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Metabolic engineering of the genus Clostridiumfor butanol production
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ABSTRACT: Clostridiumis a genus of Gram-positive, rod shape, spore-forming obligate anaerobe. Recently, Clostridium has been
attracted as a host for bio-based chemical production, due to its diversity of substrate utilization and the production ability for
metabolites which can be used as a building block for chemical production. Especially, butanol produced from Clostridium has been
considered as an alternative fuel. As a transportation fuel, butanol has a higher energy density and lower hygroscopicity compared to
ethanol, the first generation biofuel. Recently, metabolic engineering of Clostridium has been massively conducted for butanol
production. In this study, the metabolic engineering strategy of Clostridium for butanol production has been reviewed with a brief
perspective.
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2|2 3 A 7o I} AFR- O & 913fo] x|t &Elel e 437](acidogenic phase) & 81 R4 7|(solventogenic phase)
7| gAY sl gl o, Sh A = ESE 717k Al Wol) 9} Z+-2 biphasic £/ UEtW<= Clostridium < v Y552
a7 02 AAE T QITh A AR 7|3 Yl 5} AHY/d 7] wfjofl = acetic acid 2} butyric acid & A $H4J 5oL -8l
A7) 1S tiufslr] flsto] B2 =¥ 7]&0] AL itk 247371 & butanol2 Z3H5}o] acetone U ethanol & Y9}
Hlo] @3} 9l vlo] @ oy X] Bolr} ) FE]= 7 5 kA o A= Aoz 2 A A th(Jang et al., 2014a, 2014b).

=35t =2l 9] A3to|t}. o]g| sk A o] A butanol 2 vlo| 2 5}5} Biphasic E4-2 7}X]+= Clostridium <5 WA=l = Clostridium
AR 2 ZAY =58 A5 Ao A =85HA =2 9k acetobutylicum, Clostridium beijerinckii, Clostridium pasteurianum
Butanol-2 of|J | W=7} o} AR 2 A EAJo] gasoline} 7| 2] 5°] itk £3, C. acetobutylicum-2- 19103t of| butanol &
A7) Wl A 548 AREE UAS BAE T acetone] AN AL e R 0l AL nlgEole)
Qtt 18] spskenl W £ Q FeHE SHA o] ALA| 2 ARRE] (Moon et al., 2016). SFA|QE, 2} o)A B2]gt oS Clostridium

T 9iek BA PR butanol & A GSFE G 0 RHE| bS50l 4 u AL A4 Q1= butanol AL TR EA k)
A|aL glom, of: Axgkito] AE3A42 Foto] AAkE] AL Qe Butanol A4HdS 3FA1717] flsto] a9 B Ao of

AEI Ao A]:=Dbutanol A B2 E 7[R = Clostridium 3t 4= ko LS| @ 8l 7|7 ZoF =3 ] QI th(Friedl, 2016;
& A EES 0]-835FaL Yth(Jones and Woods, 1986). AHAY Lietal.,2016). thAFESS £ ATtof YlojA = A S-S
15 = 50] u]u]o} 5k biphasic S48 7141 B4 o
B 5O QIofo] St B 5 sl of B of &
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o] 1 %1t(Jang and Lee, 2015; Chen and Liao, 2016). Z]L, tj
AFESLS 19t Theyst wte] A haksl 2 o] Al 52
%5}¢] butanol 2] tfj2F AARS €)%t solventogenic Clostridium
9] tfAlgrsto] &3] A1) &) 31 QJtH(Cho et al., 2015; Liao et
al.,2016). T3, Clostridium tyrobutyricumi} ZH-2-acidogenic
Clostridium2 YAFE3E © 2 7]2F6}Fo] butanol-2 A 3HAJ 5}
L o) 7tol BB o] o] Akl 4, QAFSFEF A, 22 0] 7O 314
7}(syngas) 23E] butanol & A4 EHI5}7] 913t hAIESE 21
2 b o] 131 %t Yu er al., 2011, 2012).

