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Abstract: Paclitaxel (Taxol) is a natural broad-spectrum anticancer drug, which is well-known for its potent
anticancer activity. Its production mainly relies on the extraction and purification from the rare Taxus plant, followed by

chemical semi-synthesis. The limited natural resource for paclitaxel imposes a significant constraint on its production
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capacity. In recent years, with the complete decoding of the Taxus genome and the rapid development of synthetic
biology, constructing recombinant cells through synthetic biology techniques has emerged as an effective method to
address this challenge. Since paclitaxel biosynthesis involves more than 20 steps of complicated enzymatic reactions
and about half of them are P450 enzyme-mediated hydroxylation reactions, the complete elucidation of its biosynthetic
pathway remains elusive. Meanwhile, the production of paclitaxel by engineered microbes is still at the initial stage,
and there are numerous by-products, which seriously compromise the efficient synthesis of paclitaxel. Therefore, this
article reviews research progress related to paclitaxel synthesis pathways, 7axus omics analyses, construction of chassis
cells, synthesis of key precursors, modifications of crucial enzymes, and catalytic mechanisms underlying paclitaxel
biosynthesis. Special attention is given to the recent breakthrough in elucidating the formation of oxetane ring and the
discovery of Taxane 1-f- and 9-a-hydroxylases. Recent advances in the study of the catalytic mechanism of Taxadiene-
5-a-hydroxylase and significant progress in engineering tobacco and yeast chassis will also be commented.
Furthermore, challenges and future prospects involved in the paclitaxel synthetic biology research are discussed, such
as the issues of low enzyme catalytic efficiency, significant product promiscuity, unknown specific reaction sequences,
and the biosynthesis of critical paclitaxel intermediates, aiming to enhance the understandings of paclitaxel biosynthetic

pathways and catalytic mechanisms for greener and more efficient production of paclitaxel.
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Fig.1 Biological chassis have been developed for synthesizing paclitaxel and its intermediates
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Fig. 2 Recently discovered pathways for paclitaxel biosynthesis

[Module 1 representing speculated baccatin Il biosynthetic pathway 1 (bule) and speculated baccatin Il biosynthetic pathway 2 (yellow). Module 2
(green) representing the P -phenylalanoyl side chain pathway. Module 3 (purple) representing paclitaxel biosynthetic pathway. TS—taxadiene
synthase; TSaOH—taxane Sa-hydroxylase; TAT—taxadiene-5a-ol-O-acetyl transferase; TIOBOH—taxane 10B-hydroxylase; T13aOH—taxane 13a-
hydroxylase; T2aOH—taxane 2a-hydroxylase; T9aOH—taxane 9a-hydroxylase; T7BOH—taxane 7B-hydroxylase; T1BOH—taxane 1B-hydroxylase;
TBT—taxane 2a-O-benzoyltransferase; DBAT—10-deacetyl baccatin Il -10-O-acetyltransferase; TOT—taxane oxetanase; BAPT—baccatin Il -3-
amino, 13-phenylpropanoyltransferase; T2'aOH—taxane 2'a-hydroxylase; DBTNBT—3’-N-debenzoyl-2'-deoxytaxol-N-benzoyltransferase; PAM—

phenylalanine aminomutase; PCL—p-phenylalanine coenzyme A ligase.]
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Table 1 Identified paclitaxel biosynthetic enzymes

