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important supplements and alternatives to fossil fuels. Using microbes to produce higher alcohols from renewable biomass can
alleviate the current energy and environmental crises, and has become a major future direction for green biomanufacturing.
Since natural microbes can only produce a few higher alcohols in small amounts, it is necessary to reconstruct the synthetic
pathways for higher alcohols in model industrial strains through metabolic engineering and synthetic biology to overcome the
metabolic bottlenecks. A series of milestones have been accomplished in past decades. The authors of this review have
witnessed the entire journey of this field from its first success to the leaping development. On the 30" anniversary of the
founding of the discipline of metabolic engineering, this review dates back to the great milestones in achieving heterologous
production of higher alcohols in non-native strains. The design and optimization of high alcohol biosynthetic pathways, the
expansion of feedstock, the engineering of host strains and the industrialization process are summarized. This review aims to
draw further attention to microbial synthesis of higher alcohols, inspire the development of novel techniques and strategies of
metabolic engineering, and promote the innovation and upgrade of China’s biofuel industry.
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Table 1 Comparison of physical and chemical properties between different biofuels and gasoline

Ethanol n-butanol Isobutanol Gasoline

Energy density (MJ/L) 21.4 26.9 26.6 30-33
Gasoline energy (%) 64.8 81.5 80.6 100.0
Octane number 100.0 90.0 98.0 88-93
Boiling point (°C) 78.4 117.8 107.9 27-225
Vapor pressure (kPa) 16.0 2.2 3.3 54-103
Water solubility (%/20 °C) 100 7.7 8.5 -
Oxygen content (weight percentage %) 35.0 22.0 22.0 -
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Table 2 Common types of higher alcohols

Types of higher alcohols Structural formulas

Native producers

n-propanol HO~_ "
Isopropanol OH
n-butanol HO- ™"\
Isobutanol \)\

HO
2-butanol OH
n-pentanol HO """

2-methyl-1-butanol

HOJ\/
o~

HO" """

3-methyl-1-butanol

n-hexanol

n-heptanol

HO~_ "~

No

Yes (e.g. E. coli)

Yes (e.g. Clostridium spp.)

Yes (e.g. S. cerevisiae)

Yes (e.g. Lactobacillus spp.)

No

No

No

No

No
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Engineering E. coli to
produce n-butanol through
CoA-dependent pathway™l,

Heterologous production
of branched-chain higher
alcohols using E. coli
through non-fermentative @ ———————————
synthetic pathwayst®. The carbon chain extension
pathway was constructed to
Appl Environ Microbiol 77:2727-2733 realize the synthesis of long
——————————————————— chain (C6) higher alcohols?l.

Nat Biotechnol 29:346-351

Metabolic engineering of
Clostridium cellulolyticum
to produce isobutanol from
cellulose!®l.

Producing higher alcohols
from waste protein through
engineering transamination
and deamination cycles!",

Metab Eng 13:345-352

Producing n-butanol @‘ - '— — — ———————
from CO, by engineered Engineering NADH-
cyanobacteria®. dependent 1lvC by directed

evolution to realize anaerobic
isobutanol production at
. . 4]
Science 335:1596-1596 theoretical yield in E. coli"l.
————————————————————— 2012
Integrated electromicrobial conversion of
CO, to higher alcohols by engineered
Ralstonia eutropha®.

@ ACS Synth Biol 2:47-58

The first n-butanol biosensor
was developed for high yielding

i strain screening!%l,

Expand the detection
range of BomR through
directed evolution to
identify isobutanol
overproducers!".,

1 SRERHIENARRAIE
Fig. 1 Development course for metabolic engineering of higher alcohols. (A) Trends in academic citations derived from

Dimensions (dimensions.ai) using the key words “higher alcohols” and “biosynthesis”. (B) Milestones in the biosynthesis
of higher alcohols.
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Table 3 Summary of microbial production of higher alcohols