H 2 o) A= Clostridium < 1) RE-2 (1) solventogenic,
(2) acidogenic, 12|37 (3) acetogen & 2 LE-35111, o] 50| 7}
2 o AFS)2 2 butanol ZAVS: 913 thAFESE ek )35}
ik T3k T butanol AJTHY B4 918 hALEI = 245}
ke Aysle

Butanol MALS 2|st CHALE2

Clostridium < 1| AYE-2 A 1004
AL 915101 ARGEISIT 19001t 9] Aol Clostridium
] AYE-9] butanol YT AEE o 4= 19l 01} 874k
AYAFE] 0] 5of| butanol W acetone ¥} -2~ g-ufj 7} Ay AREI T
A2 A Ak F7IAE AR -8l Aol

=9} butanol 2 acetone

_,

o

e

oSt Aol thaliA] L7 Hs] 1 5, A genome g =
=°] Y15 A 42zt butanol A7y thALS] = ol thsiA] 7 2
T thFig. 1). Glucose & tAlsHo] 2 AHA T 52 519
ATPE 2R 31= T 714 n|RBEQ thAke} &2, Clostridium <
9] & 714 u|AYEE-L acetic acid H butyric acidS AJ AT+
O 2 ATPE StR 5= 7 0 & A 9Jci(Jones and Woods,
1986). o]u] 2 &2 A1} o), Clostridium-2- 3f31-74-S
AA 1= glucoseZ F-E 25 ATP, 2& pyruvate, 2= NADH
= AR 2714 35 i8] 53 ATP =AM 7] 54t
acetic acid?} butyric acid gt T oA HESH= Aoz
A4 Ak(Fig. 1). Acetic acid B gHd THALS] 2E ©]-8-5HA
Flh, acetyl CoA EAF 159 ATP A 3Hd o] 7Hs8kA
butyric acid AJ3HA ALS| 25 0] 83= F =055 ATP

TS XSS H(Fig. 1). ATP AJAE ZHol| 4wt EChH, butyric
acid A3+ A2 H ) acetic acid YA HEE o] &5= A
o] o felahal Thekel <= Qlrk. AT AHAY4)7] 59FNAD"

A L Absl/ e F8 S W] $J8l A= butyric acid AYgF
A AR Egr HQdt 7 og deA 9ot Butyric acid A}
A A2 =259 acetyl CoAZH-E| 252 NADHE 4H| 5}
o] 22 9] NAD & A4 7}5317] wjE o]t} Solventogenic
Clostridium®) Z4] ALS| 2 5 A B, 152 glucose 25
€] 415 2] NADH7} A3 Fltt. GlyeolysisS 5510 &1

A 252 NADHE A &J5}aL, 714 S & pyruvate-ferredoxin

OH

6,
Glucose ;s tuon

OH

o Pyruvate }(ﬁon

0
Jo i e L P
2 Acetate <+——<«——— 2 Acetyl-CoA ™ “coa 2 Ethanol
ATP l i © NAD" NAD
adce o] 0 o
P % -« g oA A Acetoacetyl-CoA /“\)?\S/%A
1,3 § ctfAB NAD .4' hbd
< % 3-Hydroxybutyryl- COAHOM -
£ | e

Crotonyl-CoA /\iszc‘”‘

I Dui bed

o ATP NAD * Napt_~ " on
Butyryl-CoA
Butvrate buk pth adh » Butanol

adhE?2

Fig. 1. Representative metabolic pathway of the solventogenic clostridia for butanol production. Enzymes encoded by the genes are as follows: ack, acetate
kinase; 7/, acetyl-CoA acetyltransferase (thiolase); pta, phosphotransacetylase; adhE 1, aldehyde/alcohol dehydrogenase 1; adhE2, alcohol dehydrogenase
2; hbd, 3-hydroxybutyryl-CoA dehydrogenase; crt, 3-hydroxybutyryl-CoA dehydratase (crotonase); bed, butyryl-CoA dehydrogenase; buk, butyrate kinase;
ptb, phosphotransbutyrylse; c#f4B, CoA transferase.
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oxidoreductase 2] A4S E35}10] 252 pyruvate 7} 2-5-2] CO;,
2F2E9] acetyl CoA R HZHE]= I of| 4] 252 NAD(P)H7}
THEo A= A o= e A QU wheba], A8/ 7] 5 ek Al
3 Yo A 2 A3 NADH/NAD' 8]-&-& #2517 9]3f|A] ATP
AYAE S of| A= 0] AW butyric acid B A2 E &
Boto] Al ekl S v A o' A Qlok Ata/ gt
A 2S5 913 &t 4 =+ hydrogenase 5 ©]-8§-5H= Z10]
24t} Hydrogenase & ©]-8-510f NAD(P)HE AFS}A| A =4 A
Akt g Aol NAD(P) & A1 4= AAIL, o] thAtel 25
]88 7 -9+= ATP AJ4tol] 3] o] 52 JUhFig. ).

