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Biosynthesis of natural products by non-conventional yeasts
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Abstract: Non-conventional yeasts such as Yarrowia lipolytica, Pichia pastoris, Kluyveromyces
marxianus, Rhodosporidium toruloides and Hansenula polymorpha have proven to be efficient
cell factories in producing a variety of natural products due to their wide substrate utilization
spectrum, strong tolerance to environmental stresses and other merits. With the development of
synthetic biology and gene editing technology, metabolic engineering tools and strategies for
non-conventional yeasts are expanding. This review introduces the physiological characteristics,
tool development and current application of several representative non-conventional yeasts, and
summarizes the metabolic engineering strategies commonly used in the improvement of natural
products biosynthesis. We also discuss the strengths and weaknesses of non-conventional
yeasts as natural products cell factories at current stage, and prospects future research and

development trends.

Keywords: natural products; non-conventional yeasts; cell factories; metabolic engineering
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Table 1 Natural products produced by non-conventional yeasts: representative cases

Yeast strain Product Titer Substrate Scale References

Yarrowia Lipids

lipolytica Arachidonic acid 118.10 mg/L Glucose Shake flask [52]
Conjugated linoleic acid 9.70 g/L Glucose, volatile fatty acids Bioreactor [53]
Docosahexaenoic acid 86.10 mg/L Glucose Bioreactor [54]
Dodecanedioic acid 11.00 g/ Glucose Shake flask [55]
Fatty acid 16.00 g/L Volatile fatty acids Bioreactor [56]
Fatty acid ethyl esters 1.18 g/L Glucose Shake flask [57]
Fatty acid methyl esters 98.90 g/L Glucose Bioreactor  [58]
Fatty alcohol 5.80 g/L Glucose Bioreactor  [59]
Fatty alkane 23.30 mg/L Glucose Shake flask [60]
Lipid 115.00 g/L Acetic acid and acetate Bioreactor [61]
Medium chain fatty acids 1.50 g/L Glucose Shake flask [62]
Odd chain fatty acid 0.82 g/L Sucrose, glycerol Bioreactor [63]
Oleic acid 56.00 g/L Glucose Bioreactor [64]
Poly-3-hydroxybutyrate 7.35¢g/L Acetic acid Bioreactor  [65]
Polyhydroxyalkanoates 2.90 g/L Glucose Shake flask [66]
Ricinoleic acid 12.00 g/L Glucose Shake flask [67]
a-linolenic acid 1.40 g/L Glucose Bioreactor  [68]
v-linolenic acid 71.60 mg/L Glucose Shake flask [69]

Terpenoids
(-)-a-bisabolol 4.40 g/L Glucose Bioreactor [70]
(+)-nootkatone 978.20 mg/L Glucose Shake flask [71]
Astaxanthin 330¢g/L Glucose Bioreactor  [72]
Abscisic acid 263.50 mg/L Glucose 24-deep-well (73]
plate

Amorphadiene 171.50 mg/L Glucose Shake flask [74]
Betulinic acid 51.87 mg/L Glucose Bioreactor  [75]
Limonene 165.30 mg/L Glycerol Bioreactor  [76]
Linalool 6.96 mg/L Glucose Shake flask [77]
Lupeol 411.70 mg/L Glucose Shake flask [78]
Lycopene 17.60 g/L Glucose Bioreactor [79]
Squalene 731.20 mg/L Glucose shake flask [80]
Valencene 113.90 mg/L Glucose Tube [81]
a-farnesene 25.55¢g/L Glucose Bioreactor [82]
a-pinene 36.10 mg/L Lignocellulosic hydrolysate Shake flask [83]

&: 010-64807509

(1448)

