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some microorganisms, which has potential to replace the unsustainable and environment-hazardous petroleum refining
methods. In this work, we review and compare various metabolic pathways and chassis cells for n-butanol production,
and highlight that clostridia are natural cell factories for n-butanol production with obvious advantages in butanol titer
and productivity. However, strains from this species are still unsatisfactory, which includes inefficient strain genetic
modification, low n-butanol yield/ratio, rigid n-butanol synthesis pathway, and low substrate utilization spectrum.
Fortunately, synthetic biotechnology has significantly accelerated the development of genetic manipulation tools, and
many of them including TargeTron, allelic-exchange, CRISPR/Cas system mediated gene and base editing tools have
been developed and applied in clostridia. Various genetic operations such as insertion, deletion, substitution, site
mutation, and regulation of target gene expression can be efficiently implemented in clostridia, which laid a foundation
for its metabolic engineering. As a result, significant progress has been made in increasing n-butanol titer/yield/ratio,
reconstructing and refining the n-butanol synthesis pathway in clostridial chassis, as well as enhancing pentose
utilization. The enhancement of the n-butanol pathway and the weakening or deletion of pathways for producing by-
products such as acetone, acetic acid, butyric acid have increased butanol titer and ratio.In addition, unconventional
clostridia including cellulolytic and gas-fermenting strains have been metabolically engineered for homo-butanol
fermentation through decoupling with acetone production. Moreover, genetic manipulation tools also facilitate the
reconstruction of the clostridial pentose (xylose and arabinose) transport/metabolism pathway and analysis of carbon
catabolite repression (CCR) mechanism, which greatly improved the utilization of pentose. In this article, we review
the above metabolic engineering strategies and important milestones of n-butanol production, and address the current
bottlenecks and future trends. With the driving of synthetic biotechnology, the cost of n-butanol production by
clostridia will be reduced, making it eventually competitive in the market.
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n-Butanol biosynthesis pathway in microorganism

decarboxylase 11—pyruvate kinase;
13—thiolase/acetyl-CoA transacetylase; 14—acetyl CoA carboxylase; 15—acetoacetyl-CoA synthase; 16—3-hydroxybutyryl-CoA dehydrogenase/hy-
droxyalkyl-CoA dehydrogenase; 17—crotonase; 18—butyryl-CoA dehydrogenase/trans-2-enoyl-CoA reductase; 19—acetaldehyde/butyraldehyde dehydroge-
nase; 20— ethanol/butanol dehydrogenase; 21—acetyl-CoA transacylase; 22—malonyl-CoA transacylase; 23—f-ketoacyl-ACP synthase; 24—/-keto-
acyl-ACP reductase; 25— f -ketoacyl-ACP dehydratase; 26—enoyl-ACP reductase; 27—acyl-ACP thioesterase; 28—carboxylic acid reductase;
29—glycine oxidase; 30—malate synthase; DHAP—dihydroxyacetone phosphate)
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Tab.1 Comparison of n-butanol production by various microorganisms

Wk & Kb 1E T B /gL SRR
E. coli Hih CoA KB MIRE 0.552 [10]
E. coli R CoA KB MIIRE 15 [23]
E. coli kAL RRApEABE 14 [24]
E. coli T % hE ACPKIRINER 0.3 [25]
E. coli kL 2-FARRK I TSR 1 [26]
E. coli AR+ TR (BUE ) CoA K18 % 6.2 [27]
E. coli A CoA B IR 183 [28]
E. coli % hE CoA KB IR 20 [29]
S. cerevisiae b CoA HRH IR 0.00 025 [11]
S. cerevisiae 1 5] K CoA KB IR 0.120 [21]
S. cerevisiae A Bl H =R 2-MRR AR iE 2 0.092 [22]
S. cerevisiae 251 2-MRRAR LR iE 2 0.2428 [20]
S. cerevisiae 25T 2-FRRIKIRIR 2 0.835 [30]
Y. lipolytica 251 CoAKFIIRE 0.123 [15]
B. subtilis Hh CoA RER R4 0.024 [13]
L. brevis 25K CoA fKEfiIIR4E 0.3 [14]
Synechococcus 7942 Co, Malonyl-CoA (CoA)KIi IR 0.404 [19]
5.7942 Co, CoA KRB IBRE 0.030 [19]
5.7942 Co, CoA KB IIRRE 0.404 [18]
5.7942 Co, CoA KB IRR 0.4187 [31]
Synechocystis PCC 6803 Co, CoA RBIHI® R 48 [32]
K. pneumonia i CoA KRB MIRRE 0.0150 [17]
K. pneumonia Hih 2-FAR KRR 0.0287 [17]
K. pneumonia Hi 2-FAR KRR 0.100 [16]
P, putida Hih CoA KRB MIIRE 0.122 [13]
Thermoanaerobacterium saccharolyticum N CoA KM KIE R 1.05 [33]
C. tyrobutyricum R CoA KR4 26.2 [34]
C. saccharoperbutylacetonicum N1-4 ] ) Bl AP CoA i )i 12 16 [35]
C. pasteurianum H v+ CoA fRF IR 21.1 [36]
C. acetobutylicum ATCC 824 il 4 CoA #1122 11.27 [37]
C. beijerinckii BA101 il % CoA K H Ii& 4% 18.6 [38]
C. cellulovorans Bl A PR K A o CoA K IR 4.97 [39]
C. ljungdahlii Co, CoAfKBIIRE 0.148 [40]
C. carboxidivorans P7 Co, CoA MK i 1) i& 15 1.67 [41]
C. autoethanogenum CcO CoAKERH IR 1.54 [42]
C. cellulovorans/ C. beijerinckii Tl Ak 38 KA S CoA MK i 1% 1% 8.3 [43]
C. cellulovorans/ C. beijerinckii TR FE KA S CoA KRB 11.5 [44]
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Fig. 2 Milestones in the development of genetic manipulation tools for clostridia
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genetic manipulation tools independent on homologous recombination)
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HILA 15 A% . TargeTron A& — Fi $E [ 3 [K] 4 #5:
AR, T MAES AR RS, T
AR E LA, R AR I G AR B R L R b e
R GG A A B 2 DA GRS E R T
DK% Nigel Minton B @ 2H T 2007 4 73 1 Al S7 3+
KTIE R TR B AR OB T 2L R AL R R
(Lactococcus lactis) KIFHITA RN &+ (LLLwB)
TargeTron B A o FRHE P& 7 B IR 51751 5
B i 2k PR 2 Ta) A E 6 A F B AR e e Y D B
Nigel Minton ¥ @ 2 10 & 37 | 444 “ClosTron” 1]
M5 (www.clostron.com), &4 7E 28 %0 9% 19 N &
FRHw Tk TH ", TargeTron AR LA EA 15 F
Femte, WUMJLFEH THRAERE, W™ %
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C. tyrobutyricum, UL J¢ #F 48 2 % fif R W C

cellulolyticum~ C. cellulovoran, &H &SR E C.
liungdahli. C. autoethanogenum %' . It 4k ,
Mohr & TIEH T H TRERRE [Hldn, #Hhef
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X 7 IR TargeTron B AR TEWE FVE AR
SR, TargeTron F A A7 7L — L& [ A 1) G fe, 41 4n
A7 TE V85 75 10 5 8 200 B A — 8 W 36 IR A 1 RS2, BA
S H e T AS 2 g R R S R 4 B
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() B M B A2 e R A MR s 9l AR FR id (Ul mazF
N tde 55 7 B A BN U) B 1-Scel T, T B
FE 565 B AE H i 3 I s 2 DK ) BT e R AR
P, 3D B0 IR XA e R AR R TAE &, (HADR
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TH] i A B0 ) 45 A B 30 RS AIR 1 28 — IR AT R
R 5 1) L