31H, C4 313H=E-21 butanol A ¢HAd-2 acetyl CoA T+ E-4}9]
gt kg0 2ue] A\HEICHL 8 4= QlTiFig 1). o] ¥H-L
thiolase®]| 2Jal|A] 7= Hh-g-olr, 2t A7t w=d
thiolase7} AHYd 7] o] A -G A /] 7] & 0] Z ghof] i sl= A
o & oF# A 9JthKim er al., 2015). Acetyl CoA T Ha}o] %
3HHE-S-© 2 k5o F acetoacetyl CoA= F 7R Q] AL A 2
= E3}o] gAkE 4= Qlek S 7 2o A= acetoacetyl CoA7}
g =]o] 3-hydroxybutyryl CoA R AgHE 4= g) o n, o] Wk-&
2 hydroxybutyryl CoA dehydrogenaseo]] &]3f4] ujj 7)<l ch
L X] 7 2= acetic acid L butyric acid & A3 WHE=2 )&
4= %, acetyl CoA % butyryl CoAS AeHdsh= A7g ol A
CoA FofA| =4 &S k= Al oltt o] AR E A< AL &
H ZZ4 © & acetone©] AJ A H ) T3 3-hydroxybutyryl
CoA+= crotonyl CoAE A& %5 butyryl CoAZ & o]
aldehyde/alcohol dehydrogenase S 5-3}¢] butanol 2 A&t}

Butanol SA2 2Ist solventogenic clostridia
CHARS S TEF

Butanol Z4+& 913t dAFE S Q1520 717 o] SHEH
F=C. acetobutylicum} C. beijerinckii®|th. C. acetobutylicum
2 butanol T hAS| ZE 7HA| = 7P 3224 Q1 v Eo]
™, genome A] G %3t solventogenic Clostridium %= 7174+ HA]
5 FthHou ez al., 2013). 0| & 7|REC. 2 {714 tiAL
of To5l= AR E(pra X buk)-S A5/ A ZEH(homologous
recombination)”| ] ©. & knockout A| 7]+ A A TS
2=}t Ventura et al., 2013). Acetic acid RJTHA] A =20
o3 8l+= phosphotransacetylase S 43 3151 pra FHAS
knockout A]71 w#5=+= butanol A/ 5o /= A] &3k
S 1}, butyrate kinase & ¢ 3 3}51= buk -3- A A= knockout §F

739+ butanol AJFHA] 52(10.8 g/L, pH 5.5 ¥ra zA)o] oF

AH0.7 gL, pH 5.5 Ha 27) thv] F7Fet= 22 UEh
ATHGreen et al., 1996). T2 o] A= butanol AT
12k 214 =Z1(pH 5.0)01 A batch A E 4=3¥3}] 16.7 g/L
butanol-2 A AF5}+33 th(Harris ef al., 2000). Butyric acid AJ 4]
of ¥ Sh= F=8 - 2K buk) 7 knockout = 1ol = £}
31 o171 5] butyric acid ] A IS Al = A2 HAE Q]
CHHarris et al., 2000; Ventura ef al., 2013). 71 ©]-5—+= o} &7}
A ges] Bie] A QA grouh, & e A A] g2 isozyme Ei=
acyl CoAE 7| A2 o] & 7Hs3t 2 A A] & 459
ko 7 =A==} A7) Bl 0]32010E o] Z7}14], butanol AY
&FAFA] 7] solventogenic Clostridium T)AE8 2R 1
o gl
2] mobile group Il intron-& ©]-&-3F - A} knockout 7|4
o] Clostridium < v &0l /454 0.2 Qg of| whetpra 9
buk 717 knockout} R 2k o] 2, 47141 B A
o]l Ql= T t}= § AR e ack L ptb -GHRNZFZ} acetate kinase
9 phosphotransbutyrylase ¢F& 3} 2] knockout™ A]%= =1
t}. Mobile group II introng ©|-&5}o] 95| Al pta = buk
FAZ7}Y 22 knockout® S Mol E2] 9= H5F acetic
acid@} butyric acid @] AL WA= Eol= A0 R B 1 &
ITHCooksley et al., 2012; Jang et al., 2012; Kuit et al., 2012).
2L olfroll tali A= oF 2 71A] A=) B v glof A, R
A7) L AP =] ojof & Fofo|t}. Mobile group II intron
S 0|83+ pra F-7AAE knockoutdt = s A2
5t o1 %l ek 2] butanol AJ4Hg 0] 17.2 g/L7t
FATE| = A 0 2 B EQtiJang et al., 2012). Acetic acid
U butyric acid A 4 25 P ALES Y26t
pta, ack, ptb, buk -7 x}2] single knockout A= F-3}of vk
013 552 batch YHOA F= 2 =82 172 g/L Y
0.21 g/g glucoseE A3 A| &= k= A2 Bl HQict
(Cooksley et al., 2012; Jang et al., 2012; Kuit et al., 2012).
2]7]21 Q1 butanol A4t &%= 9 & F4-2 butanol A3
BEE IR AFARE Uiro] EA45to] A{A =S
A 20 D88 5= ek f7 I B8 B =5 AA
Z| 911, acetyl CoA 2 5-E butyryl CoA 2 cascade ¥H-3-2- 7 21
%, butanolo] == A=E AHGA R, F7AH AL H =
£ &0FA] butanol o] THE0| A= B 2E (M A 282 513
t}. o]2] 3k butanol A3HA] A E H -2 metabolic flux H-4] 2
mass balance =41-% 5510 s3] o, o] 5 7|F e & A4
27} 7ot Wk = tiAE S 24 sto] butanol F=
8-S FANT Ao R BHuEQtilang et al., 2012). 3t
B0+ pra L buk RS 5-A] 9] knockoutdl &, point