il 44 T fi1'5 gxT 27 R
1 Geranylgeranyl diphosphate synthase GGPPS AF081514 [14]
2 Taxadiene synthase TS AY 364469 [15]
3 Taxadiene-50-hydroxylase T500H AY289209 [16]
4 Taxadiene-130-hydroxylase T130OH AY056019 [17]
5 Taxadiene-5a-o0l-O-acetyl transferase TAT AF190130 [18]
6 Taxadiene-10B-hydroxylase T10pOH AF318211/AY563635 [19-20]
7 Taxadiene-7p-hydroxylase T780H AY307951 [21]
8 Taxadiene-20-hydroxylase T20OH AY518383 [22]
9 Taxane-2a-0-benzoyl transferase TBT AF297618 [23]
10 10-deacetylbaccatin [l -10-O-acetyl transferase DBAT AF193765 [23]
11 Phenylalanine aminomutase PAM AY582743 [24]
12 B-phenylalanoyl-CoA ligase PCL KM593667 [25]
13 Baccatin Il : 3-amino, 13-phenylpropanoyltransferase BAPT AY 082804 [25]
14 Taxane-2'o-hydroxylase T2'aOH KP178208 [26]
15 N-benzoyl transferase DBTNBT AF466397 [27]
16 Taxadiene-14B-hydroxylase T14OH AY 188177 [28]
17 Cytochrome P450 reductase TcCPR AY571340 [29]
18 C4B-C20 epoxidase [12]
19 Taxane 1B-hydroxylase T1BOH [12]
20 Taxane 90-hydroxylase T9aOH [12]
21 Taxane 9o-dioxygenase [12]
22 Phenylalanine-CoA ligase PCL [12]
23 Taxane oxetanase TOT [13]
24 Taxane 90-hydroxylase T9aH1 [13]
25 Taxane 90-hydroxylase CYP725A37 PP197199/PP197200 [30]
26 Taxane oxetanase CYP725A55 PP197201 [30]
27 Acyltransferase AT5 PP197202 [30]
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BRI KGN A G U A% 288 Bty A
A AR A 2 AT R b, A B Tk
— AR N R R A R AR A FEAL . Yu &
W I2 A A A RAR U A A T IR A G 2
HAHAT RG b, RPFHSER T ZHLA PR
W R AL R R, EARA%REEH T
WA G B 10 BB, FE AR R 5 HE
SRR IA M TmMYB3 38 1 B0 A2 B A & ilig
B TBT M TS 3R1L, M SE AT EAZRE A &
B, TR A YA R R s B
HEAE . 1% A BA 8 I R s RO - e BT
7% (UPLC-MS/MS) % PUFf 3 22 25 20 41 rp S8 RS i
10-fii BB K A2 . LR = A1 10-DAB & & 1
BAGHAT T R, TR RRHELER 10-
DAB fE ) B & # R e m, BAC 2 AEHEH AR
2, DAP FZAE K E R MR, A H X
VU R AR P 1) & B Al Bl 1% A R Ao
o R BER, i TR R G AL
W2 iy nf Ak 7 A B . b Ah, i T AR
TI4B0OH. T5aOH F1 TS % Rl 3= ZEALE P K2 J2 41 i
Wik, TI0BOH A DBTNBT % [R 3 B 7E A Jiit 5 v
BEANHBE R RIE, DBAT LR AE 5h 7 J2 4 Bk v =

ko TR RENE, MHESH T A8 MYB.
TEM. RAV. NAC % B 52 75 P4 1 K 5 20 it 3 A
FRBFFHE T, WM T EAT T i .
I A DL B A JRL K ST (1) HE R AL T AL S A B 2
o B SR YRR R, vk — DA A
RS I A b B R S ALE SR AL T Al 1,

3 SRR ST R

BRAEY AU TR BB S, XAV A
BATH Bt 5oE, WA BORHN A LG
JRA S A 2R 7 G5 ) R A R AR P 2 45 W) T T A
2 TEREMBOR R AR, AN
BRSO Bk R 8 B 1) A T
Ko MR W& AL B AW 1K B 0F T
JitE, H AT CAE KA BRI RE . A R R IS
WERE. JNEEANAL . PN AR A S 2 R A 40 S
BUSAZ I o (E) AU 0 1 B i i 1) 2 e 3 0 )
RIARPD R IR G R (R 2) .

31 ERAREEEMSHREZERRER

Huang % ™ & K75 K g AF B b B 2 0 Rk
IDI. GGPPS I TS =AM, 8K MmN
0.5 mg/L, 4kE¥ KImAT B E B 1 150 AR B B -5- 1
BREm TRk, FEL_BHERAR
1.3 mg/L. Ajikumar 55 " 5] \ £ 748 &8 5 H 10 AR Y
T/, KRG BOSE S A AN
MNRIEFE R (dxss idi ispD FlispF) [ L
PAJE B IPP: T i B B 2 A = U A
(GGPPS. TS) VA=K M. WAL E @Ak
KIGFH H & 1 MEP & /2 FE A 06 & ik 12,
B HAE K AT B ol Rk TS BT TSaOH 22 H, i
19 R M R R BER: R R AL R R
211500015, 31 g/L (XRIes N1 i#iE i &
BreE), RS f-50-B8 (TSa-oD) MF=EtH
P T 2400 1%, A F (58+3)mg/L, Al it AL
1) 24 i € 25 P450 B S8 AL & 5 S AU = i 4t 1
Befilte BEFRRW, AMENIEK E & T 29 100 mg/L
B, 9842 0 0 G B2 B S, )RR B )