76 ¥ T 5] N CRISPR-Cas9 % 45 v A5 R4 TF
IR, OB Cas9 & 1 Al LAFE
sgRNA 5| 5 NI A U)FIR A B, 725 € fr
&5 E0 DNA XU 8 W 22 (double strand break,
DSB), EAFHRE S A5 H DNA B E R4 LL5E
[FJR A, 1ok e 8 R UE R 20 (B DNA &2 &)
(0 B ARRE Bl B g, X ORI R 13RS B — ik
A2 W B 1 S AR R O HERE U BRI, BR T BRI A
U5 A BOREAE FEUDNA W R ks E, |
55— IR B A 4 BH A S bk BB DL 3RAS T b
A, IR A ke i — 20 AL 2 T b BR ]
T ML T H B, W EIE CRISPR-Cas9 & 4t
FAE SRR Te A e A0 Ja A AR A B A il b
A H I

N T G SR T R S A B R I, Xu S5 T
FVLL S 7 73 T A5 A 48 4 A2 v RN TR ) T AR B DA
Cas9 ZJREF (nCas9, nickase) 4\ Cas9 #t4THEA
il . nCas9 /& Cas9 74L& (D10A B H840A) ,
RAZ T 24PN E K93k (RuvC BLHNH) H )14,
I REVI I DNA 1) — %4 18 il DNA SR Z1, A 1 2 14
B/ DNA SRZI AT EAS ™ 8 475 TR 1 1 R B, o)
BRE B FRFEEHBEE, FmA KA T
CRISPR/nCas9 % 4t 1£ 12 B 1 I 5 Al 4 5 &4
s B hh CRISPR/Cpfl 76 X M 42 B Je =
EHIRE A I NH  BRT, K AR B D
J& K AMJE ) CRISPR RS #E 1T N 4wtk gD
A BN 5 CRISPR R 4t Sk I AL R B 1, s
KRB (Clostridium pasteurianum) 7 FES T BRAR
(C. tyrobutyricum) "* 7] 43 J| F| 1 H & (1) 1-B 2
CRISPR % 4t i 47 5 [K] 2 5

f£ CRISPR-nCas9 %= [A 4 8 & Gt Be fill b, Li
IR T % & G B R A R i
(Apobecl) FFR % IE DNA B 3L AL B 7] (UGD
PR E g R Gt. (L% AR5 H, Apobecl FIUGIAJ
PLAT %% oK CRISPR-Cas9 ¥ 1] % 11/ 41 v () 4 52
C-GHZH BRI X FE ¥ T-A, AT A ATE ZE K] o
FEA A SRR B IC R AR . B Cas9 A T 5 R
O g —FERSH, (R ALDIEIDNA, T A
i ZDNA B E B . XA g R AR A 5 &

AR, JFEE S b AT DGR AR B R BOAT ]
B, AR E R ).

B4 3k K 41 9w 48 4, CRISPR-Cas £ 4iik v [ T
VTR R FRIE B T RBLT A U [ U RNA

AT, B SR B 2 T/ RNA fR 5 (R R
$ A %), CRISPR-Cas 5 4ith 5 2 5 1 5 1) ) T

FRgE A G ) 7 AR T 3 i % A e B AL A N
RIGIX PP RABF A G NFER A, DA a1 i ik
R e KA RAR SCRE B ) BlE,  Strecker & 7E
KA PR T — Rl 25 CRISPR AH S #4 JE g 1)
RNA 5| 5[ DNA N 73 ™7 &5 iEAK R T [
JRE A, WEEE S AR T T AR AR R ) e
s, F¢ b, HeapZOERBE T IR T
B A5 A DR e 1 I O DR e R AR RS TV
H R INEEA T T 40 kb K 0 W5 B 1A He 244 31 7 i
TERE U, (AR R BIE TR L
BUMR, 0 AL A T3R5 TN I IE I 5 8 8 4k
T BB R PL . AL Huang 25 ™ R T
Wk T A 22 B TR R Tl A 5 T A AR R ) R 2
ARG 77, AF SR H CRISPR/Cas £ 4t 54
& J7 VA HE G AR O T 5 B G B G AR TE
hE.

T2 EGEAR T & Fhodt A% #4F T A 2
R H LA R ALk 55 . 7E CRISPR/Cas £ 4t H Bl 2 | »
TargeTron — B /& # TR 55 DA R B 1) 1 0%, (HL A2 3L
£ 1E % 35 # CRISPR/nCas9 BY # CRISPR/cpfl L f
EATH B K m AR BN BATRE,
CRISPR-Cas & G — P AIE AR, JLFE4e
S T REBAEBRERAR KRR, HRET
I Y B 2H RE AT 2 R SR B, R B E I
50N W 1 RecT 2 2K & 4H oo kit — 2P

;J:%% [90]Q

3 MHIET WA e SOEN s

WRETPTIR, TR R R B E .
FORUL, IR A e 5 RN TR TR R A £ ) 5
BHE6 3 1A, WRNT B S EREERR
2160%. fERE T, T B AR T3 5 R R
VR R B @A R H 20 s 3 R, T
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Tab. 2 Comparison of different genetic tools applicable in Clostridium
BALARE LA JEER R 3R e A {795 SCHR
RNA T4 FIH U RNA TP BB bR 56 R 5 R, WL R Bt RV E BB, L [62-63]
T S KT 4 il
TN GTHRINGE TRLN T S YR R R AR N H 3 R BRI, LPEM T A — e B, [83-85]
fir AL} A B AR 1 R
L2 I FH Mariner %% Ji& 1 7E 82 B 4 (o 4k B BEHLEG A BEALAE N R0, A ANE] TR R [83-85]
{5 IR K 3
/NRNAGIER R 7 RNA JE R 45 52 45 K 52 i B ) mRNA [ 5% IER SRR VTR BB A [82]
SIKP TERE FoKF g
LA W5 TR A 2 T R R T e i DN R 4 B e 1 A MR T TR A B TGRS S [89]
Pt fl RS TS TR AL sk 1 PN SERES E TR VA
AT IR 5 4 A 17 8 2 B8 e R 2 i I R A e AR IR AT JHE 8] 4 4 2 B [ Y AR AR A, [70,88]
AR K
RIFHRIEA S A S B R s 40 L R, 7 R 9 it pyrE AL ARE (SRR B 4, 2 ) T 58 — IR [71-72]
AT LR 5 4 mazF % RIfARIC, 77 {0 0 i — Y e 5 AR bk MERATFTHET i Ty
I-Scel HEENIBENT  ESE TIN5 il I, 76 [R5 P9 8 it T-Scel ARLLARE (S AL B B 4, 2 T8 — R [73]
Y25 JE DR 2 Mg P07 £, 3235 1-Scel YIBINUEE , (2 3F 8 4ealk ACRA PR bV
FE 0 IR AT G A R
U EALTTIR 2 25 [ ReoT /5 U RE ZEAZ T IR T0 9k 1) 42 NN AR A R R B SE L PR E AR AR [90]
A 25 A EY A5 BK
CRISPR/Cas9 #4; Cas9 7F sgRNA 5| 5 T V) #I# bR DNA, i i XU WA — KRR, vl XU R EEER, [74-75]
A 10 25 K] W7 24 P A i), Ak g =) st e 4L 15 52 S 2 T fk g AL IR MR A
CRISPR/nCas9 £ 4; K iG Cas9 B (11 Ho i — A V) # B (1 45038, 18 AHEL CRISPR/Cas9 B PEG BT 543 B0k, #54L 74K [74-75,
A 10 25 K] i FLALAE BB D) B HEFR DNA L & BB A, AR IS IR B, Bk 20 E 1 A/ 77,81]
BEABE
CRISPR/Cpfl %4t Cpfl 7F sgRNA 5| 5 T V) EI L FR DNA, i i XU B AEEA R T DNAE A BTk [78]

