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Bioconversion of one carbon feedstocks for producing organic acids
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Abstract: Organic acids, as important platform chemicals, have been widely used in food, pharmaceutical, chemical
industries and agriculture. Currently, microbial production of organic acids relies primarily on sugars as feedstocks,
which may suffer from the competition with food and arable lands. One carbon (C,) molecules such as CO, CO,,
methane, methanol and formic acid are widespread and inexpensive, which are considered as ideal feedstocks for future
bio-manufacturing. Bioconversion of C, feedstocks toward the production of organic acids helps mitigate greenhouse
effect and realize carbon neutrality. Therefore C, sources have been regarded as raw materials of third generation
biorefinery, and natural C, utilizing microbes attracted increasing attention. Although some microorganisms have native
biosynthetic pathway of organic acids, the production efficiency is usually lower than expected. This review

summarizes the recent progress on the biosynthesis of organic acids (3-hydroxypropionic acid, lactic acid and succinic
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acid) from C, feedstocks using synthetic biology methods. First, the native C, utilizing pathways are summarized,
including CO,, CO, methane, methanol and formic acid. Then the metabolic engineering strategies to improve organic
acids production were systematically reviewed, including the optimization of rate-limiting enzymes expression,
enhancement of the supply of precursor and cofactor, cofactor engineering, and inhibition of the product degradation.
In addition, the challenges, solutions, and prospects of C, bioconversion to organic acids are also discussed, and
coupling chemical catalysis and biological transformation may provide a promising industrial route for organic acids
production. In particular, methanol is an ideal C, feedstock with many advantages like convenient storage and
transportation, high liquid-to-liquid mass transfer efficiency, and it can also be massively produced from CO, by
“liquid sunshine” technology. Therefore constructing high efficient methanol cell factory may enable organic acids
production from CO,, a carbon neutral production manner. This review may provide a guidance for C, biorefinery and

industrial bioproduction of organic acids.

Keywords: C, biorefinery; metabolic engineering; 3-hydroxyproionic acid; lactic acid; succinic acid
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Table 1 Bio-production of organic acids from C, feedstocks

g/ S &) IR F=/(g/L) R2/% AR [g/(L-d)] RPN
3-HP WA co, MM, &, 0.67 2.6 0.07 [50]
50 mL KRR
WA Co, MM, #2 i, 0.84 8.0 0.14 [47]
20 mL & AR
F L LIS MM, & BEGE 0.06 2.4 0.03 [48]
50 mL KRR
I AT 1 A MM, i, 0.07 2.0 0.04 [51]
50 mL R EERAH
A AT T FH i MM, K6, 0.86 3.1 021 [52]
1.8 L AR
% IV DU I B A MM, #2 i, 7.10 14.2 1.20 [53]
50 mL KRR
Wit e Rl RE WA MM, K P 48.20 23.0 3.70 [49]
300 mL K& FE AR
L-ARR WA B Co, MM, & » 1.00 N.A. 0.03 [54]
80 mL K AT
i be S AL T aibed MM, #& 3, 0.60 N.A. 0.15 [55]
2 mL R AR
% IV DU B A MM, &, 3.80 8.0 0.69 [56]
50 mL KRR
D-FLI% WA B co, MM, K 1.30 N.A. 0.13 [57]
100 mL % B AR AR
FH 3 P D 1 Hke MM, #2 i, 1.20 24.5 0.20 [58]
12.5 mL K BEAR R
ETE e REERE IR CM, ), 3.50 22.0 0.87 [59]
5 mL R AR
JEIIR WA co, MM, K i, 0.93 N.A. 0.19 [60]
R IEARFA R S
Ea| Co, MM, &5, 0.63 N.A. 0.32 [61]
40 mL K FEAARFA
WA AN co, MM, #E 1.80 N.A. 0.60 [62]
R AR A S
WA B Co, MM, K i , 2.50 N.A. 0.23 [63]
1 LR B
PP PR R LEFSH MM, K, 0.20 7.9 0.04 [64]
3.2 LR B