— PR S g e K, HATHIARE R A
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K2 CREREA N IR RIEE R
Table 2 Heterologous expression systems for paclitaxel production
X .y - ey rRE 5%
E AR % FEH) s S WiRPR —
KIGH B E Y 1.3 mg/L it %Ik IDI. GGPPS. TS. DXP 2001 [49]
KIGH B ey i 1g/L Z AR ERYULAR I TH2, 3 R I& TS M T5SaOH 2010 [50]
KIAHF B If-50- B2 (58+3) mg/L
KIAHF E Yy 4.5 mg/g DW JM109(DE3) i #£,22 °C 2012 [51]
HE % /4 TPF6 e (61.9£6.3) pg/L alcA 31,12 %K IDI. tHMGR 2017 [8]
NN A B 27 mg/L TbrTS, Taxus CPR, T5aOH-GSTGS-CPR, 5] A 7 ¥ 2022 [52]
N2 A 501 7 mg/L MVA &%
Kt i E Y 93.5 mg/L il KiE GGPPAI TS 2022 [53]
Kt i AL b (570+45) mg/L P450 i N 3 {& 1 2016 [54]
Fili B4 2 AT 1 e 17.8 mg/L it %1% MEP i&1%,GGPPS 1 TS 2019 [55]
TR T 1 E 8.7 mg/L IR IL tHMGR. 2875 75 & 1 UPC2-1. GGPPS 2008 [56]
FITS
iR T4 1 B3 E Y 72.8 mg/L YSG50 [ #,GGPPSbe 2014 [57]
R T 1 A 33 mg/L KM AT: v R0 P BRE 3L 85 9% 2015 [58]
R T 1 B 129 mg/L 0 MBP AR5 1¥1 £ % UL TS,20 °C 2020 [59]
VG e 1 E =50 20 mg/L bR T2 1 ek pH At AL 2021 [37]
RS T 1 B I -Sa-yl- LR T 3.7 mg/L
B P B AR b 78 mg/L
R 1 15 B ZI-50-IF 42 mg/L 2xYP, Gi it e ik v Tk 2022 [60]
TGP T £ A I -So-yl- LR T 22 mg/L
R T £ B =501 (38.1+8.4) mg/L J& BT pHXT7, il & ik TSOH f CPR,HF £ pH % 2022 [61]
R 05 e R AAE b (361.4+52.4) mg/L R i S A 0
i Mg S PG B Y 101.4 mg/L Al 2RIE SUMO 5 TS,id RiE tHMGI. GGSIFITS 2023 [62]
IR 1 1 E 215 mg/L THEARY TR 2023 [63]
RS 1 1 BA I -50- 1 43.65 mg/L
TR 1 1 B T IH-5a- LR 26.2 mg/L
TR S 7 1 1B-dehydroxybaccatin VI ML IL R IE O e 12 AR H IR AR A2 = 2024 [30]
Ji-50- 7
LR IF -y 600 ng/g DW WE R T R s SR IA TS 2004 [64]
ENE G E i 50 ug/g DW Fik TS MelA i 5 UL ER PSY I PDS 2014 [65]
NG i (56.6%3.2) pg/g fresh weight X H ALK, DXS A GGPPS 3Lk ik 2019 [66]
N GE D B I-50-TF (1.3+0.5) pg/g fresh weight
AR N E i 87.8 pg/g DW TS I N St & &R 53 ik 2021 [67]
NS ERE 154.87 ng/g fresh weight I e 2205 C4B-C20 M AL R . T9aOH. TIBOH 2023 [12]
A T90X 5 HAth 9 A~ B Nk A
E3A 64.29 ng/g fresh weight Wit %3k PCL 5 BAPT. PAM. DBTNBT. T2'OH
E:NAS IS B ZI-50-IF F2H K JE 21 NOS §5 4k TSaOH 3£ 1A
50,108-— LBk A IE- 42 ug/g DW (NOS)T10BOH DBATRI(NOS)T130.0H 2024 [39]
A - 13087
A T R EI RIL TOT M T9aOH-1 5HALT A CAIE FER 2024 [13]

el B PR A R AR o 1 e 15 2R St I — 0 ik A2 A L
PRI AL AT i AT 4
N5 e 55 588 e I — M R AR 2R B SR AL B ) 22 B AT