A IR G W3 (5 kit ), H At [ R 4B ) 52 B ¥EAE % L CRISPR/Cas9 1% SRzl
CRISPR/dCas9 &%t e Cas9 8 A B A9 AN D) I8 A 45 M3, A W BEAR DR T B SR, BT sgRNARBER 44,75,
A SFHFER TR HAY B8 55 ¥E bR DNA 45 &, R FH 07 BH 20 B2 PR AR JCFE A T 0 75 3 A i e 1 81]
mRNA #3557k
CRISPR/Cas &%t F4 e s e i 5 09 D R 15 i DNA W EF 8 5 Cas B B bR AR R AT R R EE IR IE [80]
A BH I G [ Rl A F L, 7E sgRNA 5| G ot HARBRFE SC Bl mil, ARHT IR E 41 J& , Y ORI
C-G 3| T-A [ &
B A B 2 I8 R0 I IS A Pik/Pyk/Pfor (471 51 bl FAE2,3- T UL R R HNENARIERZ. /8l

P it 3 A% LA B T A TR T R R 2 T B I A T A5 R
HtR) . ThI/Hbd/Crt/Bed-ETFAB (47 5 ik 4iE K J7
T EAEEE A BN . Aad/Ald/Bdh (5157 T BEA# S A
AT AR D o B PR DIE ARV I B Pta/Ack
(3R CRE ) Aad/Ald/Bdh (5 T4 Kz
IR, $5% LB H G A IS R A B 5 O . Pt/
Buk (f1 57 T RIIA D CtfAB/Ade (F1 57 TR
BRI, CAR N A O o 7E #8242 16 ik

BARMIAFAE P BOT T R LT R LA v 4
B, R T TR AV, FEREH TR
B AR B AR TR, T I A s e A TR
sogE SR At TR A TR AR RAE TR ZHCE
WL T B A R AR e SE IR AR I UG B A
o, DUt DRI TR & tpl, B R
JFA @48 PR, AR T B2
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Fig. 3 Metabolic engineering of clostridia for n-butanol production

(pfk—6-phosphofructokinase; fba—fructose-bisphosphate aldolase; pyk—pyruvate kinase; i/lvB—acetolactate synthase; aldc—acetolactate

decarboxylase; acr—acetoin reductase; pfor—pyruvate-ferredoxin oxidoreductase; Ayd—hydrogenase; pta—phosphate acyltransferase; ack—acetate

kinase; thi—thiolase; hbd—3-hydroxybutyryl-CoA dehydrogenase; crt—crotonase; bcd—butyryl-CoA dehydrogenase; ter—trans-enoyl-CoA

reductase; ptb—phosphobutyryl transferase; buk—butyrate kinase; ctf4B—acetoacetyl-CoA: acetate/butyrate: CoA transferase; adc—acetoacetate

decarboxylase; sadh—isopropanol dehydrogenase; adh/edh—alcohol/ehanol dehydrogenase; bdh/edh—butanol/ehanol dehydrogenase; adhE—alcohol/

aldehyde dehydrogenase)

3.1 RERFRMERAIETESE

PRI T B R RAE 10 g/L A4, B
BT R T BTS2 AR BR (15~20 g/L) i —
PR, PR A BRSSP AR T B E
KUESEIN T JG 8L 7= 55 B e FEFI A o 4 HE ),
i 40T I B Ik R 7 ) B RRAS 24 o R RS T
20%, 17 T EEUR R 12 o/L #2219 g/L I 724 5
BT R 2 Y B T R R TR R
WEIR 2% 5 BRf, EEI@E MR IR E, HiEE
PR R F= g R R eI, A SR AR 3 FR .