: cjb@im.ac.cn



2288 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

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

@i 1)
Product Titer Substrate Scale References
[-carotene 39.50 g/L Glucose Bioreactor [79]
B-farnesene 22.80 g/L Glucose Bioreactor  [84]
[-ionone 4.00 g/L Food waste hydrolysate Shake flask [85]
Flavonoids and precursors
Eriodictyol 134.20 mg/L Glucose Shake flask [86]
Naringenin 898.00 mg/L Glucose Bioreactor  [87]
Resveratrol 22.50 g/L Glucose Bioreactor  [88]
p-coumaric acid 593.00 mg/L Glucose Shake flask [89]
Scutellarin 346.00 mg/L Glucose Bioreactor [90]
Taxifolin 110.50 mg/L Glucose Shake flask [86]
Alcohols
(Z)-7-dodecenol 0.10 mg/L Glycerol Shake flask [91]
(Z)-7-tetradecenol 0.48 mg/L Glycerol Shake flask [91]
(Z)-9-dodecenol 0.21 mg/L Glycerol Shake flask [91]
2-phenylethanol 2 669.50 mg/L Glucose Shake flask [92]
Campesterol 837.00 mg/L Glucose Bioreactor [93]
Retinol 4.86 g/L Glucose Bioreactor [94]
Others
Arbutin 8.60 g/L Glucose Bioreactor [95]
Bisdemethoxycurcumin 0.17 mg/L Glucose Shake flask [87]
Cordycepin 3 249.58 mg/L Glucose, molasses Shake flask [96]
Deoxyviolacein 55.00 mg/L Glucose Shake flask [89]
Ergothioneine 1.63 g/L Glucose Bioreactor  [97]
Methyl ketone 314.80 mg/L Glucose Bioreactor [98]
Pentane 4.98 mg/L Glucose Shake flask [99]
Triacetic acid lactone 35.90 g/L Glucose, sodium acetate Bioreactor  [100]
Violacein 366.00 mg/L Glucose Shake flask [89]
y-decalactone 3.50 g/L Castor oil Shake flask [101]
Pichia pastoris  Lipids
2-decenoic acid 33.70 mg/L Glucose Shake flask [102]
Fatty acid 23.40 g/L Methanol Bioreactor [103]
Fatty alcohol 2.00 g/lL Methanol Bioreactor [103]
Long-chain o-alkenes 1.60 mg/L Methanol Shake flask [104]
Ricinoleic acid 171.44 mg/L Methanol Shake flask [105]
Terpenoids
(+)-ambrein >100.00 mg/L Methanol Bioreactor [106]
(+)-nootkatone 208.00 mg/L Methanol Bioreactor [107]
Astaxanthin 3.70 ug/g DCW Glucose Shake flask [108]
Dammarenediol-11 0.10-1.07 mg/g DCW Methanol Shake flask [109]
Lycopene 714.00 mg/L Methanol Bioreactor [110]
Menaquinone-4 0.24 mg/g DCW Glucose Shake flask [111]
(55%)
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Yeast strain Product Titer Substrate Scale References
Trans-nootkatol 94.00 mg/L Methanol Shake flask [112]
a-farnesene 2.56 g/L Oleic acid, sorbitol Shake flask [113]
[B-carotene >5.00 mg/g DCW Methanol Shake flask [114]
Flavonoids and precursors
3’-hydroxygenistein 20.30 mg/L Glucose, genistein Shake flask [115]
Baicalein 401.90 mg/L Ethanol Shake flask [116]
Cinnamic acid 124.10 mg/L Ethanol Shake flask [117]
Naringenin 1 067.00 mg/L Glycerol Bioreactor [118]
Oroxylin A 339.50 mg/L Ethanol Shake flask [116]
p-coumaric acid 302.00 mg/L Ethanol Shake flask [117]
Resveratrol 1 825.00 mg/L Glycerol Bioreactor [118]
Polyketides
6-methylsalicylic acid 2.20 g/L Methanol Bioreactor [119]
Citrinin 0.60 mg/L Methanol Shake flask [120]
Lovastatin 419.00 mg/L Methanol Bioreactor [121]
Monacolin J 320 g/L Ethanol Bioreactor [122]
Alkaloids
Norcoclaurine 9.70 mg/L Glycerol Bioreactor  [118]
Reticuline 292.00 pg/L Glycerol Shake flask [118]
Polysaccharides and proteoglycans
Chitin 223 g/l Glucose Bioreactor [123]
Chondroitin sulfate 2.60 g/L Glycerol Bioreactor [124]
Heparin 2.08 g/L Methanol Bioreactor [125]
Hyaluronic acid 1.70 g/L Methanol Bioreactor [126]
Others
Cytidine-5'-diphosphocholine 30.00 g/L Glucose Shake flask [127]
Riboflavin 175.00 mg/L Glucose Bioreactor [128]
S-adenosyl-1-methionine 13.50 g/L Methanol Bioreactor [129]
Kluyveromyces Astaxanthin 9972.00 pg/g DCW Galactose Bioreactor [130]
marxianus Triacetic acid lactone 1.24 g/ Xylose Tube [131]
2-phenylethanol 26.50 g/L L-Phenylalanine Bioreactor [132]
2-phenylethylacetate 6.10 g/L L-Phenylalanine Bioreactor [132]
Fructose 234.44 ¢/L Jerusalem artichoke tuber  Shake flask [133]
Rhodosporidium  Lipid 89.40 g/L Glucose Bioreactor [134]
toruloides Linoleic acid 1.30 g/L Galactose, raffinose Shake flask [135]
Fatty acid ethyl esters 9.97 g/L Glucose Bioreactor [136]
Fatty alcohols 8.00 g/L Sucrose Bioreactor [137]
Carotenoid 1 136.70 pg/g DCW Glucose Shake flask [138]
Limonene 393.50 mg/L Glucose Tube [139]
Prespatane 1.17 g/lL Poplar hydrolysate Bioreactor [140]
Epi-isozizaene 0.36 g/L Poplar hydrolysate Bioreactor  [140]
Bisabolene 7.80 g/L Organic acids Bioreactor [141]
Ent-kaurene 1.44 g/L Lignocellulosic hydrolysate Bioreactor [142]
Triacetic acid lactone 28.00 g/L glucose Bioreactor [143]
Ogataea Fatty acids 15.90 g/L Methanol Bioreactor [144]
polymorpha Fatty alcohols 12.00 mg/L Glucose Shake flask [145]
Paclitaxel 1.00 mg/L Glucose Shake flask [146]
Gentiopicroside 2.20 mg/L Glucose Shake flask [147]
&: 010-64807509 : cjb@im.ac.cn
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AR B RRE 3B A TE 37-43 CCRISIF T A K,
I iy A 52 49 °C, HH A iR te 5 i s e
IR AR, R SE A Y B b 5 AT
XA T 29 DU BRI A — > B s S L T
Mox, H BN EE SR RE T4, TEARVR
[ H I AN A P AL RE S I —E SR Y Mox &
K, H PRI K IR IR LA H i S sk 321200