. MM—IEREF FRIE, CM—F BRI NA—LHE
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Fig. 2 Biosynthetic pathway and engineering strategies for 3-HP production from C, feedstocks
ZWF1—Glucose-6-phosphate dehydrogenase gene; GNDI—6-Phosphogluconate dehydrogenase gene; EcPDH—Escherichia coli pyruvate
dehydrogenase complex gene; ACCI—Acetyl-CoA carboxylase gene; FAAI—Fatty acyl-CoA synthetase gene; POXI—Fatty acyl-CoA oxidase gene;
FAS—TFatty acid synthase gene; MmACL—Mouse ATP-citrate lyase gene; ScIDP2—Saccharomyces cerevisiae isocitrate dehydrogenase gene; MCR-
C—Malonyl-CoA reductase C-terminal gene; MCR-N—Malonyl-CoA reductase N-terminal gene
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TR A J ) T A4 AR IR, AL AT DA R e OE
AR SR Ak T A A R A DR 4 N 1R A R v
PRA T 3-HP 1A R, R e 22 17 et 0] %0 I 177 R P
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fRiE 1R 3L K FA41 M1 POXT, FF5 N 3-HP & ki& %
KRG MCR, RIA] 5230 A5 95 B2 21 3-HP 1A% 1 4%
e, PR E3-HP S w Ak (2D W R
e 1) SRS AOE T B, & T B
T8 Ik ST T TR R 7 B PR B- AR A I AR R (R A1 I
iRk MCR, AT TR 5 B 28 Y Rl Rk
MCRA, 3-HP =& 28.8% .
2.1.3 AR R

X T4k 2 A S, 3-HP AR E S AR
WY, WEEIEA AR 3-HP, {H2 T 3-HP A
A MM, DB ] I R E B AR
BB PR AR 3-HP SCIL R EE . WFFUR W, 3-HP 4@
AWK TERRE: FAERERZ. BlanrEds
ERZLANTA  (Rhodobacter sphaeroides) "', 3-HP g
%16 R 3-HP-CoA,  J& # 38 Ji7 N A I -CoA i A
P AV S (11 A W (= 2 ) (Pseudomonas
denitrificans) 9, 3-HP Jo%8 L N MSA, J5#H %
e Z T -CoA HENHOARH 7 thdh, fERIZ 4
il £&F  (Rhodosporidium toruloides) ', 18 it %
DRI H . e SRR A o #r, S8t — ANl 1)
MSA Bt & Hg, 6157 3-HP S AL FF MR, il ok L g i Jk
DAL s 76 265 B i 3-HP = S dg i 1 5 2 . R Bl
TEFH I AT B AML H, 38 Ik AR 4 2 2 i e
PRI PR L I S 3R 4% B AR 3-HP,  RBR — N eI A
JHE-CoA IR JEEEIE [N, V2% 1 3-HP MR, LU
PR A5 B 3-HP IS 740 56 2 B A2 AR 2 15 mg/Le
Rlt, 76C, & 3-HP W fEd, 75 Z ey e £ hk
7 B AR 3-HP, 0 S A7 78 U 75 2255 58 JF M5 AH O B
fil LA
2.1.4 gRmaTEERE

X AR A R, TE R R YRR — A
HEER . BIR3-HP IR, (HREREMHE
P EE, 400 mmol/L ¥ 3-HP AT S BUK iz T
P E R Al S 7R B p AR K, 1T 500 mmol/L 3-HP
2 5 8O % BERK B ok A K T s bR B, 3-
HP (¥ 40 i 75 1 0 3 & T HL R oy el ik —— AL IR
TE K9 5 W 3-HP 135 P 22 7™ 35 400 i) 48 A 2E A F =
G . FEARBEPENLE] M ANE A, S 3-HP
FRES =) (HR COO™) . 4 i fis pH A8 1k DL & A AT
AN S EOSE R S F R =G 7 fied
L A P SR S, A O s AR AR M, A%