TE F IR ARG SR 7T, 39 I A 4 f Y R R B
TR AL, /G SR A KR AR T

Tk e A ks, DLASRAG T BE4H A A I8 5 i F H
F. VenturaZs ¥ b RiE T IR 6-1% IR FhE
B (pfkd) VN RR B IER (pykdD, &&= T
WEEZ B R, BT ATP Al NADH #t5, {5 75 i
TEEAR B ATCC 824 1 T BE /™ B4 = 1 29%, ik %
19.12 g/L. fE5—T# 5+, Mann%§ " d KA T
KGR AR L R (ehD (R133G, HI156N;
G222V)  CHii i Bl 5 HS-CoA 5 BUK,  flEE /R K
SN SN FAR B s 3 Ak AU RAR YRGS T G A XY
T B P S U 4D 58 T Thl i 4k £ Bt 4 i A
FEMRE S, BT ERENRH, SRTE" R
BN 18%, iEF12.4 g/L. M, Li%k ™ C
diolis DSM 15410 H i 3 1A 1 U5 45 %5 W2 e ] K Y5 1)
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Tab.3 Summary of n-butanol titer enhancement in Clostridium
- ' . N o ETE
R B P HE R 7Y T 7= O B R R R JeoL SCHk
o
C. acetobutylicum +pykA+pfkA T 38 EMP 3 A2 (1) 6- Tk 1R S Ah Ul T AR P 0 O g 22 AL, B s e R pAE - 1912 [92]
ATCC 824 2, 1E T BEHE 1 44.3%
C. acetobutylicum +thI(R133G,H156N;; I IR SRR thl (3 4 3 GBI G A KR BR R G R A D 124 [93]
ATCC 824 G222V) R IRAR A, BRI IE TR R 23 S I 46% AT 18% , A LT
A4k
C. diolis +er R TE AT e 0 R AR G A S RS Ok BN IR IR A, IET 101 [94]
DSM15140 g 852 Tt 50.5%
C. acetobutylicum AadegshAB+adhE+ctfAB,  1E T HE 14.86g/LIETt 187%; L= 5 3.25 /LT 278%; Al 0.15 g/L,  14.86  [95]
ATCC 824 +thl+hbd+crt+bed N F£94.3%
C. acetobutylicum AsolR PR BRI IR T 1 S R AR TR, OE TR e R 17.8  [96]
ATCC 824
C. acetobutylicum A Y — 11.71  [97]
ATCC 824
C. acetobutylicum AsolR R P A IR T I SO R R O TR RN R S T 146  [97]
ATCC 824
C. acetobutylicum AsolR+aad LI 7= VA SRR N T 1 A7 VR DR R ak T 1 i S 2 R Caad) 17.6  [97]
ATCC 824
C. acetobutylicum LHga i — 1127 [37]
ATCC 824
C. acetobutylicum +aad-+thl I RIE aad T thl BE5% F &7, (HIE T 877 5 A0 A7) A L BH I e A 11.34  [37]
ATCC 824
C. acetobutylicum +aad TEFIK thl W9 AR, E TR A P R OB B A 11.86  [37]
ATCC 824
C. acetobutylicum +aad-ctfB i RIE aad K 5T A ¥R EEIE I cofB X LRNA. IETE&E/ME  13.19  [37]
ATCC 824 W B Z BN L, S E0E T RE LB B
C. acetobutylicum +aad P56 Tb R IE IR (485 7 R A B R 9 AN H & D) aad (XF NADH 1 14.8 [98]
ATCC 824 NADPH A B AF 577D, 1IE T AN 11.3%; £ BE R M5 0 294%
C. acetobutylicum +aad PP5+(Ch ald-Cl bdh) R IE aad P50, DL T T TR B S R 1R T8 It SR 22 TR (ald) » 19 IR 16.9  [98]
ATCC 824 KR IE T S JE DR (bdh) , R B R & AR, OE T S B N
27.1%, LB R P I 24 AR K 14
C. acetobutylicum Nack TargeTron H K7 Z FRIAEEFE A Cack) , B BHWT = 28R & 42, IE T B 8.6 [99]
ATCC 824 FAETF22.9%, LB BARTE 305%
C. acetobutylicum Aack TargeTron H1 W7 ack, WX E BLKT = L BRI& 1%, 1IE T B2 &) LA 11.3 [45]
ATCC 824
C. acetobutylicum Apta TargeTron 1 1K 2, Bt R 4% 7 B 55 (K] pra, W BHL W 7= RIS 12, 677 172 [45]
ATCC 824 FERERIESE N, Ferp T RN 0 45.8%
C. acetobutylicum Apth TargeTron " Wr T T % 2 7% #% ity 56 [5] peb, X BRI BH T 7= T TR i 4%, .E T 8 [100]
ATCC 824 IR /D 32.8%; LI 8 12.1 /L, H4Ji0 505% s TR 5.3 g/L
C. acetobutylicum Apth TargeTron "1 Wi T peb, X B BRIWT ™= T B I& A%, IE T RGN 17.8%, 48 13.9  [45]
ATCC 824 0.9 g/L, JL A
C. acetobutylicum A buk TargeTron ' W7 T TRl 2E R buk, 3 I FHLIWT ™= T BRI 4%, IE TREIG D 152 [45]
ATCC 824 28.8%; T 1.9 g/L 1 111%; A 8 /L 1M1 48.1%
C. acetobutylicum Apta A\ buk TargeTron ¥ 22 16 pta F1 buk, IE T BEHE N 35.6% 16 [45]
ATCC 824
C. acetobutylicum AptaAbuk +adhE] TargeTron ¥4 11 Wi pra A1 buk J5 » i RIEREWE L S MGIE K adhELLIET 184 [45]
ATCC 824 KN 55.9% LBE3.0 /L, 3NN 233%: il 2.1 g/L, TFE61.1%
C. acetobutylicum Apta Abuk +adhE1 P#5¢ TargeTron 3% 2 1 Wi pta FI buk J& , 1k 35 AU W) adhED PO 18.9  [45]
ATCC 824 NADH FINADPH ¥4 54738 f1 77), 1E T BEHE N 60.2%: 28 1.1 g/L, 34
T122.2%; N 1.5 g/L, BEAK 72.2%
C. beijerinckii Apta\buk TargeTron 3% £ i Wi pra Fl buk J& =AM R I AT S L E & HEARBERI K 12,64 [101]
NCIMB 8052 %, T B T CCRAN, IE T BEHE = 36.4%
C. beijerinckii +ctfAB+adhE2 RIS B A AE T B A SOR RO, BT B ER R 12 [102]
CC101 100%
C. acetobutylicum AldhA, ActfAB, Aptb, 03 L TR It SV Mg 222 (K] A ctf AB pibbuk , 3L 335 thl A1 3-32 2 T BEAH - 550C  [103]

ATCC 824

Abuk, +thl, hbd

g A JU UG E K] (hb) , 36 5 1 A% R LR R IR ELAH DL B IR AE T B4

DFELE R LU RN RS I I T RESS 2.
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AN G AC SRR IE R Cer), AN W] 300 M (R AL
G BEAHEE A N T BESEG A, DX P P9 U (1) Bed-
ETFAB (1) 0] 10 B A0 25087, 5 KR B bR i A T
WEA b A J7 M hi s, 1S E AR M T R E
PETF T 50.5%. [FFE, HouZ% P fE B T BEAR B
ATCC824 i 321k F i 42 B A thi-hbd-cri-bed W38
T REAEST . T BRARES A R 7, EEA
Toh 2 A By A Y I I P B S R aad (B adhE) e H
RN aad” (485 hi RAXAMRRLAH AR,
Aad %} NADH fI NADPH 65 84756/ 11, K7
EJE S RIFFGED SRS T B O Y R
Wi T RERZ B ATCC 824 1, aad ™ Wid A ff T g
Br=11.3%; P RIEFRRE (C. beijerinckii)
Sk AR i SRS ) Cald), DA R KB RRTE (C.
liungdahlii) KJFH) T BEHLABGE (bdh) B, T
BRI T 27.1%, i5%]16.9 g/L PV,

(R P20 ISR S BRI BR DT T, SRR IE AR AT
fERE . Cooksley % ™ H TargeTron 1 Wt 1 1A Bl
TEREN ORBMEER (ack, TE™ 21
22.9% W4Tt AR 5 — NIRRT EEAR R ) A AT
W, Jang 25 ¥ [AFE DL TargeTron H KT T Cack) (1
Wit s AR, T EEPAE AR W B AR, AR
5&, 2441 LA TargeTron 7 K £, ik 56 flf 2 e 4 il
Bl (ptad B, V7728 KRN, Hd T EEE
45.8% 15 % 17.2 g/L; L BEXE N 100% & 3 1.8 g/L,
P9 B 48 42.6% 15 5] 7.7 g/L. KT T RIBZM 5
b, Green 5§ M LR 52 il Y o br B2 G 1) 7 V2 i
T TR (buk), RAKRK T EIRERS
10%. I S SCRNA $AR TS Y buk 5 PR e 53¢ 1) B P
WA RBRM S, £S5 — oA, Jang 55 LA
TargeTron B AR 37l Iy 7T BRI A2 AH I R peb AN
buk. o peb Wi W dE F T T BE S E 17.8% 15
13.9 g/L (LEE= &)L FAZD s M buk B WiAE T
figt ;= 4 0 28.8%, A E|15.2 g/L, AR ZBEAA
i 5,23 5 111% F148.1% FB I ), & T 28 A
TRERNMEAE, Jang &b 2R, MATL
TargeTron 3% 22 1 W7 1 pta F1 buk 3[R, T B384 0
35.6%, 1LE|16 g/L. =R AR 1 BB A A bR
ER—MEENFEAREFERRET AR
W9t . Wang 55 " 75 Ff K AR 1 NCIMB 8052 143
T BR buk F1 pra B2 R, R R T RE IR BE 43 0l 12
1 28% 1 12%. 1M Liu 55 " 723 2L Wi T pta F
buk J5, FEBRRM T REFE EIET T 36.4%, ik

12.64 g/L. ®AMAFE, Liu% kIS RR 505 R H
AR, HERE. APER LA AR T .