B FELE R LT,

bk A

= =

ReAAEWRRIFER, #IAEK. 25, %IRE
21 [f] Boghigian %5 " #1: GGPPS Al TS 3 K 5 K

FFE H 5 MEP i& 12 7RI T KT
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HAS ] J 30 RUAS (6] R 400 i T o6 A2 s AR
GRS, SRR, IM109 (DE3) FEAfF —
i r= &t BL21 (DE3) WM~ B4 2.5 %,
H22 CHIZHEERAEEE BN REE. <
J&, Bian % "M MVA & 12 A TS 5 R # K g AT
wH, HERE R ECA (11.3+0.5) mg/L.
ZJG, Bian %5 "ORZ AL TR A IR AR A B
BRI ZREWT, HAALHKM (iternaria
alternata) TPF6 & N MK T 6 A~ FME JH 8 1 1) 8
FE, % N A T TPF6 R M T2 el T1E v,
L RIEHME R IDI. tHMGR (truncated 3-hydroxyl-
3-methylglutaryl-CoA reductase) UL K& TS FE K, 75
ARE SEBL T 2R LT AR 5082 M AR E & R
PN (61.946.3)pg/L.

16 T I 7S, AR R TR S B R A
BA B2 A5 K i A B R 8 R YR MVA & 12 T Sk
A RCEAZ BT, W FL T B\ B S0 i@ AR DG B TS
140 B 2 2% P450 A IE R B (cytochmme P450
reductase, CPR) #EAT ik, FFHL4L TSaOH-CPR
il 8 [ 22 18] ) linker B2 B PR R B R 26 A, 024
A e P I8 3 27 mg/L, o T5a-0l 7= & 1A 3
7mg/L, BWHKBEKS NSRS T 125523 %, 7F
AN BA B AR K W AT B A R 1k GGPP I TS,
B IR AR 0 7= E1A $) 93.5 mg/L.  Abdallah
S5 U5 T A 2 AR B P RIS A SRR Y TS B A
F— NGB T, 23T 35 5 R 2 AT B
H & MEP & 12 [ 3L K] UL & IspA BE DA (4 At i 2k
AL R R R A ), B YR SEELAE R 5 2 f AT
B 168 FAEF AL . ShAh, B RIK enE R
Rl (% ks GGPPS) LAY i GGPP B4k, 51K
1K TS FF MR, L 25 AT B 2% R 08 12 1R 181 R AH EL
MEP i& 121 UL K IspA Fl GGPPS 3£ [ 1t # ik 5 3
BN IR RN 83 % . B H TREEM AL
J IR RN 17.8 mg/L, 3R BH R B E AR 1R AR AT
ERN—NEFEEERNRIFTFG. Tk, %12
T TSaOH AL, HEAT 5 — DA B 1 72
HR D K AT B R sk = I & 40, I H P450 155
JEMEN K2 S ERILE R RC, MRHEEXRY
FF B8 AR ME W Th A Y. Biggs & U I8 i 4
P450 B 1 N s &1, 465 CPRIGAH BEAER, sE
W T T5a0H1ERIGH B ) m Rk, &8 LK

e e EiA 3] (570+45)mg/L. Loncaric 25 ™ £ K
JAT B i N DBAT, il ¥ il 4R JEY) 10-DAB,
BRI A B A R 2 .