90 TR W LG I S S AG A (ALE) . R 2 E
HE (genome shuffling) . {4 2% B 4 # i5 AF &5 470
AR T2 SR B R 45 8 2R 1 AR AN N A
S5 SR 7 AT 52 4 B R IS & ALE,
T Ao TR A L B 38 2% 1R T 3 S A A L A B
SRJG I FE R . s o A 45 6 I A AR AR
I 3 B R iR 52 1R B 1) 4 AL T i ALE 5K
WA K M AT B 3-HP i 32 1% 32 1 21 800 mmol/L, 2
DAL ZH 0 7 % 58— > & R % ) R 1 yieP 55 3-HP Tif
ZYEM G, RBR yieP AT HE R 3-HP i 52 1 7. iz
TR S 5 3-HP iy 52 1% G R i, Jdit
e I A 3-HP MR B B, fd 3-HP #4428 2
WAk, AT B 3-HP BB &1 . H A 7E 2 Pl
AWy E Y 3-HP 32 B YohK, L 4E Kt
B MR HEIAKRE (Klebsiella pneumoniae) « Wit
B ME (Pseudomonas denitrificans) F1E P E
MM (Pseudomonas asiatica), 1LFIiEyohJK .3
P T 98 v TR A FQ R 6 3-HP i 52 1 fe =& U+, ik
A, TER M8 (Uspergillus pseudoterreus)
HE H— > 3-HP s B 1 g2945, 1E [ 41 & 1%
B KXz EAER, 3-HP R R ERE
70.4% . LU B B N JRURL & R 3-HP, T
rhTE] A P Y B R SR B 4E B, A A
YoOUEE B VRS2 3-HP [ s A i, IR e
Xf 3-HP Wi B2 e, AR T Z 4 s 77, (i
HbR= IR .

2.2 CHEMEIR

FUBR, XK 2-FRIETIER, A4 52 Jik 2 (] 44 7Y
ANFE o N L-FLE A D-FL R, Hod L-FLER Re i 9 A\
WA IR . ARA IR 2, M UBEEZEHTE
fi s TARE L APRR SRR, AT DUE N R R R AT BE
R Sk PLA ™ LR A& BOS R BN B, @
i Ldh A6 ARG AR ) TR B R 58 i A LR« Ldh
53N L-Ldh #1 D-Ldh, e 7% 3515 A8 il A= P e 1 e
Al A OGRS L-FLIR 5 D-FLIR, X 2 AE ik
HRCARR AL A BT ™. Bl LR Tk 4b A= 7= #
A& LV N JEORE, 25 BE S B €, SRR AR 5 7 A A
HRCALER, BT “ob T LA A
5. HElCO, B GE A H B A )4 LR 1
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%%F%Iﬁi” 1.3 g/L\ 1.2 g/L 3.8 g/L[Ss-ssj

(£ Do CJFERIET Ldhig 2 & Bl i 4 TR
HMSALFE . TRIEAIAL Ldh ik, S w SR,
BEL KT % fift i 12 DA S TR 7 DRSS (3D,

2.2.1 kel Ldh &GA

FRE KA ARN— N EEFEHERA
R Ldh, K2 BORAR C R A % LR
A RS, DRI T B S R R R R T LR R 1 L-
LDH 8, D-LDH, 15 £H|H C, k& 18] & B L-FL
PR D-FLER ™, filhn, Yamada 25 ) 75 B2 7 4 Ee
FREERE 2 ¥ DU BE 1A DNA (ADNA) 7 S84k
IR T W B R Bk (Leuconostoc mesenteroides)
1) D-LDH [, DL B 5 Y58 )3 2 P, 428 1l 2
Rk, 7E&H 30 gL HEMYPM (BEEEN - A
JR-HEE FE AT, TREE D-FLR - ik 2
3.48 g/L, FF HRILEIRAE THEEE K D-LDH #% I