AT, & 28000 Rk 20 i i bk 2k
DL1., CBS4732 DL}t NCYC495. HIEHFKAIT
PR VR B A B Z I &, SR E A
PEE TR 30 Puoxs Prup Pouas, HIRERS
SRR T Pyvrr s Povrirs Pywrs, VA AR
hF Poars Peasars Prer" 7. Zhou EHRAE
TR A R R AR DL I P AR
(reactive oxygen species, ROS)PH 4% H it &L
AR T, LIS AN [R5 B A I S A A2
WA SN ¥ CFEFHFRUS ST Py WM
BRIR BT Praass R ZNT Puar-Pre,, I
HiR R T — R AN G AR 2712020, 2
DI B H T e A T i o L 5 FLE At
WA AR B AR I TR . TR IC A B 5
Blef BbRiC URA3 . LEUIL . ADEII Fl TRP3,
AR R G418, B ws R R & R kT
it 20 Z TG DI R RETE HEA T ANIE e Bk
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W AR RE R, HAMR KRR Z
DU, AR B B R IR A ACR K . Zhou
251145205055 558 T ) Ku80 B35 1k K 3t ¢ IA TRy 1
BERJE Y Rad #11, A#3EE T CRISPR-Cas9
TEZ T DL R A P B 6 DR g 3k 0%, IR F
CRISPR-Cas9 i REGUEHF LR T 17 e S
V1 o

ZIE VG EEE 2 10 T S IR R L K5,
E R AL B SR R R R L R
F UL RAERREEERY, B, ERS WA B
N A Z, EL Y IEN R . gD
T RRGEE DA K EEAZ i ST 1472000 (3 1) i E
JO7 P AR R A s, T S B e A
— B R A T RE R, 7 AT A 15.9 g/
Tk, RS AR AL, LU A R R
A FERE R P R AT A ) 18 g/,

2 BRIEJRA B E R A A

2.1 BRI EIF A

IS0 P 3 B B 52 W DR AR A A K S A ™
FHAEA = A R A B ] R AR
VA 32 BT DA A R AR 3R 1 — R A M L
o, H S h T A S S
FIPL RO . 24 B L8 R B I B AR S IR
BLIE, PP R R AR TR, FEEE SRR L L
P 5 G 45 1 3 R R R A 7 R AR T E
B VL I Z BP0 1 o v e 2 R T
REFIFHZLE LIS, i B i T DL S 3 b
CRAER G YN ACIETEE T, B AT R 36 B 2 i e
B A o i R 2 T

AN F R TE R ARG B LA S BE i AR )0 b
A ES, EHEEE NIRRT Y45 R
A E R AR PR EVE R . 1B A R . R |
LA B G i R S5 KSR P I E R, R
AT A AR — B AR AR R



HIEE SAEEMBERATMAN 2293

WFFE H A SRR AR A 5T D B R 2 okl
fitf A BIRTRBRIE , XTF R =i A AR & &
o M A AR AR R 2R 0 LR TR, L
FEREREHALT 3 DRI A IR 2 BERE TG A,
X F TR A HER AR5 AT F o A PR 2 7 B8 I %
BErpid 8 O FEM AW L adh2 e B g5
AR 2 R A S acsi*, 5RALFIH
P S W — B AL v 2850 B T LR SR R 245 4 43+
BEAy Ak T (3.2 g/L)"*?Y; Qian ZEMON] & B 2
T b8 2 A A Ay B VR S o R A VR T
T, HREZE AR ™ Py xof A K 1 A i 40 i
Mo ZRRIAN Z BN @it 2 Bl A A8
(Acs)— A L L TEGHEE A, 1E MR A =51
R, CEMIBISREER YA TAE =2
i P T B g 3 2002100 T A b 2 AR S B
RIRATAR T W R AR/ I Kumokita
A5 US55k 5 H ek R H 3V A B s B A Bl
QARG = YRR IR, AE SN 25 K P AT = 3
PR AEE (1 825 mg/L)FH Hz 2 (1 067 mg/L).
22 EFHIERF A