BT 8 Z 0 UMK R IR EM S ROER,
A8 FH K o A T R G Ak T 4 AR D AL A0 A A 1
R ETRFEA —LFHRM. RHIMEZEYTE
F WA T LA B AR SRRt O AR R R
I H NADPH 1E 4 A8 7 41 B 2 25 P450 B (1) O H 4
7, 1EJE RGN+ AR 7 4k,
JERZ APk = HAZ AR X = 40, FAZ 40 M X
FENEROE A F 4 N, VR R A
VT Rt R st m 1R AR 3 7 A b AT S ) B ) 4y
B o T R 55 A% S B A A e T LA T
35F P 41 M A% A0 A X s A 51 T AT )T
xKaE

3.2 EBSREEVEMEERFHRE

JBR2E B T %= Bt Zhou 55 Y R H LR R 7%, A
FH K i FF VR R RS P REER & A2 = AR o e . A
ZARG T, HAF K E A & AKEET
PB4 SR A P RS M, A TR T B R D
FEMANBRG, 400 0% P450 B LLIE 1% R
i b ThRERIE . AR, ERIEEEREFE AN 4
B K A BT B AR A ) D T R DO AN )
AT FH A BB B UR, 1T A B X e 4 K A 1
R, MR EEEARE RS, R
6 R LA R B REAR U, R AR L. R
ZHEEAET 33 mg/L KA KRR Y.
Delong % 7 B K A2 BE A A& 42 R 1 8 S JE A
(GGPPS. TS. T500H. TIOBOH. T13aOH. TAT.
TBT F1 DBAT) J& T %% Ak, B B 7 1% BF (1) 9 A 5 kL
W, B AR RAMSRIGIRE TN R, IF
HAE RG] GGPP FIEEAS 5. it R AiE B
TEOEEE R RS R AL, FHRBRERIL
)@ BT 4K TPP A1 DMAPP A2 PAJS 8 4 2E 9 & g
. {HZ, T5aOH B4 TSa-ol 1= & IEH K.
Engels £ B B T 4 2 1 25 S 1% — 45 2 1l 0 S
PRIER, DA R A 5 S s 2 1 T I N B R
WEERE . MEEREILRIE HMGR. UPC2-1 (R7F
W EARKD) . GGPPS A TS M, K
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f = RiA %] T 8.7 mg/L. M5, Ding%s: ¥ iEid &
150 AR R 2y o0 e, OO H A R A s 1
GGPPS#:IH, FH¥H 5 ERG203EK . tHMGR %#: A
MTS BRI RIL, HARFBEL MmN &2
72.8 mg/L.

Nowrouzi 25 ™1 i@ i F GAL1 B s M4
W) 2 ¥ N TS BN, 193] T RIPR LRSS, A2
W w7 2265, FE30 °CHKMFTIEE T
(57£3)mg/L, 20 °CHMKIR T, KR Imr=Enlik
#1129 mg/L. [E—WF 7 /N 1) Walls % B 7E LRSS
FIFERE b, W T A T5a0H. [RY5 CPR ) 3L K
JF AN UL S N T cuspidata 3543 7] TAT 2 K, 153 1
LRS6 Hitk. 7t &85 & B T2 i et Axt pH
s, HEEE R BT YRrT#&im 1 2.7
£, 5% 78 mg/L. J&4k, Nowrouzi %5 " X 7F i
W 1 B 40 i P AR AL T TSaOH 7E B A1 4 20 i /K F
() i M 45, R B TSaOH A1 CPR A H.4E FH 1) i
B IR AT B A 3 R B B S AR BT i, I
Hoid i # g il A B AR 32 5 TSa-ol P&, I &
SRS FE I 5E AE 10 mL /NAASE R 228 T B 4
A birE [4 (361.4£52.4)mg/L], H T50-0l
e ik 3] (38.148.4)mg/L. L, XuZ ' F|
MM IEMVA &%, Bl 155 SUMO @4k
B TT R IE R EUHE Hr SR s SR 38 0 T
ey, BRARSE B AR . 2R 5 RIE tHMGI .
GGSI M TS = AR, o HA LR AR B EAZ 0
7= 8N 101.4 mg/L. Walls 25 57 3l i 39 5% 924
BN AR FEE I, RS, TE1LAYIR
L2 I BRAERE TR AT T, 9% 95 hIN SRAF 5K — 4%
[ BN (71£8)mg/L, T5aOH ] ¥ E /=4 iso-
OCT. OCT # T5a-ol ff) /= & 43 4 (16£3) mg/L.
(44+3)mg/L M1 (42+4)mg/L, TAT K7 ¥ T5a-Ac
s BN (21203)mg/L, JUTFHZ TR E
KPP mH 665, SR, BT TSaOH 76 I8 15 E
ke g E, HHMEMEERE, HEEMHL
FE) R OCT M He 57 ¥ 4A iso-OCT, &AL RERS KA
B 10% 542 — M 144 5 40 9 H A5 7= ) T5a-ol.
SR FF i ai b — 8, B RE40 i P450 B 1)
TS PR IR TE BN J % F AR T 40 i P9 U NADPH )
RN . B Ah, B REYH A R A A S A N R
AR A 1D 72 A AT A I 11 S 0 A P 3 T