ADH _ PDCI/5/6
LR

2.1 L -CoA

4
1
1
[}
1
1
1
‘\
A TCATEAN

L 7

BAHELIRZZ GAEIMIONEID, HARKR™ &
JUFAHIE, Ui B 24 LDH i) ¥ DUEGE 31— € $os
Kk EAMAFHRAILRE R R®E D K.
Wefelmeier 55 ) 7E £ J¥ [ idh % B 1) 41 2 B2 6k &
Y HIS2 B A7 m B 5 A Fh AN [F] R VR (Bos taurus-
Leuconostoc mesenteroides Lactobacillus helveticus
F Lactiplantibacillus plantarum) ) LDH 3£ K, 1
K P, A IR R IL, IR AE o5 9 B vh R L
Uf 1) D-LDH F P55 75 DUdh 19 BF o0 A 72 W06
BT ) Lh-LDH 43 DU 2 BEE 54 20 /L HEE )
TR RS T 0.5 gL K L-FLI2 . 7 H ke
4 (Methylomicrobium buryatense) i i if 55
i KL §f & 73 A AN [E] SR IR (Escherichia coli
Bifidobacterium longum F1 Lactobacillus helveticus)
W) LDH N, [FIFE Lh-LDH 3 R B by, 16 3 mliss 97
Herhid o B e AR ALK - sk F) 0.8 /L ™. i

C Jﬁi%ﬂr
C U !

L EALLDHRS o
2. é'z%ffﬂiﬂz/iilfﬁ; s -3 - ——s il -3 - B ——— i
3. Hilemae 14
4. BT IR : = A

I y/’ L-FLIR L-FLAR

1

* Acy/

~ . S Sl o
D-A.MR D-#L1#g

B3 C kSRR ISR R H s ek
GPDI1/2—Hh-3-Wh R i S0 12 5K, ADH— 2B A B IE R, PDC1/5/6— R BRIR i #2B 1/5/6 3£ R ; ALDH— 2B fli A B3 H ;. L-LDH—
L-FLER AR K D-LDH—D-FLIE M ARG R, CYB2—L-FLIE AR (AR BH; DLDI—D-FLERNARMER; Ady2— LRz

EH; Jenl—HR/H FIMEZEN; LIAP—D-AREIZEH

Fig.3 Biosynthetic pathway and engineering strategies for lactic acid production from C, feedstocks
GPD1/2—Glycerol-3-phosphate dehydrogenase 1/2 genes; ADH—Alcohol dehydrogenase gene; PDC1/5/6—Pyruvate decarboxylase 1/5/6 genes;
ALDH—AIldehyde dehydrogenase gene; L-LDH—l-lactate dehydrogenase gene; D-LDH—D-lactate dehydrogenase gene; CYB2—L-lactate
dehydrogenase (cytochrome) gene; DLDI—D-lactate dehydrogenase gene; Ady2—Acetate transporter; Jenl—Monocarboxylate/H™ symporter;

LldP—D-lactate transporter
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BT UL, S A 320 R A0S 1) LDH FEAR AL R 4
TUER T LR = RUE A AR R BB BAR TR
FIB LB R A B A8 N HE, AR A S %
ROVRREFEAE A Tl b A 7= ™, i 38 (R 2 B A
P RBR T tDNA FIUE F7 6k B B AL s 4b, 18 DU %
RELHE R BE AN 410 8 P A 1R 2 A A 5 aT
SR, TR fff 42 ol 5 DL
222 SREHFREZ

B T 74 R R o LR A R IR R A, R AR T
P T2 R 2R A A 7L TR A AT B LSRN I IR A
BEEE R A TCA IR IR S Hz 5, B 2 %R0
1, DRI A b A ) Y I R 1) o AR i A,
M om (e Mo (gt B
N TCA & ¥ L K R I g A B R (PEP) R
A LR R (RERER 55 28 ) o LBEG ISR R
Bl BRI R B (Pde), 76 FLIR 70 & 4B B)
(Kluyveromyces lactis) 1 ik L-LDH, % PDC
BH W7 20 B A B, & BE & R L-FLIR 1915 R iR &
171%™ . R & W& 12 X B B 2 & R BT
(AckA) , 7£ W 20 W " X 15 D-LDH, 1@ i i@ B
ACKA B[R I 1 318 3 SR g 2 K ME, DL CO, N
Wi & B D-FLER I 7 B 42 51 4 60%, LR R &
FRAR 21 75% . AR 2 Pdh i3 N TCA 183 2 A
WA R ¥ FE (1) IR AR, 76 D6 BRIDLES BF v 44 22 Y
Pl DH 7 1) IR B B S AR Ak, O T P A R T
K AR P R AR AR KR SR IR B Pah v P, (A
AR K AR 2R 700 T 78 FL IR oo 6 4 I B p Rk L-
LDH, @l Pdh & A 4 o i it 006 7 2L Pdal g hY
B, BMRAEKAZ R, A S R L-FLER
R E 47% . £ YN b # ik L-LDH, DL
CO, NJFAEMA B L-FLIR, 183 554k PEP SR Ak Fig 3 K]
PPC, BARHMAKZE —Em, HARER
Rmd 245 BRI B E 24, G3PA
FSCH VA 2 D) 22 sk 20 DA A R AR SR, H T A RO
1RSI 2 3-TE R H i AR (Gpd1/2), fERIL
D-LDH W) BRI % B th i@ B GPD1/2 B& R FEL M 1
WAL R, A BEA L D-FLIR 7R B R R 50% P
BT DL, 0o TR S S AR R B T 4 iR L R
A, BARTR BT LARE N JEORE, (R ST T
B AR B LR 57 1, X S8 SRR 0] T C kG ik
FLR -