|

R
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mutation © 2 THS0}7] E<1Ho] aldehyde/alcohol dehydrogenase
& Ado o= adhE1”™™ SRS TEA7 e thAkg et ek
2 B 313} 31, o] w-5-=batch 51 o] 4] butanol 5% 18.9 g/L
9 0.29 g/g glucose =8 LEFH v} Qlth(Jang et al., 2012).
Butanol& 22t 4= Qli= HES o] 83 A5 a 3AoA =
130 g/L butanol %=2}0.31 g/g2] ~8-2 LERN It Jang ef al.,
2012). 3L, <L acetyl CoAZ5-E butyryl CoAZ HE-2 &
31 47l19] &4 thiolase, 3-hydroxybutyryl CoA dehydrogenase,
crotonase, butyryl CoA dehydrogenase & ¢ % 3}5h= G- A%}
Ol thi, hbd, crt, bed2} adhEl, ctfAB - AAE 25 vpdtd s)
11, acetone A §HAJ o] ol 5= ade -5-A A= knockout )=t
4l glutathione S 917 =t ] gshdB A4S =
St A8k A 2Fo] HarE lek(Hou et al., 2013). 3w <
ol A= batch RHEZ 3}, butanol 14.9 g/LE AAlsHS 00
0.34 g/g glucose T2 R 113} tHHou er al., 2013). A 7] =
A 2 F7AE AR A 25 ]88t butanol S 2
a3lsl7] 93 Agks S5 o= 2851312, NADHS} 2
S AU O] redox F-S HE3] 517 fI7E AR ARS8
t}. Jang 5(2012)2] 739

O] NADH-Z 8 4 E0|A& NADHEYH o}y 2} NADPH7}A]
ZALBR AT IS a4FsHA 7o R aAE T
51921, Hou 51(2013) 9] 4-$—+=, Al 22U <] redox 22 of| 7]

o 31= glutathione-& A4S

+, aldehyde/alcohol dehydrogenase

3 4 9= SRS EIstel o
< dEet el S WS gk A o= A el 4= Qi) wh
2}, C. acetobutylicum-2- ©]-8-3t butanol SAF 2-2] o] th AL+
513 SIoAE butanol LS 918 2 A= 39} T
A3 kel ghelo] 71 st e S sfjofd A 0. &2 H el
Butanol A 3Hd 2157 2 9] 73317} obd butanol FARS: 9
St thAlsE A 22 6-phosphofructokinase S 93 3151= pfkA
2} pyruvate kinase & & 5.3}s}= pykd FAARE S Ao T
F A7) = H o] B E It Ventura ef al., 2013). ©]& prkd
9 pykA ©] IHFE LS A3 2] ATP 2 NADH %25 Z7HA
7] 31 butanol H/d ol gt 23S o= A0 R By
It Ventura et al., 2013). 3| HaLol| A=, C. acetobutylicum
2 0]-8%tbatch ¥ra o 4] 37 5%=21 19.1 g/L butanol©| AY
AP RO, 82021 g/g glucose = WL A] W2 ghe HAL
3}t Ventura et al., 2013).
C. beijerinckii T3t 717 2| 91515 solventogenic clostridia
SuR & A 9o, C. acetobutylicum} 5 U3t CoA Q)
tHALS] 2= 2 1-butanol& A oh= A 2 LA
E3SE 97 AR AR E Ao S Ust AR E UER)
th. thal, C. acetobutylicum} 8] 1.5+ C. beijerinckii 2]