2024 4 J B A PR A B 3l i 4R PR TS a0l 78 R
TP P B v ALy 2 SR R2 T vl S e TR A 1) 5 R %
ROt B T MCERAZ I I C5 AL B AL T ) B i FE
AL 1B-Z R EE R VI (1B-dehydroxybaccatin
VD B 5eBAEYE BaEt, B 1584 i B R AL B
WA & BOSE . BEFEN SR T A D 2P 52
FAU R N R AZS I o-FR AR, DL AT I R G AL
v 1] B i = HEHL ] AL S B TR ) CYP725A 55,
T T AL CT-OAC TR L) Lt 55 # i o L 4h
A TE B BN R IR G 0 B — D [ B N 18- 52
FEOREVIRER5 I 584 & Bugie DL
BB AT G RER, RRIETEGE P
N R AZ e -1 B- T2 AL B AV A2 St 9a- EALBEAE A Al
T AL P L . AH SR R GEHE AT R Y 4 1 W
BN AW A B 45 A AE 2 B 40 P v i S R A
FRBEE TR SRRl .

3.3 EVREEVERECERTHE

T Z 40 v] LR BE DG AR SR = b i 7= A=
DAEARE = . R AR B E 5 B A 72 PP AN
DMAPP L5, & LB A& ORI
FIHLEE T A Y Rk 4 R R CaMV 35S Jg Bl T it
FIETSEN G, EAGHEY TR IR 2 %42 —
M, RPEHEQEME TP EAGIIE. A,
FHOCEE DR 1) i R TE XL I 1 B S AR K24 T A
FIFZWE, a0 PR A B > . AR DL AR
KA G AN TTAE 92 o HED AT R R A2 —Jd A
BHMEN, NTSHRESTHREY K E RS
At B AR 7 ) A0 iR B 2R BRI N R
BE J5 1% K BAKG TS FE BRI S Bl 5 5 46 R 0% B Joit 3
RIEFHEIT, MNPk GGPP fEAE Y A KA K
B IR P ACHE [F) Rk AT, R T TS RIS
P T EE RN GE, H2EE K EK
IRARA s

TR, M S I e U A A R A
F . Rontein % " fEMHE TN T TS Ml T5aOH
B, HAEBRAEA R TR (H02, ool )5 e
A ISR B B TSo-ol, TMZE“#1OCT. T+
BUR Y FE AR KM 5L (Nicotiana benthamiana)
FHfSE F I S A 4y B AU SRS SR 4 B TS T5aOH Al
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CPR, FH&AUGERIRRIR IaE, Ar-gE—
5 F TS5a-ol, =553 5l 8 56.5 ng/g f1 1.3 pg/g ¥ fif
Mo WAL R LB T IR R A 7 S 37 1 o A O
di P, R SR R A0 L SRk TS BB, K2
IR = R AR AR . SR, MR IR W SRk
BRI TSHF, 2R p b A2 G & R R,
EF87.8 ng/g A T 5 . S5 EM, X Fhrp )ik
I I SR AR 1) 3 i S R85 A8 1 0 T s KT R A2
iy 0I5 B