223 [AWFHEEE R

MR UR T R I, AR 3 TR TN R R AR R LR
Fral ok A HE R B s B M A T AR R B = N,
WA B ARENHEE AR ERA, &
A LR AE R TR T, A A R e W S AR T B
B, AHRRMEY RS REE. Hilo&%a HiR
T P B TR 1Y) TR 5 T 4 18 B ) Ady2 B Bt FL IR Ak
He, TWiRBR iz A Jenl 71 5T FLER WU P, b
Ah, MG R cEALEE (Cyb2) Mk L-ALERSE AN
AR ©, i D-FLEZ AR (DldD) 1k D-FLRR
AN ABARR “. Baumschabl 25 % 71 B FiR i R)
M CBB A SLHL 7 CO, H¥F, iRk L-LDH ¥
KL CO, A RL& B L-FLIE , I R BLEE 7R e B B8
FIH L-FLE., e CYB2 HEPME L-FLR ™~ 4
150%. SR, [ 4 H B I BRI 2 TR DU e BE, R
SRIFARERI A L-FLIR, 1M 3RIA T BRI EE BRI Jenl
VU 6 9 FE L-FLIR B, Uk B[R A i C R AR
MAEABRREER L FERKESR . f£KIE D-
LDH WA, 8l Rk kIR T KA 1k
F5 5 1 FL R 5 38 & (1 35 N LidP, CO, & il D- LR
(7 Bt 1.8 4%, LW LIdP (et D-FLIR AN E,
G D-FLIR 7 H N AR BT
224 AT IAZ

78 IR 7 AN 2 RN BB BN T PR A R
HEEREEE, FEdHRE 7 TREE Emb
YA O . Bl DR T R L HE Y i e TR T
JSE A B R 50 Al R i 4 R . 58 NADH 1)
5 A DL i ek 2> NADH 78 #E Al NADPH #% & 0k 52
B, BIan7ERIE L-LDH JE K I BRI B BF b, m B
NADH Jiit &0 5 X Ndel/2, 5 % ¥ & i L- 7L R 7=
TR 32.6% s 1T 7E B R i RE RN 2E AT B
(Bacillus subtilis) i 335 RKIF T KA 1 10 A
Biff UdhA 7] ¥ NADPH #5 4ty NADH "', {H137%
B, W 4H B R WU Ot e T & B NADPH,
N AR I FE PR AR R ) U, DR A O A
{E i NADPH EL NADH F &, LA 41 # A 15 1 F)
H CO, & BiFLEg, 18 id ol L-Ldh #1 D-Ldh {5 4 A
Tl % B NADH 22 A NADPH, 43 7] f# L-FLFR F1
D-FLE = B3R LS A 3.6 1% U7 ), iXegE R 7
3 3% WA R 1P A 0 LR = A R B
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2.3 CEMSHIRIHER

BRHIER, NAMT MR, TNHATER. &
2R AT o Al BERMAT L T R B IR 2 TCA i 34 11
E AR, W RUEI R LR RIRIH R, 3R
HIRRAE W AR AT DLy A RARBRIH IR A4 -
a0 e BE A R M 4 AT (Actinobacillus
succinogenes)"'"™ . FEIRIIIR 2 KA (Mannheimia
BRI R OR A IR
(Anaerobiospirillum succiniciproducens)™” . 7= B
MR 8 K (Basfia succiniciproducens) "™ ; 1%
WTRRRIER AW, B KA R " SRR
Ve AT B (Corynebacterium glutamicum) ™' fi# JIg
HRECPEERE (Yarrowia lipolytica) "' 25, Hp L=
R TEAT W AR I i ik 2 . BREIR A 6 Fh
GER, o0& S TCA 1H I8 IE J5 52 3 HH 5% 1

succiniciproducens)""™ .

