KR, WM HATEEENE, EH, VI
FEZEP I KF Mercedes Bonfill A BAiE of
Rhizobium rhizogenes A4 9\ 5 154k 3545 T A
[ R P 22 42 (Taxus baccata) i {4 2H 25 41 i B Btk
R B IR R .l 3R R R A Y6 ROR
e BB DBTNBT il BAPT B33k, ik
T 7R AR S, UK
ZPHFRA T RIS 8 RFE 16 K. It
Hh, RHGEREZR A B-FRRMIRG S 75 3 A 31
2D T EAZEER A, SCE T R R
WA W X B T2 A2 A A T
FEHOR L R THEAZBE S R A SRS

5 #ibERE

RSN IREZD0E- ¥ A vl 0he 0B i X
BRI, (ERARE T 2L G A2 B IR 5
R A )5 AT R DR M T

B, BSR4 Y5 AR AR i R 5 R i
B, ZAOLER I . AL LA T Bl
Wi PR A A il 1 R B E o TR I BT RO 5 X
FISIRER R AT T ot — 2 M4, Al BEAR BT
HHmoite, XRWEEE N EY @] fE
TR M 2R A SRk Ae, dE— 3 1 L #
B R, ARG O, AR
AL BT Gl A M) h KGR AR R B AL
(7] S AZ P TR A AR A A LK B ik IV 241 L {57
AL, Al AR 2RI e e i LA i I
PP B AR RO PR . SIS IR AR AT e
il ki S PANIDE AW AEiE N o7 S T
PRI REXT IR AN AT — R ik, PRI 1 oA
AN R BRI, WS iRt S R A
FERCHE, FUATRSHE, BRE. shSIREEARSe R
PR RINMER . e, RUETEETLEE
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RIE IR TR RO A T R E & A
WAk TolAbBY B, I H SRS BT S ALH]
St s PPN AR B AL IR, HAZBR T4
A2 LB AL S AR R AT AR B A BR ], )
FAACH TR R AR O R 41 G AZ AN A A2 B 7
FiAhTE B Rk

T, FEEDHMA B RE a8
G AR AT LR P S0 A A, 456 i
B BOGRMIIHI SRR, X R
it A e (1 A G R AT B L s 4 I 1
FWG T B E . XSS AU R R
2% 2 5 A WG U ARt RN 7 S 97 TR 1
1 H IR AR A2 BE I A 6 LS4 T3
FILAf . s, KRBT, 41 BBM-WUS2,
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