2023 4, B o -0 B v BT AR 90N DRE O A o
L MM AE . AR RN B B S S 08 A
SEA MRS E TR B A A R A BE B 75 1)
/N R RIAE ol I AR AR TR R I kA R R
WSELAE 510 05 A R (nsTXS) A I 36 A i
EBER & R (nsGGPS) FE X DL & M i A H #2 1%
T2 A0 60 ) 28 S T 0 38 45 1 PR SR g 3- 32 2 -3- F S
X RS A SR EE (HMGR) FE[K, #HE%E
IR G ROER, R ENEE G R
2959100 pg. % HBAFI S 5T R AL IS 16 LA K BT
YE M E R Bk 1B-F4LEE (TIBOH) . %
4t 90-F bl (T9aOH) . A2 ki 9a- Ak B AT 2K
PR BE-CoA EFERE (PCL), FUINHb& A T et h
AR AR, I HAEAS IR0 B R T i SE B T
ERZMBELENER ™. HEERNZE, B
S5 TE (1) CAB-C20 M4 A S — Folt oo 136 — 1% 0 A5t 1)
KUl AT DA 5 58 A2 B A R ) 3 — S B K
ST o 0K A 0 K B R ) A R B R R AT
REFEN 1 CAB-C20 MM ThRe Rk, kim Bl JI4E
SR 40 R R R T A R R R 52 T, T AR K i A B A
PR PR BE R JE ARSI RE R A . BAR, MERT
AR IR G AL, LT 7 A A 10-25 2k
ERZMMERS IR, HEREg R
BIZE SRR R T LS R 10- 2 2Bt R 2= A E
RZEM, CENEMEYEBE LT AR
BNER. AL, TN BORIX — &R ] e 2
— AR, AR AR R . 2024 4
1A, EEREBNS FRGE ™ SR T HE
RS TR B R Al . BF 7N B i 2
15 TOT F T9aH-1 5 HoAh 7 A~ E A L R (TXS.
T5a0H. TI1300H. T200H. T7BOH. TATH TBT),
ERE R RS e T ERE N E K. @it

— DA A M, RILIX R O B R 2 A
B RF R ILIE T, R AR, Rk B A
SHROAH O, 7 B X 48 R DR AE 40 i 52 B KA P
[ R4 o V20 P i v S 56 3R B R 4R SIS ) GGPP fE I
Rk 0k TXS B A R 0, Bl S
SNSRI oA - DA 5T R A A B 7% 1 4 i
JRH, R RE A, NS G E 1) AL
(T200H. T500H. T7BOH. T90OH. TI130OH HI
TOT) 5 W™ 40 g 52 % o7 1) It 5% % £2 i (TAT A0
TBT) WhEEH, wAAERE RS, Elizabeth S.
Sattely BRAR A B 5K R AZ I F A W) B RO 2%
FEIX BN T5aOH W DY #0872 Mk AT 1 45 1/ 3R ALk,
HoA VR 22 77 WARL - 5 o 40 % B SR AR T ) IR AR
o T T50OH RIA M JE 3 798, X LeF
PRI BEAIS, RIS S8 A2 0 -5 0T () B 28 38
TAfs. ZLHERGRYERSDEDERERT,
PLAE P2 0] 29 35 1) S0, 10B- — B E I -5 K2 0 -
130- o 38 I 0T SR AZ B A2 WA BRI 45 1) T FE 4 152
it RUILGAZ B K] LW R AR F T o0 B ) B 08
BB AR B G A=, FF 9 R ILFE R
WA SRR R T E BN G

bR, 2 G B AR RS — E 1)
HERE . T, Mercedes Bonfill ] BA 7 i 1E 7 i@ i
Rhizobium rhizogenes A4 N\ 'F I 3RAF T ANF 1)
WRINERZ (Taxus baccata) FAEFEAL R HT 53
AL G AR AR KRR, RIS A R I
MM AR, MHBEAT T Ao B
TN DRl 1 3 2 T8 A BR 1) 355 (K] BAPT Al DBTNBT
DLW B Bt R v i 7%, FF a8 O 00 75 5 A 2 )
BWERERN 4. 5B EBIRE RAHLL, DBTNBTH:
Rk RAE M ELE S BT 7415, M BAPT
IR AP EELEN S 2R A5 X2ER
T o B A e A A FH A% i SR A e R DAL 1 JBORE ) Y
2 [ R. rhizogenes A4 B Ik, FLINSEIL T 4L G AZ4)
MR, LA He 25 U {#FH R. rhizogenes A4
LIgeSRith Ny /S EEANCR ARV /N (-5 = Y 2 S u
PRI AE B AR N IEAT I . PRI & il
K ) 8 S0 T 7, GGPPS. TS 1 DBAT & [R5t
DBTNBT )i Z 35 FIXE 155 S B e o BUR, AT
{18 2 28 30 9 T e 8 b K o
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3.4 ASREERSHEZERRHRE