% R B RUAS [H 2 A B R IR A R A
ORI, ARSI Tl . Al . Aolk g RHE
Shy i U5 RGP0 G v R IO 7 o ) B 5 ok
Z (B 1), AH 0 AR 4 b A e R v i
RF=8, BOTATEE . KAy WEESE . HLH
T AR AR e, ) R R A s L A Ak
Sy v B INEL AL A 4 2 v R R B AR
BT . 2R AE R R R LR R I A N R
KK 558 B R 44 T AR E AR, f#
Jig B EC J 1 W LA R 22 i 2 ek ok YR B A T v
VERtIR , fEImR A 2R P R R B T R A9 N
FART B2 RV R A Tl ) 32 R
Y, AL R R LA S . A PR I
W) o[58 21 2% 6 I Bk ) B 8 W] A2 7 39.2 g/L
PINR T, AR AR K B ™tk A BG4 2 0 Sk ok D

&: 010-64807509

I XA R THP Y S R T 2 4 3R 2 Y ORI R
Aol R =8, AR i i HLoAT R4 i) B AR BT, I
TR A AR — B DT T AR R 4E RO
EWCEAA N, T8 R AR S AR AR |
ol NS SR S SRR s v B PR U]
PR A BORFE FEA AR 5 L 75% R0 57 3 4
G, G Bt -a - iak- A2 g
(design-build-test-learn, DBTLY{LALJ5 , KA 7K
TR 144 g/L Y DLSERZ AL i Pk B
8 RS R A b 1 by Wi — BRI, [ 21 &St e B
A8 A R B A B T AR AR D AR I R 2
B 2 7K T AR PR B 29 680 mg/LP,

RN TR FE PR A AT LAA R A
AEHMEIRIE, HEWRNE RS TS
BOH P o BE A T Wy RS B 0 L Y AR A
MR, 0B K AR AR T 41 4 38K il T
R IR I | AR 1 DA R S R R AT AN ) e B A
Ko BT, Fxbsxseqp & 1R i 1= FIL G
AURH ST T ik A /b, R DLad Ao 3 7 e A 14 T
BRI 52 SINA TS P R el e, Dk
¥ SEA TEAL G W MR 1B S R R IR IR
R A P

3 R IR KR

3.1 RIENEEMRYTFIZS K

T AR R B vh 2 2B KR 7 W B R AR
I, THEEME I BB B R 28 Je
Fra Y E A (K D). X T AR R A
R SR UL, P EE ok I B BTt 2
H T8 B 7. 92Pr b, 7EdR W MLEERE
R R S IR U, SR 5N W] B 2 E T e 7S F) i
PGPS AR RZES . Liv F'PHE T 20 Ff
) MG T (A fs) TR 5E AR W Bk b B TR 2, 453
e Erem N 64.92-437.15 mg/L. Petkevicius
4 VT fige i B0 LG e BF vh A iR U B R A
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Substrate utilization

lerpenoids

Flavonoids

Pathway optimization

Block >
B e 3

Acetyl-CoA and NAD(P)H

Methanol

Glugose Gilygerol

Product

Polyketides

Carboxylic acids

TH0
e

Polysaccharide

‘fﬁ . J  Alkaloids I >BP mEAD — NAD kinase
\ Lipids Input ® > NAD' NADP
P promoter =, . [ l “ Dehydragenase NADH
(inducible/ NADHkinase | # (GAPDHLALDS) - NADPH
- constitutive) REDI—laltl
TRDL (inducible/constitutive)
Enzyme selection Transeriptional device libraries Mutagenesis and ALE
- o Promoter 2 ) ] Ho
: i TF2 operato HC=5-0""CHy
T / * Promot \r\‘ v Il"H'I‘PZ‘ = .‘- : ' ‘ !
= FTF2 0perator  fuase (TF1 activate)] I w  LCthyl (l‘)nesylate
% ’. - Biosensor regulation . L\",—‘ Urf:}.:][
m é H
r h 'F E1l uv ARTP 5-bromouracil
= - d il
Promoter Source species Enzyme fusion i ) ) B -‘/"‘ 4‘3\
. g & ) Serial transfer
L_gienc B = &, gy —_—
Pro  m— Pro =/ @ | e