FH EE T B ) 28 0 A5 10 0 B B R ) 45 55
1, HAE RIS BRI Jang %6 " 1E pra
I buk G R SR BE AR IR b, T RRIA T R A
ity I R () R AR AR adhel "¢ (485 1 K &AL TEAL N
H&# )5, AdhE1 X} NADH A NADPH ¥4 i3
My, §RTIRIEIRIETEHRD, hrshfrid T BE
JiE, AE T RS RIER18.9 g/, T UEAETE
M= T RER W . TERIE M — M5 H, Ngoc-
Phuong-Thao &5 " JE 2 M B T FL R & BUS A5 JE
ldhA, W&l fHigRIEH cifaB, T HR& Mg m 3B
ptb Fl buk, FF RN R AK T thi R 3-33 5T ok 4 g
AMAREERE (hbd) SR FEAE . 1EE WA WIIHE
PR () TR B B R A, RLE S 2 % HL 3 DU R B
TEEHII AT, TR Bk 25 A 500 g/L.

TEUWHMZ, UEHRTHRAT RS
IR B B H A R b, A EAHER L
R B T R ) AR 77, IX IS I AT REAEE R IR R A
WA A, pb BERRR . R ECE kT
VA T A, PO AT I B R 2
P R Tl IR R A A, x4 R PR AR R
BOKm, WYFPART R &= . BT A
Hik 22 D) P A [ 26 AT F o D B35 il ok ) 28 R 3 S
ZHAMTENING, MEAHEER, EHERE
EHAE TR R MR (i, W) B
RS2 u et i i CH o A BRI,
o 25 R [ b 4 S B8 55

3.2 RBh&FRSUERFIET EZELH

H A ¥ AR B T B AT 23 AE 0.2 g/g Hi
LG, TR TR ESTE R
R (041 g/g) ™ Y, TRELLBIRRAFEET
BEAS 2. PR BT PRI T R B &5,
PRI — B AR BB 7 M. AP 0, WK
B AN X B FE, o CTERR T AN
“PEEFVAT . AEFEERIA, R B R B R PR S i
Wi )RR R AT R . LB AT ATP, pH
WM R R RS B, TR 2R B AR b
il A ¥ F2 ¥ (CoA-transferase, CTFAB) [Al ],
pHZENZ R T BRI AT yH FRER BB, [RIRA
CEERNVT B A AR IR B A R T TEA I A 25
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A, (HH S EE = NI AR . BTRL, R
SR R [ FH O A2 2 — P B B T I O, (HE
ARETE— 2 LR T B L], BRI — Mo id
RS 7 IR B T BRI 2RI, T
T B R TR P R B v T I L ) £ D T

WK 3 R, ARG O 5 NG A F 21
(CTFAB) LLR 2 CTR RN (ADC) #YIAHK,
BRI BT 9 B 2 B CSUE S 2. Papoutsakis ET 2R
A B 2% R A R L RNA - (antisense RNA,
atRNA) i Pl & i 2 . AT R I ade 1% 5%
NI B R R (KA W AR B K
IR D, T4 A B CTFAB (1~ 33
PR T BE = B [m N R R CRRET 1/3), R TR
Lol A — e, AHFANEGLRE LT,
TargeTron FEA IS, Jiang &5 M 7E AR T BEAR B
EA2018 A B E IR W7 ade LR, 1IESE
adc PR RARSE 2 R ] BE P . A& KIS
PEAAL (B FRFEHIRINCaCO, J2 3K, T
HAIATCARISE . e, EARE AR R KE 0.1
g/L, TF§90.8%, 1T EEr=&iAH] 14.1 g/L, LAl
B 70% #& Ft % 82%. J5 K, Cooksley % ™ #

Lehmann 25 " .5 52438 T adc ()W, AR ER
AR IR W2 3 S T RE A . TR A R R
fiff f) 7 W7 77 T, Cooksley 25 %2 B 43 5] v I cof4 il
ctfB, W< EAHK, HOREMT R 2 HAH %
WPEMK; Lehmann ZFUESE T ctfd (1R Wi g 52 1, i
Jang ZEUESE T cfB I R4 S 00 IRWF AL 0,
TEF=VE AR, BB A =5 T B B = AR AR
KFERE BRI &, B8 S0 P R & i 2
SEPLT R A L AR PR IR RHMERE . FTLL, TE
YEFF NI & BORAR I AN, 38 AT IR SRR S T Re R
FTREFEE, SEmAR T RE H T RE A L AT AT Y
Jie FSE L, Jang 55 U R P AR DL S
RIE T WA BUS AR BB RS 1 JURR T B v 7 B 1)
I LG AG) AR TE 80% A2 A5, ey AT ik 87.8%. Hou
U R T R T BE ) ade FER, R DL R IA
ctfAB VA e EIR AR thl-hbd-crt-bed-adhE <83 R 5k
WMETEEG G, RAFH R 1T B = L
B IE R =5 14.86 g/L, L1 81.4%).

DA AR 9 2 B R R AE I IR B R AT
AP, AR M TSI XU B 770 % B 1 1
290, Wk VR SC LT BE S S R R

K4 LT EEHGIHRTT R

Tab.4 Summary of n-butanol ratio enhancement in Clostridium

RS SR A LU A7) & T 5 s 25 R a7 SCHiR
C. acetobutylicum ATCC 824 Aadc TargeTron 1 W7 £k £ 8 JId 2 Wi 2 (K] adce, TR 7= & T B AUH — [99]

0.12 g/L, T B s BEAIG

C. acetobutylicum ATCC 824 Aadc
45%

C. acetobutylicum EA2018 Aadc

TargeTron H1 Wi adc, T B 9k /> 46%, P R 9% /> 90%, L BE 9/ 4] 85.4%  [109]

TargeTron T ade, T BE 14.1 g/L, LGB B1 70% 34 1 % 82%; £l 82.9%  [108]

2.8 g/L, [ [%46.1%; A 0.1 g/L, Tk 90.8%

C. acetobutylicum ATCC 824 AptaAadc TargeTron ¥& 4L 41 Wi pta Fl ade, =FH P2 &1 T % 89.1% [109]

C. acetobutylicum ATCC 824 A ctfA TargeTron 1 CoA B EIEIA cofd , L0/ T WP~ B AR, e — [99]
EREPS

C. acetobutylicum ATCC 824 ActfB TargeTron K CoA B BHIEIA cofd , LH5/ T WP~ BB, e — [99]
EREPS

C. acetobutylicum ATCC 824 ActfB
C. acetobutylicum ATCC 824 ActfA
C. acetobutylicum ATCC 824 AptaActf4
C. acetobutylicum ATCC 824 Apta A ctfB

C. acetobutylicum ATCC 824 A pta A buk

C. acetobutylicum ATCC 824 Apta Abuk+adhE]l

TargeTron T cfB, T 1 5g/L, L1503 g/L, iili7b 66.7%: INEITES  94.3% [45]

TargeTron H1 T ctfd, | BE 7= 5 PR 47%, LB = B AR s IS 25 79.6%  [109]

TargeTron 3% 42 Wi pra F1 ctfd , =3 76 Bt A 86.9%  [109]

TargeTron i £ " Wi pra 1 cfB, T H£ 0.4 g/L, ZEE 0.2 g/L, R 66.6% [45]
77.8%; A T i K

TargeTron 3% 22 H i pra # buk, T 16 g/L, 3 135.6%, LB 1.5 80.4% [45]
/LNl 2.4 g/L

TargeTron % 2 1 Wi pra 71 buk, i3 K1k adhEL, ] BE 18.4 ¢/L, 3 78.3% [45]

i1 55.9%:; ZEE 3.0 g/L, M1 233%; A 2.1 g/L, FF#61.1%

C. acetobutylicum ATCC 824 A pta A buk+adhE "¢

TargeTron ¥% 2 H Wi pta F buk, 1L %1% adhE1P%C, T EE18.9 g/L,  87.8% [45]

HI60.2%: LB 1.1 g/L, 8900 22.2% s B 1.5 g/L, FEAK 72.2%
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WM BRI A EERRE, € n LA
A AE TN A RS BRI T BE A & AR, AT SR [E] Y
THEE (homobutanol) K 7.