2. SR S
3. P T
MDH,

R
FUMf
TR

JRIATR

rTCAEAR

C, 5kt
C AR 1
\ A
-

HEE R

TR T 2 P i PR

PCK
Co,
— R
PYC
NAD(P)H CO, l
1. AR MAE ZB-CoA

NADH 2.5

TCATEH

RIAEE -CoA

PEP ¥ {L /i (+rTCA-PPC) 4% . PCP #& 1k il
(TCA-PCK) &1t W R R (rTCA-PYC)
BE. SERRE (MAE) B8, LB KGR
TCATEHEA L (0TCA) 1%, HT1TCA %
12 E CO, FRHRAFH KT 100%, [tk v
BIFEA IR G £ &S . SR, (TCA®RME R
IR AR, FH IR HR e 1) A ) R P A e AR
A fEME LUE L rTCA I8 42, 1] oTCA i 48 il 2 BE TR
SC PRI A% V] e BE IS A AN R bR G ORI IR . 0
T COAMERIFHIM S, M E@REMaRIENR.
H 1 CO, AT ot A2 )65 3% 0 I8 1 o o 7= 2 4 il ik
F]2.5 g/LA02 g/L" (F1), 1iHEEAEYE K
BEFWR MR WARIE . C, JFURE A B BE HTER 114X i T
FEOEME A FE: WATERAIA . AR R, P
AR T (B4,

b

N\

I 2 Sk R

NADH
o-Ff TR

NADH  OTCAEfE:

B4 C JEURL RRBR IR I A QU A2 S i S s
PYC— BB RACIEIE D ;. PPC— BRI I% B U AR R AR LG S Y. PCK— B IR AR I 3T W R PR MR I . MAE—SE IR . MDH—3
R ARHRER . FUM— W RIEEEHRER . FRD—E W RIRIE R HE N . SDH—BR G I UG 2

Fig. 4 Biosynthetic pathway and engineering strategies for succinic acid production from C, feedstocks

PYC—Pyruvate carboxylase gene; PPC—Phosphoenolpyruvate carboxylase gene; PCK—Phosphoenolpyruvate carboxykinase gene; MAE—Malic

enzyme gene; MDH—Malate dehydrogenase gene; FUM—Fumarase gene; FRD—Fumarate reductase gene; SDH—Succinate dehydrogenase gene
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23.1 AT EARHIA

BEIABRAE 9 TCA JE 24 [ A 4, J8 0 3 3
TG (Sdh) EALIRHIRR A= BUAE B R L, Rk
i [ BN ) SDH K& A R T 38 R AR 2 . il
o il e B AL (Methylomonas sp.) UL 43¢ Nk
VEA PR IIBL , w5 SDH 3 R Af 77 & 1 9.5 mg/L
PE £ 95.0 mg/L s T Ui I 41 B CO, N ik U
HRBEHER, R SR A0 ) SDH B R 77 & 4y ) 4
1 10% 1 50% " " SR T sk BRI 2 H bR 58
R AR, 72 RIA BRI IR & BUS 17 0 H
B X FrTCABRREM &, RAGEEA S R A
g (Mdh) #J2 PR By, 75 W 4 5 ol ik PPC
BB, CO,AMIRHIRR M = &I m T 60% " i
ik FRIA MDH IR, BRI ™ s & T 65% s
Lan & "' 540 1 W5 40 B A B bR o 0 — R AR %
R migsm, W RIL o-B R MR (kgd
HUBE MR > W i AU B (gabD) L[N, HEHRAEW &
B 120 mg/L BRIIME, 1 4k 825 R 8 PPC FE R A f7
15 1R & B 5 [N Gltd, BEIAPR 7= &3k 3] 430 mg/L.
B LT DL, L DT % R A e DA B e 4K Bl A ) 3% 3
P R 4 v DRI R 7= 2 11 SRS
232 BAKALEE