Copies increased Self-assembly

1 FEREEBXA=YE BRI
Figure 1

BF, 4 7 ke 4 A 7 Tk A T A S AR RN (Fad)
F1 1L B ke U 2 S A A 48K B (Pox) 41L&
Fak 45 45 T AR = A B H TR AS TR R RS D R
HRAMARAKZER. MEEE P4S0 Kk
(CYP450) il iy 5 V£ XT T ¥l . w25 LA KB )
0 55 52 2% AR 7 0 0 S U8 USA A DG B T
IRk G 5 K P450 b JE i (CPR) & 11 1k
CYP450 W H FHAR WS, 75 55 2R e B LA R i Bl A 1K
fiz g 22N R R IR Y CYP450 LU 2 CPR #fiE
REHAR G B 22 5, I R BOR [ 1)
PRI BLRE S TR O LR TR i T
Pdg-E | X D BE I PR A T2 A0 O Tkt e 4 v ity
TG PG ROR WS o 76 SR AR I B A B R A A
FEE, s R R A (KfoC). UDP-N-&
ik 22 SE AT A B 4-22 0] A4 il (K foA) Fil UDP 7 %
I U (TuaD) 55 gm i 3L 8 () iS4k, B0
Zr Rl 5.5 mg/L 25 & 102.5 mg/LP',
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Organelle engineering High-throughput screening —

Optimization strategies for natural products synthesis in non-conventional yeasts.

B T X il R R AT 0 E L B g UL AR
WS B R AR ST A SR A ROR
W o 7E B8 AR T v R R B 2 38 A R O e
o 22 45 UL B AR 5 3 SR s . He S5 U2TRIH
G418 WRJERSJE Tk 2] T S-IR H B B & R
(S-adenosylmethionine, SAM)& iR A sam?2
Z4E IS ERR, B SAM P2 0.04 g/L 2
FE 0.74 /L. WAL, MERIEEZHE DR
NRIHEE R 527 IR A AL R 2
e 275 DL A MR A 5 T B 2218 Gao AP
T 7k JIig HIS EG B v 30 3 o R i U Bl M R A
AN AP DU, fff B-fHEE bR AR
BT 100 fi5 . Liu S50 F e g BB FC A 3 (4
H FRIAZIEA 26S IDNA LUK ZETA £# 0%
GIVE R SRS (R 38 5 A7 05, 3 2 PR 0 228 1
BT FAZE R ] A 632.1 mg/L BB RR. f3
Bl T B R T i A SR J2 T ) T P A A G B



B S EENRBEATYAR

M, BETFZAEE R O S8 T 4l R DA
Ko ) Z R R s, — S PR R R R Y
Jet 3 -t B B S AT LA AE S 4 Al R I R
o FESLIEAE b, WA ER XN RN 3 1]
WA AN TR S F LA BCON T3R8 2R Rk
5 T A R 1Y ) sl 721 i, Vogl 4517
WATT 168 A~ N TR EE AR T 3hF, IR
FOACER NG B-A 2 N R A LA AL RIA
32 RFERIBIES T
3.2.1  “HE-R-A IR R AR

VE AR T RE Bt P A 2 ML SR, 34 iy
P R (4 [push]”) . $i& w5 B 78 25 B 3 % (< ir
[pull]™) LA K BEL Wiy 58 0 55 il 7= 0 45 ok B AR 8 5%
S F) 23 9L (R [block 1) 34 AT A 35 4 5 H A5 7 )
A, el R A AR TR g oA R
Wz RS (D). B, SR
it A A LT LA R R D7 2 DA R 3R i 25
PRI A G B i 3k B A R
fitf (Acc)RERS I o N BRI A LN, 7EZ
Fofr =1 5 0 B v 8 Bl IE 52 Rk B R R
g 1223210200 R, S B AR TR B AR
b LA KA B4 390 2 7 D R DAAS R0 5 T R =
() BB, A IS B LA % B8 R e B v i
1T rBR Pox S Wi MEAHES A G A (Faa)#R Ak
A R R G 287 B A 10200212200 i
FAb G W 0 T A U A T 2R R OR T A R
Z PR F R o s A, Ry BRI, B
VUV Z2 08 5% 5 18 22 b B B RS 48 v 3 323k Ah il B
PR 31 S -D- Bl hr AP DBE L B R 15 8 2 3 SR
AR AN T 1) 2 A5 0 TS BB 2 AR AR Arod™ ot
Jo Aro79MS ZELLSEBR AT PR AER B i
AL A PR UL, ATk B H R R
(mevalonate pathway, MVA)IZE A, XS 5%
WA T, R R DG B PR i HMG-CoA i 5
Fifg (HmgR) A1 5 13 0 3 — ok 1R A W (1di 1) i 47