3.3 RBTRESEHWIETESHER

EER, BB RGEDFENEG AN IR E,
ORI AR H IR I IR AR 2, B
FETRARE (W C. butylicum F1 C. tyrobutyricum) «
AW (W C. liungdahli. C. autoethanogenum-
C. carboxidivorans P7) . 4R FEMRE (W C
cellulolyticum~ C. cellulovoran 1 C. thermocellum) -
H o R AR C4n C. pasteurianum K1 C. diolis)
S WL BRI EHE T S HEEW, ST RE RS
WAL A T RWAEAR 2, A 1R
7. HTFEBREE, CoA KN T I & 1L
B T rf R SR 4 R B R s AF AR (AN BT 4 P
), AT REARERAR AR AR ER

it TIRIR B (C. tyrobutyricum) & i UK
BERERIERHE P TRRE L —, IR IR
AT, MR T IR E R 50 g/L MY 1%
A AR R IR T BRAN R B P, A8 B A
(5 AR (Catl) WK O, TR &R
Wy ST A A FI T BRI AR A, 584N T5 AT R
GG, DL RS S AE A C o tyrobutyricum B A
AR NT I e A R R AL A0 o AR Z RN 5L
KA 1 R PR A TS50 T % T BRAR B Ot 7T
ETRMTEAREREN. KYTEER. ¢
YEIR AW I L8 TT R 1 8 R 9 1 200 A 55 A e
WS 2 U Bt e 1 ARATAE RS T B AR R 51N
PRI TR R U ) I I 8 (AdhE2), T
il 2 T CLA GO BRI 1.1 /L T IE . E ack 5k
PRI K R A P e A, T BRI 10 /L Y
A ATT B 22 A I R AR R B R A b RO FE R T
VR G A FE RSB IL N cofAB, RN ] I 7 R 1Y
NI TTERABR COA10 g/LERTFE 12 /L), HEIAT
PR X — @ Y R AR R ST, AT
ZIRIEFITIE CIARERE . FoKLF4E, Hife
FEFT HREES BIKMBAE iR, T I~ e
HRL 12 g/l $FAF AR I, 1% LLE R
Pyl BRI, R ARk 205 g/L B
BT, R [ BACK 7 F SCURE AL RE 7 iX — 223k

A ATTLE DS T BR AR 1 A JE Type 1-B CRISPR/Cas
G I i O] o B8 O R, AR SR R B A P I T A
g HE K adhE2 J3 A B 3 B R car] ZER 5, THE &
A B ST AT 26.2 ¢/L BV, SRIMZE 1 E] =) L
FR AN T R 1) R FEATI AR B (43 i 15.2 g/L il
2.4 g/L), KL EARGIRAR AR TR B @12,
5 Z i T T B S K

5l TRRARERL, WELTYEM T (C. cellulovoran)
R EE YR TR, 1 H AT LEE DA 4ERIR
BEABRIE R e UHEMRERENE, WA
56 (1) AE A B R I 1) CoA K IV T B & BB 17
HRJUPARRE TR, EVEAHRE P EM T
R K2 N T BERIE RGN TRKERZ.
M i RO REAH B 55508 T % I IR MBI R 4
I E o T ek I I it S 1) 7 VR A 1 R RE R FE L
m AR R AR T RE Y A, P RLRE A A B
Wi R ST T R T L e R4
JEAE1Z W H 58 UE T TargeTron.  Allelic exchange
CRISPR/Cas9 45 % Fft it f #AF TR M RCR . J&
FIX e B AE T H, Wen % U 75— ANl 52
e VR BT T IR W AT AR R B AL R o kb 4 v
KRR RE (RIX ctfdB-adc-adhE1 FER) 177 R sk
BT 3.47 g/L T REAETS, A BP0 05 I I R AR
TEH: FRBIWF T A, Wen 55 U0 X6t 0 £F 4 4R 1 (1)
TG BT 7 Ak, DL SR R TN
B, JEPe T T EEAS Z . AT SR AR T - £ Tt A
A-T T B A- T I AR A I AR 1 4 4 PR P 3R
ORFEFIH . CB/TREH. THHEEA TS
B TR D, SR BT R CHE—hr 7 SR
AR R i R . RS DR T R
BEF AR T 1 235 %, 1kF]4.96 g/L, NELLH
M2 B EL 22 B AP R Do 4 4 T ) 7 T I I o v K
JEIR T VE A YERR W AE B PR MR AT 4E 27 T R I
(IR FH T T 0 B 0 AR R A ) A 78 X W T 4E AR
B MR SEAZ AR &R, o it s Tl
(DL A 4E 3 i) Cis$4.0 g/L.

[FONAAER SRR, SRR B (C.cellulolyticum)
FHIAAFYERH (C. thermocellum) A 15V 4 4R
B IR RE S8 B LB B A BT R AR AL,
PR E IR G LB . TE R A 4EAR B IR A 4
R P A O G A BT A G A R I K
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Glycerol Lignocellulose Xylose Glucose
) dhaBCE A ATE
3-hydroxypropionaldehyde Glycerol ;q. Cell mass Xylose Glucose
NADH dhaT gldA Y[H] [ hic
1,3-propanediol Dihydroxyacetone v Glucose-6-P
=
NAD' NAD‘ NADH ; dhaKL = gpi
mgs/ o)
Hydroxyacetonc Methylglyoxal Dihydroxyacetone-P «—— Fructose-6-P
NADH tpi pik
fba
gldA gldA Glyceraldehyde-3-P Fructose-1,6-DP
NAD" gapdh 2.3-Butanediol
1,2- rﬂﬂlklmdlt‘] Lactaldehyde Phosphoenolpyruvate NAD' ')
fﬂc 0 acr
k
NAD" NADH ATP Py _ NADH
NADH Pyruvate Aceto]actate Acetoin
alde
hbd Acetoacetyl-CoA 0, NADH
| n‘:{ pfor fn L.‘l/]
5 5 I NAD
b e i f_ A 1-CoA Ethanol
! i . N “ﬁ” . : adhE : ._
Crotonyl-CoA cifAB/catl NADH NAD NADH NAD
NAD : adc
' sadh Methyl-CoFeS-P mett__Methylene-THF
bed /’ Acetone ===== [sopropanol Methyl- THF folD
L ThE B I . metTr Wrthicaty -RE
adhk adhE utanol [CO] COFeS r folD H,0
NADH Butyaldehyde ——f/’ codh Formy] -THF
C
Sk D Ode"fZH o wgow ATP
. fhs
H, ) H' co W CO,— C . Formate
e
.l I I Syngas