A"

Kl ol

32

g EstE A A2y A4z

i

genome =7]7} 22 Mbp A= 331, isozyme=©] T Zo] £
3= EAL 7R = A0 2 I A QtiLittle et al., 2015). o]
i3t o3 50 & 8| WA C. acetobutylicum Rt} C. beijerinckii
S ol g3t thArg e ATt 23 v Sl Em o, of
Ag-eh-E: 0]-831 butanol A E3Y C. acetobutylicum-= '
oA 2] 331AL QAeKKim et al., 2015). 7] : A gHg o 2hofs)

Butanol MALE |t acidogenic clostridia
CHARS S TEF

1}7] o] acidogenic clostridia:= butanol AJAko] Q1o A
solventogenic clostridia®]] H|3}o] A2 o &2 225 5 7 b
A ZATt ) E A acidogenic clostridia?l C. tyrobutyricum©)
butanol o] ta}o] Wj/do] tthal H e 5., o] o8-t butanol
AAL 917} 2RES) Z1BYE|ICk C. syrobutyricum-2-solventogenic
clostridia?} E2] butanol-2 AJHd 55137 butyric acidv-S A St
A= Ao 2 G A Qo) A C. tyrobutyricum®] butyric
acid R34S solventogenic clostridia®} ZHo| phosphotrans-
butyrylase 2} butyrate kinase 2] 21-8-0 & AygIAJo] 71555t 71 o
2 24 =9lck skR|qk, H 2 C. tyrobutyricum ] 23| genome
2.4 AKLee et al., 2016), A7] 5 & A2 ALL51A] 9F T carl
GAAL7} 9235} 5k= CoA transferaseof] 2] 4] butyryl CoA
@} acetate7} CoAE W 8l5}¢] butyric acidE A A 3= A
o= w3 HrkFig 2).

C. tyrobutyricum A58 acetic acid A A 2]
o3t A4S G5 38H= ack AAE A A5H] butyric
acid & 4k A7 o] 27] A5 BHo|9lT, 0|2 %
3}o] butyric acid 2] F-AFo] &-1% v} QItHLiu et al., 2006). ©]
F Aol A= E4 3FgE-S butyric acid ]| 4] butanol 2 %1k
3l om, BA-8 FA317| ¢Jste] C. acetobutylicum®) adhE2
SAAE =5 A FHolHtHYuet al., 2011). 71 A1,
mannitol-S EtAY 07 ALES}] 16.4 g/L 2] butanol-2 0.30
g/g®) S8 2 AASH= Z10] 4 TSHATHYu eral., 2011). 5

|3hdra Avk=10g/L 2 0.27 g/g2)
butanol = U &2 B Gt Yuetal., 2011). <& oJqLof 4]
£ adhE2 AR 284 plasmid @] origing- pIM 13 7] HFof 4]
pBP1.0. 2 H73}o] mannitol S T4 0 2 ARE-3}o] 20.5 g/L

¢
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Fig. 2. Central metabolic pathway of C. tyrobutyricum. Enzymes encoded by the genes are as follows: 74/, acetyl-CoA acetyltransferase (thiolase); 4bd, 3
-hydroxybutyryl-CoA dehydrogenase; crt, 3-hydroxybutyryl-CoA dehydratase (crotonase); bed, butyryl-CoA dehydrogenase; pta, phosphotransacetylase;
ak, acetate kinase; catl, CoA transferase.