&: 010-64807509

1hFeIk, WA BRI BE S P 0 A P22
TR G Y& Mg i 2, I
PR 55 B AR 3 08 F R ARl A RO . 1k
JE JE £E W5 PR (farnesyl pyrophosphate, FPP)J& iffi
FALA Wy B BERTAA, Shi 25 fR g IS FG 1 £
A R A B R D R B R A A S Bk
P, A 3L AW 2R B Y B-12 JE M 10 7 i e
8 mg/L #£7 % 3 145 mg/L. Kildegaard %>
T R N T4 A Bl S FR e A i (Sqs D Y
LIk, TFREMEREG BGE TR B bR
FrERE T 2.5 %,
3.22 @IETE

A g 428 1) 3 s P 6 T H AR 0 A K
RO A B, AR R VL LA 5 1
Hh ] P AR R IR T A TR B . R IR AR
T 2% DI RE A0 AE X RGBSR B, T LA AL A A il
FRIFALRCE, i G m A 2" W (K 1),
F5 B e Z b ) Rk Moo a2 AT iR
NG AR AT o Vogl 2t ML T BR ik ji £
B PR AR . Wi TR S WH A A% LA B3 M 4 B3 10 i
R T — R FM& kv, IFWMHT
B-HHEE DA WY e R O, AR R
FEATIE 10.2 £ Li ZFUVOW T FH T i i B0 EG i
DNA 41251 Golden-Gate FHfk il R 4%
YALIcloneNHEJ, Jl— &%) 8l F& k141
B FRIBRERE A BGRATRERE, TRk R T Al
4.4 /L o-2T 3% 2R B Bk o AR TRAIZH Zha ZE100)
BT SR T B O 1 M e BB,
AT H BN TR AR E cTRDL DL K H e
BB T 563840 % iTRDL, 58 B 430l A
IR 1T Paoxs 19 16%-520%F1 30%-500%, -
BN HFrgmIpk J &g ErEmEES
VA, AR REARTE 3

T Ao A S R AR WA SR T LSS B B A
77 R PR T e O g DA R AR A 3 A A
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Yo BEAE XA AP AT 256 1 R SR i Sk I
FHFE0E SN Tk, % st Al B A AR TR
W5 A BT 26122 AR Wen
SG 2252200 Y S BH 38 R F FapR 76 5e IR £ o
BT TR LY A A MR B T S BLiR AR
W AW RS, N B RN A
AR EACIRL T B s T H ., Ly A
Ffl CRISPRi £ R MR RIS S0 o F52 8 TN
T RAREE A ML, R R R S A
FORE SRS N T FdeR il Gt E R INE A
B, DA A R 2 e T R MR AR o A
T R TR A 3 1 Bl AL 375 28 5 T e 1y g 7 I 1) A
WL AR S Ay, Park FEPPSHL T A 7R o-FR 5k
o R T 1 7 TS G e s e ) 30 O 3
323 BEEMREMHIEIT

XF G B AR AT XA A B S 3 AT LUA
BV TETh el 2 (Rl o 554k, MG
AR, BEARSEBERRP (/] 1), ZEEaE %
TRV ELN o AN R A i B IR A 2
SR E A 2R A B8 R BE 4 . Duan 2P0 AN
[F]fY linker, #6757 HUB0Z G Y SR A0 Dt e/
S (Cns 1) Fl 4 Ja 438 14 6 1R 7K f7% 1 (Cns2) 76
e N BIS EG e Bk b AT R G 3k, ORI
(EAAAK), 7] LK P~ HE3E S 1.7 %, Liu 050
XA R EEE A RN (4c) F R RS il
(Sts)if it 8 AN (3% B2 IK LA SE B Rl 3K
Hrh WA EAAAK % 30 Bk 5 5 F
X & R E AR R AL . BA A
SERIPRE T S B ECR, hE A X F
FEAMARBERLRZ N ES, hYReR H
22 35 J5 E L P 38 G R v 485 Al 1) A R AH B2
H, XA A LR ML R B IO o S B X X
Sl A 5T AL Y 2R o Zhao PR ] PDZ
B [ 25 FA) 35 B A 1 E A PDZlig 1138 ¥ Jds —
I A BaE A% A R A S R il S B0 S8 R T L P
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HESE, K- BRET 2.0 5. hehlsiea
TTAE I B 11 S 200 R, Bl R A5 S 1
FREZS MM REn b, ERNIE R ES L E
YA Y