B4 REMIET SRR EN
[ EARRRE RS RE, BEARREWHMAERE: BEENRRETTRENEGRANEERE: ERENARREARIET A
PR GRARMEBRIEATE) . BhUREHN RN : dhaBCE—HIMBKEE: dhaT—1,3-P ZFEENE: gldA—Hh-3-TE R 0 200 ;
dhaKL—WEIR —F2 PN mgsdA—WI L "G M ; yghD—WEINENE: fucO—1,2-N REB AN hh— ORI gpi—RHE-6-BE IR 7
KWl ; gapdh—H W EE-3-BE M LA NE: codh——E MR AN acs— LBEHRE A S 18 fdh— WL AN fhe— P - VY S0 1R A Bl 5
SolD— I i 3 U S - FRIA L B/ I U s merF— 0 VR B DU S0 PRIE SR s mer Tr— WP L FERE IS carl —HiR ARCRENE (1813 DL EE AR
B8 LA A D ]
Fig. 4 Reconstruction of n-butanol synthesis pathway in clostridia

[Green lines represent carbohydrate metabolic pathway; the yellow lines represent the glycerol metabolic pathway; the lake blue represents the
syngas metabolic pathway in gas-fermenting clostridia; the positive blue lines represent the synthesis pathway of n-butanol in Clostridium.
dhaBCE—glycerol dehydratase; dhaT—1,3-propanediol dehydrogenase; gid4A—glycerol-3-phosphate dehydrogenase; dhaKL—dihydroxyacetone
phosphate kinase; mgsA—methylglyoxal synthase; yghD—alcohol dehydrogenase; fucO—1, 2-propanediol dehydrogenase; hk—hexokinase;
gpi—fructose-6-phosphate isomerase; gapdh—glyceraldehyde-3-phosphate dehydrogenase; codh—carbon monoxide dehydrogenase;
acs—acetyl-CoA synthase; fdh—formate dehydrogenase; fhs—formyl-tetrahydrofolate synthase; fo/D—methylenetetrahydrofolate
cyclase/dehydrogenase; metF—methylenetetrahydrofolate reductase; metTr—methyltransferase; cat/—CoA transferase (Genes appeared

in Figure 3 is not listed here)]

% (B3 thi-hbd-cri-bed F5FE KD, VLRCT BEdhilg & 7 T RS RIES, AR T B ™ &AL hlik 2
AR E (B4 adhE %53 0D . Gaida 25 "7 0.12 /L A10.357 /L, X W7~ 5 24 (38 45 B 2 1 2%
N Tian %5 " R TEMLAT SR AR EPE  RAENARNE, SR 4000 3% 428 00 R 2% % ik
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IAENAT

LA A (FEEA. S — Ao
SRR SRR AR T I E ORI A . B AR Y
FEMMEE LR (AR T REWE, X
SERRARA P T, R ARG NBREE AE KRN T Tt 4r g
AL R . DLW ITAR LA 2 W C. ljungdahli. C.
autoethanogenum 79 15| , P B i it Wood-Ljungdahl
(WL) &8 (WK1 BTG A B SRR
[ 7€ CO, M CO. ZIEAT AT HH I JE 73 3 BRI H K 7
SN PN B R . CO, 28 H FE 43 37 I N AR A il
FEPIEMTR. M5 (COBLCO,Z 5k 7> B
TERD) T DL A FEEAE— AL I S 2.
TE4hE A 5 B (CODH/ACS) FIMEAL AR £ T4
FEA, RGOSR M. WLIBRIER
E | CERHHEE A LK, WIE T CERHEEA T
@A AR EE. 8K E C lungdahli. C.
autoethanogenum- C. aceticum <5 IIBALHE KRG 4
gEAL B L BRI R EE I KR AR LA KT TR A
AEJFEAR WA M, A DB LA T
RERIE, XN T BEEA A 5 RIS A A
iR, SR C. carboxidivorans P7 R] KR F] H
B R FEIRBEAE g/L K1 T REFI O Y, BoRT
ORI /1, ARZRE LR RGETT R MR IRIE.

WM AHTmIREONERKEE (C
pasteurianum) T RER EEN) T BEAQSERS, H
52 LLH oy ME— BRI I, 1, 3-8 R AR
AR LR TR " FREARE, IAERE
AL E R IE, EE A H AR EC L, T RLR
HRRAC L, 3-8 e B R AR 1,3
B ARG, W 206 1, 3-8 g & SR B E T B
B RIE RTINS . Pyne %5 Y TE C. pasteurianum
ATCC 6013 1 A TargeTron FH W7 T 1, 3-T ¥ fii &
g2k K dhaT )&, T BE P B HETHIE 30%, 1,3-9 =
figt ;= B R /D T 80%, EAMHISE 1, 2-T ZEEAR
B IER, AT 043 g/L 1,2-15 B, AF
BT FE . Schwarz & U R T —FRE H T
2 IRRR T %) ik T[] 5 2 1) I R R IR i o O v
RO BR T H b KB BE R (dhaBCED, 5784 H
Br 1 1,3-TN ZBER & R, 1T BE )& LA 32
oM (AR T47 L) MATIRNR T 577
T AR A% B DA OC 1) it S G 22k (K] hyd A DL S8 AL 5

M) S8 428 A rex TR BR AR R AR 52, A I
BRETE AT 1, 3-0 R R K 19% (412 g/D),
TR B 12.8% (£7.78 g/L) ;s milgJE &
ff1,3-IN ZEE= B FEAKS50% (L7 gLy, THE &
PR 43% (4198 gD X FIRIESL, 7ELLH N
JEIR, RENKIL,3-TH R AEM T B4 K
AR AE e U AN HL U T A AR R T A R
R, BRAMMMNE, LHTENTES K,
DA 1, 3-T0 AR

AT, NI T BERE WA T RS K
WAL EM BT IR T BEAR AR Bk U 5 3]
YE R AT (sol operon) [ KT
pSOL1 K}, =¥ ae ks, AT GB
b B BE AR 448 MS 50 DG D P TR R T
R I IX — R, R FE RS, AT R R ARk
R AR A RS BRI T RE A & 12 . Nair Al
Papoutsakis """ B FL7E AR MS H 5] N RS i SR
B Cald), RINEHFEATEIE T %623 g/L,
WA W4 . KR E K T EMS BUR R B &
7, WM. TRIRRKZ, Sillers % ™ 22K
7E M5 oy SRR ack R buk FE R, SR G BN ald,
BAGRAS IR R R R i RIEF AT, HAaZ S8 bk
)T B B AR LB R S . Jang %5 UIAE MS HR ]I it
KiIE T ald o ctfAB, WA T BRI EESE = 2 11.41 g/L,
B EEZ LR FbER R

RAPERUL, T RS BRI E AR T =5
PR RV AR RS AR S HLHI 200, AR R R T ik
P DL R T I e e Il S EE R, WISk S FR
RS, RSB A B T A% R R 1 I A 1)
WIS RE ), TREEHE B HER AR 274 )5kl Cfe
WIEFYD Hil CEVSSE R 8eE Rk
ROCETRAD ST, WOHaRE 7T I 5
BRG], AR E 7

4 A TR BGE 7 1E T IR R OB AG
i

L AR5 21 4 JrUORE B U B AT
BEARER T ARKRI E B JETT 1, 02T, AR
AR ERE CInFEFE . BREEE) SV EE L
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RS LT RS ROR R A T R

Tab.5 Summary of n-butanol synthesis pathway reconstruction in Clostridium

(LR 3 ER s A IET /gL SCHR
C. cellulolyticum ATCC 35319 +ato hbd crt bed,adhE2 TR AT YR 0.12 [117]
C. thermocellum DSM 1313 Ahpt AClo1313 N ldh+(Tt_thl-Tt_hbd, TR 0.357 [118]