EFEIATR A W, CO, (HCO,) BRI
MRl TEANMuEs R R d, CO, MR T kR
FRHE, S gAY BOE AR, SRS TE4H
JR R EAL R HCO, M, BLAR CO, FI HCO, #f ] LAE
N Pek FIBRALEY), 1H Pck Xf T CO, AL I 11 &
T HCO, ", REgAH HIRERET I (Ca) mif:
L HCO, 9 CO,, PHILAE KA AT B Hh i 8 Sk T
W40 B PCC7002 [ CA E 7, Pck R AL 8 32 5
59%, IRIMR S B E 20% . HCO, 1F N F 8
PIRACERD, FH A3 B 25 I 4% 18 T R BRUIK,
1M %1k HCO, ¥ iz &5 1 A Bh T 3 i 4 HCO,
f% . BicA 1 SbtA 73 7l £ ¥ 4 B PCC7002 #
PCC6803 i % 5 N HCO, iz | A, W EMKIT
Na" " 75 K A B Aol Rk Bicd {8 38 H1 2 7~
IR 22% . SR, AR KA B LR IE Bicd
I ShtA EARIEIN T CO, MU, ZNBEAR T BRI MR &
B, BT OB g K Gk Shed F 3R A RR T E IR
13% "> T i 55 J5 3 1 #  BicA F1 Sbtd 335 LA
J A B FHEH PCK3RIE, BEHIR ™ B4R 37%.

R BRI A2 B T AR G R B R, HIE B
TR R SR HEBE I R & K, RETE C, B R
BEHIR P EAF 15 2 .
233 FHEHET

TEBRHR & ISR, LBERRIG A 75 B4
K, MrTCABRBER 17 FIRHAMRTEE2 ST
NADH F A4l B 5, il B A B 72 B F R &
1 —NBRIR R . AT Ml 5 K7 NADH #t v A
B, TR A B 3R IA SRR T K A A B 4 B R 1 24
) AT AR IR 2L AR IE K ICL, NIRHIR & et —
AT ENADH Fig &, MmEd 7 Co, 3 3
[l A e R b e (A E R =T )5
NADPH "™, i REH AW (PntAB. UdhA) %t
K £ NADPH %1t 5 NADH " ", ¥4 45 B T 745
T, (RS A R

MEELL ETAE, B CRES A HLER I
FEBE DT REEFMRA . BT, AR
BB E I SUE . i & A % e DL R M B I
OO A, I SR 6 T AR A LR 1) AR S R
HAEBEESHZ L. I, TEES C IR
PEIF R EE R 08 SR, 51 0 4T B % A A FE R
NADPH B JN=£ &, 7T LA & il i 1) 4 D5 1 i 47
P i NADH # 48 Jy NADPH, B # il i # & W ¥
NADPH # 1t 5 NADH, 1] 85 A F T 729 & 1
SR, H AT TAE 24 T A B2 1 soE 518
b, X ] £ C JERNR 28 LA K C JOREHR
SHENRE SR, EFFFRAF .

3 HlE., PhikPl R

3.1 HliE. Bk

BE X BRI RR AN HARKIEE . C
% UL e ORI P S O T BIE T A R C BRI AR
WAL & A LR AN OCA Bl T 0 b i HE TS i L
BE % 22 ff 30 B B A R A Rk A . AR
HArC ER A & AR AR G &, 5%
AN 775 5 ) 5 0 ) Wl A L IR AT ORI 22 3
SR TR & U 1R e R A7 B R 35 3
THC R R A 2 E (R 1D IH TR R
G, HEBE N R 29 4000 Jo/mE, T HRE R AN A £
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2400 yo/Mh, CAFLEG A, R AR A LR Y
BERL10.9 glg, WFFEAY G BRI K15 250k 2
0.5 g/g, - Wk AT LAAR B 7 &7 0 1 28 7 2
fg: JFH, HREE ‘A URHEFEZE, C K
B HER A AN R, FEHTAEIRL
WAL= BLC R ERS AN, F 2Pk
BTV A: OFRERMAT. BRAEREER; @C,
IR A A 0 (8 A R AR S s A W I AR A
PE 5 P2 A BRI B . @ W T 2 4 A R
%,
3.1 RATEGBE A B AR