DX 35 T 5 P 4 e A o7 RE 65 % i 7 ) R
FEORT A M A= R R A, I L 0 5 2 A i AR
AEf . ML TN, Zekiihn] AR AL S =
BTG A DL RER, BRI YA R
Pk X312, Zhu PPN 28 G ik 4% R it
A A i B HIS I B 7 L 5 ki v, s g
AR DL F543 P i U6 T B e o213 240
1 058.1 mg/L. {HJ& i Fbi AR 7E fE R AR i
(R ER B L X 7 ) B e 18 1 2 ot 4
B B AR KA o o Ak AR i
fiz B AfLBLN ZBERTEE A, HS 5L ER
SER SR, SO TAIET A AT I
BREENED A R IES I, FE, oA
AP A A i AR s K AR SRR DT, FEAR
B 7= A 1 TR B 3 i 3% SR 4 A it 2 2. H
AT, FEIEF RLEE LS h o S A 4 A 2 v 2 )
fEME T8 MR ek R EEuik
LRRTEII A P2 X OO TR
A T G i A LA R TBE e ACP F4 T 91488 1) 40 i
. A AR DL S T, A A R
7 5 R R TN I R 2 T RN B e J B 7 i
Ma 25N & B 12 40 B L4 45 28 0 T R
T T DA S A A, TRIE 3 A
M) PR RERG IR =" it 28.9 mg/L 2T+ &
139.4 mg/L . 4 41 fd 7 i £t sl 35 IR B RE A 5K
PEAEA AR, W=y B8 Liv U@
IR 5 1IN BL R A B, AR S TR
W R v ) SR T A R L I JE B B o
3.3 CZEiEEE A & NAD(P)H B9 R 1k

CTORATG A VE R A A AR 1A 4 7
ARV ST BoRitA | o AR L) R 240 i
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W, JERERIT RIRT W6 U ET AR (8] 1) Hoad
MVA 38487 A il 248 i S BRI AS S SO 2k — 1R
Pk (IPP) 1 — Y L0 P Ak — WL 1R (DMAPP) ; B 28
Acc TE RN " BEAHE A 5 PEANGIDTR . S
A g 12 . Huang 2673 35 IR 4 AU A
PR D0 2 43 B Z B 40 B A B R 3 i, SRk 2 4%
B B AR FH PR 5k DA R ik 553 YA 1) ok 480 A 400 Tl 1
1438 A T 2 A HR CC e RE TR AR, IR
¥R 2R IK W 1B V1] IR (Salmonella enteric)
acs*VI L INTR ) ATP FriG R 24 L A acll, A
R T 50%00 el A R, (/e
BN 16.4 5. A FSCHTA, BERRS L BEAHTE A
AR 1) LS L TRERANE N IR . AL A
B AR DA K i Al A AR 55 480 Ak ) A v 2 T
A WA A RIS T,

F0 A 1) DR AR 5 2 A R 00 A K A
ARV B N R, B MR R P I
MDA B4 R - 2 T NAD(P)H (B 1),
NAD(P)H 1E 2 F LM AP i 5t , Al IRY
) R R R AR € ISR S = SR =]
TR A B ) T S PR DR 98 5 R R o 75 I &
filf 4 26 35 2 FH 0 NADPH sk 7B, 1EffNg
B P P B v 498 5 B8 31 R~ 1 I =0 (U ga) . 6-T
i3 46 7 W IR I S0 (Gnd) . 3 SR IR T (Mae) &% T
78 I bt U (Mndh) AT LU s s 28 A 54 . SR
b4 DL BRI i A = P12 NADH Al
NADPH EARTEZEH FARRL, (H)E S5 10 H Ak
BIFA—, e, KL CYP450s X A%
fEAT PLSE T NADPH /K EoRfE i, (A
NADH /KF-E1 IG5 A FI M R AR, Jin 2507
L RIS R PR I Z M (Eme. Emt F1 Rtme)
B NADPH 5 o (i i fig HIS e Bkl — i
&Y =B e FE, (H o2& NADH i)y
T3k 223K H VM BE -3 BRI S (Gape) H1 JC A i
ROR o 8 Rk ECE 51 A S IR O

&: 010-64807509

NADH #:1k > NADPH )& —FhA i 5 R 1
O S . Qiao ZEPMHAETT T £ Ak ARG ik i H
[CEELEMLT NADH 46 R A1 & BUVT s i
NADPH i 2t A, i fEREvRIE KR
= T 25%. oAtk T B A0 45 38 1o 58 A oA il
F4) il DAL -8 78 L R 51 4 17 2l R 75 8 7
5, BT R E AR R 2R,

4 FHEREMEGEN AL

X AR 23 38 A% T SN T AE BB AL A
B A AR AR H LR 75 8 R ORI E B
e 1 P P A i L AR B 1Y) TR PR A R g
(K 1) 7578 T BOWR 67578 It n] JEA 73 S )
BRI AL 225 A8 W RS AR vh v T Y Ry 2 b
2¢ (ultraviolet, UV) LA K JE & IR 5 & T 1k
(atmospheric room temperature plasma, ARTP),
75 78 TR e A 7R R R i R 2 AL S £l P 9t
B HIAR o Sy 7 G B 21 A F I B X AR B
1 2t KA P I T 2 L Qi AR
AUVRH ARTP i 6 2] 1 BEF A 5T £ 24 5 K figt
WA RAFGHMIR R 3 PR RE, HX) 55
BERERE . H2ER. WR. ZRUKCBENRK)
M 52 7K A W 8 B v o BB I3 B0 M P SRR DR 21 434
BORKY K , BT I 731 J2 Th kD5 21 kA T i
BILHE A5 B SR B e R DG 380 T R 7 128 57725 o
Li 25515 gk 3 [R]85 0K 3 % 4 (non-homologous
end joining, NHEN)/\ 5 09257 i A HIS I B
RN by A pEpL R A, TRe R 1Al DL E SR
o i 7 T AR SR B £ T A