Fermentation Titer

Products Hosts Genotypes (knockout; overexpression) Substrates conditions (g/L) References
(extraction methods) 9
; AilvA AilvB; kivD adh2 cimA™"
n-propanol E. coli leUABCD Glucose Shake flask 278  [16]
. Alacl AlysA AmetA AtdhA AiclR AilviH .
E. coli AilVBNArpoS thr AC1034T IysCClOOST Glycerol Bioreactor 10.3 [17]
. Stirred flask (fed-
- q -
Isopropanol E. coli None; lacl® thl atoDA adc adhB-593  Glucose batch with gas stripping) [18]
E. coli None: thl atoDA adc adhB-593 bgl-blc Cellobiose  onake flask 41 Q9]
(gas stripping)
E. coli None; thl ctfAB adc adhB-593 Glucose Shake baffled flask 13.6 [20]
C. acetobutylicumAbuk::ermC; adc ctfAB adhB-593 Glucose Bloreac_tor_ 35 [21]
Alcohol (gas stripping)
e C. acetobutylicm Abuk AC1502; adc ctfAB adhB-593  Glucose Bloreac_tor' 204 [22]
(gas stripping)
n-butanol S. elongatus None; atoB, hbd, crt, ter, AdhE2 CO, Flask and bioreactor  0.015 [9]
S. elongatus None; nphT7 phaB aphal ter bld yghD CO, Static capped flask  0.0299 [23]
C. acetobutylicm Apta Abuk; adhEP*¢%¢ Glucose Bioreactor 130 [24]
CIostndugm None; adhE2 Mannitol Bloreacgor; 20.5 [25]
tyrobutyricum anaerobic
S. cerevisiae None; thl, hbd, crt, bed, etfAB, adhE2 Galactose  Shake flask 0.0025 [26]
B. subtilis None; thl, hbd, crt, bed, etfAB, adhE2 Glycerol Shake flask 0.024 [27]
P. putida None; thl, hbd, crt, bed, etfAB, adhE1l Glycerol Shake flask 0.122 [27]
L. brevis None; thl, hbd, crt, bcd, etfAB Glucose Vial 0.3 [28]
Clostridium None; thlA, hbd, crt, bed, adhE, and
ljungdanlii bdhA Syngas Shake flask 0.148 [29]
. AldhA AadhE AfrdBC Apta; atoB hbd Bioreactor; anaerobic
= el crt adhE2 fdh ter Clrgzes (gas stripping) & [30]
. AadhE AldhA AfrdBC Afnr Apta ApflB; Static capped
Isobutanol E. coli alsS ilveD kivD adh? Glucose flask 22 [4]
E. coli None; alsS ilvCD kivD adhA Glucose Bioreactor; 56 [31]
S. elongatus None;alsS, ilvCD, kivd, yghD CO, Bottle 0.450 [32]
C.crenatium  None; ILV2, ILV3, ILVS, kivD, ADH6 Ie"gnoce“mosBottle 561  [33]
. Test tube (extracted
Bacillus o .
. None; kivd, yghD Glucose with solvent 0.3 [34]
megaterium -
supercritical CO,)
B. subtilis Aldh; ilvCD alsS kivD adh2 Glucose Bioreactor 383 [35]
C. cellulolyticum None; kivD yghD alsS ilvCD Cellulose Not specified 0.66 [6]
(F8)
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(8% 3)
Fermentation Titer
Products Hosts Genotypes (knockout; overexpression) Substrates conditions (g/L) References
(extraction methods) 9
Corynebacterium AaceE Apqo AilvE AldhA Amdh; .
glutamicum ilvBNCD pntAB kivD adhA Clbzose Bl = [36]
AphaB2C2 AphaC1AB1; alsS ilvCD Bioreactor with
R. eutropha kivD yghD CO, electrodes 0.09 [8]
AphaCAB AilvE AbkdAB AaceE; adh
R. eutropha iIVBHCD kivD Fructose Shake flask 0.27 [37]
. Alpd; kivD ADH6 ILV2 ILV5c ILV3c
S. cerevisiae ILV2C MAE1L Glucose Shake flask 162 [38]
meso-2,3-but
2-butanol L. diolivorans None; pduQ, PDO-DH (NADPH) anediol/glyce Bioreactor 134 [39]
rol
Klebsiella . Q337A or F3751
pneumoniae AldhA; pduCDEGH ,adh  Glucose Shake flask 1.03 [40]
L. brevis . Mes0-2,3-bUt ot e 0.88  [41]
None; none anediol
Lactobacillus .
buchneri None; none butanone Test tube 0.04 [41]
.. . meso-2,3
S. cerews-lae None; pduCDEGH, adh butanediol Shake flask 0.004 [42]
Lactobacillus None; None meso-2,3 Shake flask 041  [43]
spp. butanediol
2-methyl-1- . AmetA Atdh; ilvGM ilvCD ilvA kivD
butanol E. coli adh2 thrABC o Glucose Shake baffled flask ~ 1.25  [44]
3-methyl-1- . None; alsS ilvCD kivD adh2 leuA
butanol E. coli leuBCD Glucose Shake flask 95 [45]