AN TR G AZ YRR LA [ — Sy AR
BRSNS P2 A AL . ZhouZk 7 AL GAS 4 B HY
— R R RN AE B R, RN 1257 pg/lL,
HHAE B FIRT = R F314.07 pg/L. AP
W E. W ERFBETERBTEN
448.52 pg/L B = B AR, I Hod i 5 AR oA kA
TP IEHG A B 1 7 2 4 75 31 468.62 pg/L. Wang
T IR REMIVE SR8 7 A W & % B itk
(77 S B LT B Mk BT2. A 18, Wei &5 1
IR L S BT tepC R I R B BRIl
FER AL N A R L R A b, 19 T AR o A4
AT T 6% WL R TR DT R T K S AZ I
AW i TR e e 381 5 R B TR SR AS B P B 1) ] e
Zhang %5 Y FAR AT B FE AR I AN RAT T PR AL R
FIR R B (Cladosporium cladosporioides) T P
MD2, F H# T B0k e I 3B 3 A0 0 o £ 3t
R &b, LB @ 7 —FRTEN S0
MBI, AT HRTECENNERE
Ozonium sp. EFY21, Jf HARAL 1 520 5% 46 A # 1k,
WA E R LA ER . AR, IX SR AT 70 4R R K 4R
12 B A= ) P TR 381 Bt A B T R TR 4
El-Sayed %5 ™ F| ff CRISPR/Cas9 & 4t, il id il
e A M AN 2 S (S BE G, BH T 220K B
BEARWIEAE, W7 EEENE. MRS,
H AR T 40 542 9 AR BB B0 SO AR DR /b, A A
TRGIF R BERERE . BER AR, AN
A BT R 38 A R A R 5 % 5% 1 S5 A DR AL R AN
T R, JE B A KBRS . A Y
FoAR DL A M EA W35, %+ A B P 7
SN BRSO A B IR N ) LA

4 B O I OE S LA LB T
FLilkJg

TERIZ B AT Wi e, R TS B fiEfL
REAIA IR, RN 2 Al == E B, HE
AR AL W AW & IR AR T R O B PR 2D R .
—HELUOK, T500H MK 4 C5 L Fafe b
NI AL W A W) B 8 A2 1) 5% i R 3k 20 ¢ DA

FOR 0 B R ) kA 2 — Fh i R oG B R
Fomd BRI RS B RE RN R, AR
(] Y% B EAT Z R0 R ik . R 8 kA
WO T B, (BRI Z R R R SR
21 T5aOH F1 I Ath P450 3 /7761 2 PRk, Xt
IX S 1 A AL AR RS 2 HL Bk = 5 I8 1 0
ik . GO ER I K o B O VR . S5
Dhae S5 A5 BAE B at, AT AT DA 0 A ) AR (1)
R, KRBRACII & . B AL A5 A & R
AR FTREHE (i A TG 1, (H 7% B3R5 R i 1 4
SRR A Re A #0 ) 2 RS VE R 25 K W 2 TR) AR R
— JE [P o R TH AN S AR 45 A I T R
RN TR mER, FUESERR
CE) BT TAE, JUHZIRT P450 B TE R iR
BIAVEACR FRE N, BAr, R EYE
FIRE ARG T RN R, XA
fift Y B2 B A W) B R P450 i AL 2 i AR 1
ik .

4.1 XEEBTSHE

TS H1 862 N & FEFR IR FL 4 i, ELHE N o — A
FH 80 A2 % I Wk 25k 2 B 1 Jo Ak 5 i A 5 A0 el = A
W E [X 3 A T R B AT A T o, Cu
IhREIR (S553-V862) 1 I UM RIF{bEFLH %, N
Ui 45 Kl (M107-1135) Fl— > “3fi N7 45 /)4
(S349-Q552) s HH— MR Ak 1y I 24 il 258 B4 4 iy 2H
BCE e T RS A iR =B 4 A I AR ST
FF DDXXD Al (N,D)DXX(S,T)XXXE, AR
I B R AR R AR A R LB, AR B IR ST
Ja A S R I Y SR A G R DXDD 2 7
R & IR IE B — R AR, KRBTk
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