ih N M S B % i 4k (adaptive laboratory
evolution, ALE)JE 1552 %0 % 454 T K4l A SR ik
b, AR BT e8I ) S B 10 7 1) AL Y
Jitk o MIWH MR TIIE R BENLYE, ALE it
18 e Y 2 it i s AR A B PR A% DR G 5 1)
PEARAE S8, FEAR W MEFRE, ALE 2400
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FAF o R i 2 ZEP A . Gao S
FIH 22 T8 DL BBk A= 7 Rig 107 1R B IR 4 A TG vk
FEF R IR AR K, il ALE (61X 18 YR
YRIE T A AE H R B — R i AR, T2
FIFB T, HE T Ipll 1 izh3 HIHLR AT LL
W S 2 i TR A QU R, ZE SRl A ARG
A5 OB IR 7= Al ik %] 15.9 /L. Gassler 21240
A0 3 A S W T B AR B [ IR AT CO, Ty
WIRINAE ST, ARG 8 ALE (f81% 27-29 W)#
CO, MR BRI — 4, AR K AR
R pine FH0.008/h #EZE 0.018/h, Diaz %7
WA ALE (f& X 4 D ) A TESE BLK i)
HICEAE K I R 2D A fEE LR 0013-09 TR A% A D)
WAL T 80%MEY R, A suE )5 T
N g KA 39.5 o/L IR, BEHE 7 T1RAEEL
ARV mE R AN LR, BB AR
Ho AR R 5 AR BOR 5 ALE A4S G 10
A 8 ofe B 3, R R A L T S AL R
fE, XA EAR B A R E T A Bk
J'& 5 28

5 RES5RKE

FEH REEREFEAR A B RIS, EHT 2
P LA ER 0™ i B ol oA 202482300
7N 2R T B AL I i A 7 D THI R R P B B AT
REST . W R 8 % T I B R ) FH WA R RE 0 %
A AR T RS B S o O R R
TS e R e v 23 TR A Qi E T SR A A
X LR R AR AL S W A e T T R T
BURFRARFALIT2OL G AN Tz MR A
DA X #0358 14 g T 52 A1t (45 R B A T
b, AT LA R 1 S B IR M 5 AR
EYRE1 o N s S5 SRIE 97 e 58 7/ E bR PS8 L
P AR LB R T 2 g 2k T L s R g H
b, WMHEA SRR U F SR fe 0k
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PR AR IRERIK S i S e . FEME R
T 22 20 it e g e A 1100102107250 s AR AR 25
W B B ACAE D B B S BN Y, AN i X
Y16 K R S ORI R B T AR
BEJEC 2L TV 7 o

AH T TR TG o BER b, AR W R BT )
GRS S e AN A AR R 228, F R
e T R g e T BT AR BRI TT
4 47 U8 A S BE Al A S0 5 A O T Y ik
Z o CRISPR H AR Y % & Ryl 5 FRIE B 1 S D] 458
VERRME TR A R, (H R TR IR N
i) DNA & HLHE DOAKE 9 NHEJ AL 3=,
DRI T A A 0 L 2 7 v R ) 0 D058 TR o R PN T
WARYE . RS Ku70/Ku80 ., Nejl., Dnl4 %
NHEJ AH5¢ 48 H Mo 2235 ] Y5 51 2H (homologous
recombination, HR)AH5& 25 [ (U1 Rad51/52/59)%%
B ARAE B R HR SR, (H5EE E
A, FESEBRI AT . DUk SR ug LA K AT A= A T
KA W R U R gk &
LR 7 W38 A AU AR P ] 30 5 6 o TR R A
B TAESR, B A SRR BB JLAETE 2 Fh
KERF=W A 8RB T 71, HEE B4R
TGk L ADL R B A S U5 A oo T
TR (1% )0 FH B K e R M) S B o AR
BT Jr i, B AR IR AR A0 T ) T bk
S TR EAN Y, [HNERETIFR
kR RAETE KR BERHRIBABR, JUHE 8
MiFEFAA S F LSRRG A EZ . K
TR 48 R 2 R BR T LA R iR
TR, X AR FIIE AR S T el 1) PR &R FE AT
oL S PRI R Y S R TT, XR R A
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