1 BRAEGRBRENNRE

1.1 RTEERIER

ST EEAEE SR FAR R R, P SR
FRIR RERESE B . e MZRE (R 1), 23
FE AR ERC AL . 2008 4E, James C. Liao #(#2
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BRI G SRR (1 1B), ST ik 86%FH i HE
e 5 TR RN, ZBH T KB R
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I AT 40 2 R A B o S G TR 0 Hic 22 5 T A
A, AT 3 AR 5 A o-FR R IR
fitf J55 , ok A LR ALER A B9 Kivd X} 5 AR 1Y a-
il S PR F B T e v B AR TE . AT S5k A
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ADH: alcohol dehydrogenase
sADH: secondary alcohol dehydrogenase
ALDC: acetolactatedecarboxylase

Etf-Bed: electron transferring flavoprotein-butyryl-CoA dehydrogenase complex
HBD: 3-hydroxybutyryl-CoA dehydrogenase
KDC: alpha-keto-acid decarboxylase

TER: trans-2-enoyl-CoAreductase
THL: acetyl-CoA thiolase

ALS: acetolactatesynthase

CRT: crotonase

DAD: dihydroxy-acid dehydratase
DD: diol dehydratase

KARI: ketol-acid reductoisomerase
IMDH: 3-isopropylmalate dehydrogenase
IPMI: isopropylmalateisomerase
IPMS: isopropylmalatcsynthcsns

nyde oA »( o IPMS ol T .
Hutyrd aldeny o \\i\\‘ L‘\“‘m“(\/ﬂy \\“\w\\w £10ace w ace! \\ u\ubsmnudtlt\”m - 2-ketovalerate  2-ketocaproate 2-ketoheptanoate
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o~ L OH yo0 ”” /#LO“\ N j IPMS oH ! W%’
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NAD}
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Fig. 2 Biosynthetic pathways for higher alcohols. Asterisk represents engineered enzymes.
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P 1] 5 R R 2 4%, E T 2MB
A = T R T 5 I KRR, A
UM STE F RN B T R AR A A B 174 T 2 iy
A, Zhang 5P 4 b 4 50 & R A B 18
LeuABCD Ak, 1y i 5% S2E A1 iz f et Ay e e 22 A

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

KRR . N T LeuA 3754 K Bk iR
BYBE J1, Zhang % 1o FEVE MGE F-BA YK T LeuA
MRS & 4%, 158 T 0 Lk C7-CO iR &
B — 25 LeuA Z7ABIK, SEHLT C6-C8 JE KRR
KEEBERRUEY & . AL, CA Y 2- T EEHAT
FLIR] 43 SR A B 1 48 e = AR R 3 1) = e
YRR IE TR o b ZLIR B T 76 IR R
N KRG X — =9, KAk m R G T
ZIRFLIR , 5 2 MR A — 2 i N (SADH)
RO A B 2,3- T i, T3 RO K B AL AR
B 2- T, 5 Je e R AU B A T e fk oy 2- T
BUE 2). BT, IURREKKRE 2- T BA M
T8, W 2,3-T A MOt AL A
VRN U8, FLER Lactobacillus diolivorans
[ 2- T B R AT A F] 13.4 g/,

2 BmABmAFERNGELKE

o B WA BB AR AR R TR R TR T
R ARG A T WE KRBT, NEDRE
VSl FFRE T HT0 & R . bR R A o 32
T T HEH R0, IFELRE KRS T
FERIRIE . SR, WIEMRAE S BUR R RCE 5
TS A T HATAEEA R, A e ) il R
RE T ACEOR, AT . TEJS 2R
ZIMA R R, 5 i R AR Ry A G 11 T A
A3 R A T B A TR AR VS R it 32k A
21 BWREHHK