Tt crt-St_ter-Ts_bad-Ts_bdh)" +
Tt thIM2-Tt_hbdM-St_terM

C. cellulovoran DSM 743B +adhE2 AT 1.42 [52]
C. cellulovoran DSM 743B +adhE2 AL BE 5 R K 3.36 [130]
C. cellulovoran DSM 743B +adhE2 YRR 4.0 [116]
C. cellulovoran DSM 743B Clocel*: +adhEl, ctfAB-adc Tl s B K 3.47 [115]
C. cellulovoran DSM 743B AxyIR A araR+xylT+ter+catl+adhE1 T A B T Ko 4.96 [39]
C. tyrobutyricum ATCC 25755 Acatl+adhE?2 2 A 26.2 [34]
C. tyrobutyricum ATCC 25755 Aack+adhE?2 (koL 10 [51]
C. tyrobutyricum ATCC 25755 Aack-adhE2, ctfAB 2 A 12 [113]
C. tyrobutyricum ATCC 25755 Aack-adhE2, xylT, xylA, xylB 25 A B 12 [131]
C. ljungdahlii +adhE, G A 0.148 [40]
C. autoethanogenum +thlA, hbd, crt, bed, adhE, bdhA R 1.54 [42]
C. acetobutylicum ATCC 824 M5 (ApSOLI) KL 0 [126]
C. acetobutylicum ATCC 824 M5, +aad 1 ] A 6.23 [126]
C. acetobutylicum ATCC 824 M5, +aad 1 T A 10.23 [128]
C. acetobutylicum ATCC 824 M5, +thl+aad 1 25 W 8 [128]
C. acetobutylicum ATCC 824 M5, +aad A ack ] ) 6.82 [128]

TE: Clocel* & RME LT EM T T BEMT 52 94tk -

TR R I AR R D B U A AR AR T R I
KK, ‘¥l T e e AT £ 4 5 k)
BRI R 7 2R, bR T B QMR M. R
W\ 5-F% F RS S R A 4, FE R D-Hi &
WL D-ARBE. L-FlHifr bk, D-E3 0. D-H 88
S5 K BIOBE SR J5T,  F o RORE N B Rz A B 1 B A
TR EIRE . T B VR A 4 o) AL, A i
FAEMTE LT, AR B 05 m ROR R BE . BT il
PESE L bE, X PEE T R R ) R DL R A
B U U R TR R R AR 1 5 — D R AR AR
W RE B as . AR IS AR, R L R AR 0 ) 2%
R R AEALE] SRS AT AR I s . AR,
WO R A AT . B K TR S — H AR
ZIBEAT, WK (R6).

2010 4, Gu#g M Z5 id # H TargeTron 45
G H AR B A AT R, SE TR T EEAR R
ARBEACU ) — Se oG B BE IR, I AR A AT LA AT 1
FURH LG A B DR 2H 22 (R T, E DS B T BEAR 1 b
#TORBER &S e, LindE MY dE i FEA &R
IRER R AE N 1T T AR A A i R 1 TR

#AE (PPP) B IR i B 5 1% 12 (phosphoketolase
pathway, PK ik 1% ) [A] A A K . A 47T H
TargeTron w4 1 xfp (CA_C1343, % tis A i ki -5-
T IR/ N -6 B R e il D R DR, o P Rk R B
ARPERG A BB, A&, ZER S
FLAG WE I 5 R B I g AR R AR B DA oG, X B
Servinsky 25 4IF 52 1", fE % — WiHF 5L F, Zhang
2 U R H TargeTron 23 #1 7 A B T BEAR B 1 Bl Sz
EUHE AR 8 45 2 X ara R VA W8 B0 % K] araK (1) 1)
Ae, ARJEE A BT h AR IR . IR T A
A b PRS2 T AR T R ONE B s AR
Wk Ae, BUAHE AT b & & 3 IR R s
EHHEANRANE, &E& R RBRIAEN S
T REABE-5-BE0%, P85 4 PPP @2 8l # PKig
Rk N AR, IS e as A ) R 0 B R i S
%4t (phosphotransferase system, PTS) FI{t i i&
RHRBERR (E5.

FF XL H, GudE " RIA T KA R
SRVR 1) PPP & 1% e W5 I W FL K] 1ald, 32T 1 AR BEF
R, HORWE R AT 52 8 & ) . ik — 28,
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Tab. 6 Summary of pentose metabolism pathway engineering in n-butanol-producing Clostridium

o AT BEAR T B IEAC S AR A A

R B R S Bt i i{z‘; Sk
C. acetobutylicum +talA b ek PPP I 43 7 T T g 22 ] Cal) AR FH DI, (ELATS 52 2498 [133]
ATCC 824 AT AT R, R I R AR R, T R
C. acetobutylicum +tal, tkl, rpe, rpi I R IE PPP i 2 L BA BB JE [N (ral) G FRBE BRI IH (kD #2955 [134]
ATCC 824 - 5- T PR 7 K 2 K] Crpe) AZ TR WE -5- B TR 3- 22 [ St 1) g 2 4]
Crp) s AWEFIF SR, W70 7 T 42 T 42%
C. acetobutylicum AgleG, +xylT, xylA, xyIB TargeTron F1 Wi PTS R4t i E: I (gle@ , i Fix WIFEARE  9.11 [135]
ATCC 824 18 B A HE I oyl T) AR S ) 8 K] oyl ) R A T i g i
eyl B) BEAH B CCR ZLBL, ¥ 551 7 B 36 11 24%
C. acetobutylicum AgleG, +xylT, xylA, xyIB 1E EA2018 fid £ H , LA TargeTron H 7 PTS % 4t 28 ik % 13.19 [136]
EA 2018 (glcG), I FIE VIR T BEAR 1 ATCC824 SR VR [ A4 42 2 11
Pl eyl T) AW S5 A it DR ooy d 4 ) R0 A ) 3950 8 2 K] (ol B) » B A
T Bk CCRZLRL , 5 771 77 5 14 0 50%
C. acetobutylicum AccpA TargeTron "1 W7 2 MR T copd e, RARR TR R A M 12.05  [137]
ATCC 824 EIBERIARE , G HLER R B /b, T A3 25 n
C. acetobutylicum cepA (V302N) Xt CepA B HREAT 758 AURAZ (V302N), LLHI 35 H 5 HPr-  8.61 [52]
ATCC 824 Serd6-P (1145 & HE ST, AT AT R MR CopA K ABEAC ) S i 424
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Fig. 5 Pentose metabolism pathway and involved regulatory proteins in n-butanol-producing clostridia
[XylT/XylFGH—xylose-specific transporter; AraE/AraFGH—arabinose-specific transporter; PTS—phosphotransferase system; GlcG—enzyme II of
PTS, closely related to the CCR; G6P—glucose-6-phosphate; F6P—fructose-6-phosphate; FBP—fructose-1, 6-Diphosphate; E4P—erythrose-4-
phosphate; S7P—sedum heptulose-7-phosphate; RuSP—ribulose-5-phosphate; Xu5P—xylulose-5-phosphate; G3P—3-Glyceraldehyde phosphate;
DHA—dihydroxyacetone; DHAP—dihydroxyacetone phosphate; PEP—phosphoenolpyruvate; xyl4-I/[I—xylose isomerase; xy/B—xylulose kinase;
araA—arabinose isomerase; araB/K—ribulose kinase; araD—ribulose-5-phosphate isomerase; rpi—>5-phosphoribose isomerase; ta/—transaldolase;

tkt—transketolase; pk—phosphoketolase (Genes appeared in Fig. 2~4 are not listed here)]
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