C, Sk CO, M H e i /7 Al iz i TR Mk, HL7E R %
T AR o an T B v ARV AR AP E B R BRI T
C, VAR T AR HE 1) - A% T 28803 b -V A T A
HKERL. Wik, FEZC RIFE AN EY
Pl JEkE, B CO, R H Bt AT DL i fb 4 e AH N
FE, 44 FREAE W55 A ik R T DL IR 2 s IR
FIFH BCR A=) R
3.1.2  C, A JA A My oy AR BV

— kUL, C R AREY E T AL G A,
FB AL T S A BEAR U R N L 2, AR AR
THAAXN =, RMEE AR AEYT . REGEY
UL KB R R R B kR, BHF TAE & A B
“QAERWE” RN BRAFAED” . B
O 2 T b 73 37 CRISPR-Cas9 3 [X 4 48 & 45 -
CRISPRi £ Al i R4 G 4L ¥ /E TR "=, £
FH % 5% B} th 48 37 CRISPR-Cas9 i £ EF & . %
SE JA BT A PR AL AR B sl R H AR )
A G A MR TR AL T RO () B >
3.1.3 A RBHAF RS A R i E Btk

A LR 1 =0 206 B 25 T 90 R R 1 v R0
] H bR =9, W I R mT DL e i A g Ak
AU I B 5 PR TE B 00 3% M DL K BH By 5400 1) 52
Grig A SEIL, T RE I A B50AR AT DAE i 5 4k 4
DRI -4 B P~ 8 il DR TG DA % O T 4 181 1 v
UGG e El, il B eE TR E LR Wit
#-MAK-2% 27 (DBTL) 3 ™7, Rtz 4k,
B 2 480 R, B, |ARAMR
WD, A8 C R B A W 1 s R 2H R AR i A
RS T AN B AR I, T TN AR R
Euy SN P SRS - P - AR K 5 0 N

3.1.4 Ryt Fe A R R

C, ok an F i . RS S50 0 . J P K,
Tl 2 v R R 2 1 RN PR P AR SR, T
20 i A K AR P 4 PRE I R S AR Rk
AN CO,, AU T MR, [FIH v4H
H #2 it 4l R 7 NADH, X T4 ffif & J9F % = 2,
SRS TP W6 i & o I A 06 B I B
1 mBR A R OB B R FLD A1 FDH BH KT 5%
g%, FE45G ALE Pk 51 PR 75 FH R op I AR K
R, AEESHEDIERZDNEE, B,
FH R 11 2 A 0 2 1 o P I ) FH A0 7 L B2 DR AT
T EL % 10 PR EE A 2 19 2 i) 97 A M 2 tH AR i 11
TSR, PRMTE A I E Y e Th bR B N £ g4
Ml s, RERCDFRER, MBS
BRI FH %, IR REIG N 2 4k

32 B E

C, A= W o i) AR 5 32 £ 1R B AR b 55 5K 1Y)
PR BL Rz “ Bl i e A7 B s, BEE 22 R S AN
Pl R SR RHIT RN, C, B R B R
A=) SRR, S 2R 3 ACE PR i ) K e 5
WAL TE L . T R e C AEW A & A HLRR B
Al R SR A 52 i, 75 BN ORON B i A 7 0 BB B
T EWBCRE . BEAE 2L 77 2R A 3 e A0 R
HIREAR, AR C AW AR AL A B A W %3
TR EAL

C /AR & 2l R Dol KAk, H=2
STl E#EE S . NI N AMAERYE, H
HiRE P Ak AR 2D, 5% i i AL i 4 0 2R A AL
T2 R AR AH 2 2k, T C AR e AL IR A 7 AL T S
AW B H TR AN SR AR S R R A S
Fro MO, AHECAL MG, VG A A IR
WA H ke, AL IES AT SO RFE:,
HxbF— 555 E e R A LR (nL-2L1R
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