Table 1. Fermentation performance of the metabolically engineered Clostridium strains

Butanol
Type of Strain Genotype i i Fermentation and carbon source Reference
clostridia typ: Titer  Yield
(gL)  (go)
Solventogenic Clostridium Abuk 10.8 - Batch fermentation (pH 5.5), Glucose ~ Green et al. (1996)
clostridia acetobutylicum 16.7 - Batch fermentation (pH 5.0), Glucose Harris ef al. (2000)
Apta 17.2 - Batch fermentation, Glucose Jang et al. (2012)
Abuk, Apta, adhE1”C" 189 029 Batch fermentation, Glucose Jang et al. (2012)
130 0.31 Fed-Batch fermentation, Glucose Jang et al. (2012)
gshAB”, thi”, hbd', crt’, bed', ]
adhEl", ctfAB” 14.9 0.34 Batch fermentation, Glucose Hou et al. (2013)
pfkA”, pykA® 19.1 0.21 Batch fermentation, Glucose Ventura et al. (2013)
Acidogenic Clostridium adhE2" (pIM13 origin) 16.4 0.30 Batch fermentation, Mannitol Yuetal. (2011)
clostridia tyrobutyricum 10 0.27 Batch fermentation, Glucose Yu et al. (2011)
adhE2" (pBP1 origin) 20.5 0.33 Batch fermentation, Mannitol Yuet al. (2012)
. 70 + + + + + +
Acetogen Clostridium . thiA', hbd', ert', bed', adhk, bdhd o (o Batch fermentation, Glucose ~ Kopke 7 al. (2010)
ljungdalhlii
[e) = O] 2~98 O trAFlA o = =
9] butanol 5=2}0.33 g/g®] &2 G4 HYu et al., Butanol |'| I'E |o|‘ acetogen [HAI-g—gll' Il_éll:
2012). Assle: Esto] WS R C. fyrobutyricum®) glucose
£ gAY o R 3t AR} 3% P2l mannitolS o8-8 Acetogen2 & 7| 2 Ao A BESH= n|FEZR, Wood-
o], butanol A& T BEH O & oh= A& Bt o] Ljungdahl tA}&] 25§38l 4] Ed7F(syngas; CO;, CO, Hy)
= oY C. tyrobutyricum®] AF3H 3 A1 £)7} butyric acid ZHE acetyl CoOAE R EAITHL, o] 25 F acetic acid2 A g

et of] &g} H o Q17] W& AL 2 Ko, butanol AY A= F2RE2 U3 H T Qleh 22 thoksl ulo] QujAE o]
A= FloliAe o B2 SdeE o] gl BagtJor B &5to] AL aE Hle] @ R W Hlo| @ SghE RS PRt

RSN By |

oltt. whatA], &k butanol AYTHAL-S I3t C. yrobutyricum2) o] gis| XY= 31 QUA|TE, Hfo] 2 ul| A feedstock &) A & 2]
AN o S ABE A9 FBE LA IRE /1% W uleH ol Auket Aleto] Hek, o5 wE v}
Herol Ak A o= Az, O] 2 U} 2 7233 A7 B o] S5 714 £ feedstock
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A W Aol lolA Aol 7 e = B AL
o} 012} 220] 712 21 419] -8 20| A acetogen & 22 2
A& 9k QI Acetogen 57 genusol] £31A] ¢Far o)
genus©f| 3£3}E] o] QT Clostridium 0 = 0]9} 22 /-8
acetogens0] Y Qloj A, o] 55 ©]-&-3k butanol A3
et A7t v A Zol] ARFE| ATk oAl & E01, Clostridium
ljungdalhliiZ ©1-8-3} butanol A4S 917+ thAkE-8t A7}
tfEAo|t) C. acetobutylicum®] 59 butanol A A}
3|2, = thiolase 2 5-F| aldehyde/alcohol dehydrogenase S 9+
S 3ol S ARASS C. ljungdalhliio] T4 ato] B A| 7T}
(Kopke ef al., 2010). 7 A}, W& 74 o A T4 7F2(CO,
CO, Hy) 2 5-E 0.15 g/L 2] butanol-& AJgHA] 315 thKopke et
al.,2010). FANE, U E F 85 F0|=0.015 g/L ©]3}2] butanol
qto] AgakE] A © & W 1% vl 9JthKopke et al., 2010). 0]} 2+
0] Wood-Ljungdahl thA}3] 2 & 0]-8-5}¢] butanol-2 A3 AFsH 73
- theFet feedstock= B-8-8F 4= Q1S Hqt o et o8 555
A S7F A Aoz 7R, 4 7FS =5 E butanol
AT e S1g olALE 2 2 s A7t wag Aok

Mo ot o (i 3O
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