R LR ) A BT K R R T, aniE
TEERJRAE CoA MK ALIR IR T 2E 4 1~ NADH $2
e S, ST, 2MB. 3MB %500 30 s Ry
& BORR T E WS NAD(PYH $2 LA J5 7 %l i A
FHRETRERT 3 B EPER A, 56—t
(B TL, B G fa] 6 T B o 1 il DR (8 18 DA JE A
A At TR B A 5 5K 5 BB R R R IE T
RV G AAD R B AR A4 14 Jal B - 2R 28 78 5 400 ik T g
PRALAET R PR RIA S —; 5 RSB
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B o £y 53 T A DR fel S B 0 5 T A L A
K, S E R, B, R
PP P IR AR LA A DG B [l R

H AT RN 7 TR AL T 4 Fhid 7 7 b ok
W, 43 A A A IR AR A DR A 4 B0 L Ak
S e AN RV IS a0 Sl IV SR
[ 1S S I N LI 37 L DS R | d B
Tk ) 48 il 1 TR R SR, AN A AT
435 NADPH 1 NADH FHFMRHEIE , LS IR
NADH HHi BB i 20 (AnFLERFLIR A A AdhA)
B KT T A 1 NADPH A8t 50 s i Uit
AR A S T RE S s AR 1 R R I e,
FLAS D BB R I B A s 4% 7 A2 1) NADH, A Bl
TEIMEAE RN T REEA T, = T B Ao
T TR TR A & A AL
NADPH 4 i 751 i Ji Jilg —— ] 152 2 30 Ji 5 44 il
IIvC, Frances H. Arnold % [ B\ % 7€ In] #E 1k 3
B X H NADPH BY45 & HASHE T TtE, 1538117
L NADH 1 Jif J5 A A iy 1vet™ i — T 72
I AHE 5 T B0 A BUER ARG AR — 45K
NADH Mgt , S 78 e RA S T BERRE,
TR ZGRE] T 100% A9 BEIE 7R B T 04k 4 1
TR A S I SR A VL L B, M PN DR 7 Ay 3L
N5 PR AE KO B TIE Ak . s AR T
()5 A5 VR 4l PR 1 A T e R Ak 3R i T 1 4k
N7, [R) B b e D g Ao e AR B £ 5,
P2 AT DA BUE R SRR AN R 3l ) . SEBiX
— BRI OCERTE T4 7 1 10 5 LA AR i S i A
TN —RE, fFEIERT, BANRENE
JR 2SR R ) H ARG B 1 2 A8 Ry X )
AALTEAS, M IR S A T A A B
HEsh & R RGE Y g B R T e
TEESSEAEMIE, il F kPRI AR Fdh
A IE T A WG AA NADH (i ki B
VI KT 89 )5 4 NADH J#6i%4% (AadhE

&: 010-64807509

AldhA Afrd), NADH {5 i el B MIE T 5 R
BT NAD'fME—F AR m R, AIE TEERIR
AR TAHRUWIRS) ), RSB T ik 10 %
fil 7 i B0
2.2 BEMRMITHZ ML

RAE IR E LM F W8 Sk B Rk
20 g/L, KA R AR AR BT i 2 B
REE M I FFEEE R AER Z I 2 s R T R R
W TR R Y A0 R R A IR R AR T B R
B, B A AR T Dol R B R ik,
it 8 g/l By T AR RIS G KT B A K B i
IE TN KR 2 B0 B o i 2R = 2 g/LBA,
W25 % B P R R RS2 BB, X — 7 ) B xd
M T S ER SR . I, ST AR T
T A T 7 B 1 BB R e S T B S AU o

ol P TR AR A K 5 7 0 A 0 A LK
R A% . Ok B BIORE iR 12 0 355 o502 240 it e g g
JRALAY . BRI AT Sh i | BB N pH T ATP
WORE . BHLASA A MR . A SRR AR .
P Z g R L, A ek B Rk e
A Trge KL AR MESC B S22z P4 T, BRI R )
PR 7 Tk AR A A5 A DRI X, o IO A 3 I 34
JR T RRR IR A2 M DA B 1 e SR G . Atsumi S5 7E
ST BEMM A AEE T X 5 T s AR JCL260 i
T TNk, &3t 45 i E s s 4, AT
137 — AR 520 B 2 B R vk SA48L, HitE
8 g/l ST FEM 1 A TR M B0 I b TR AR R
5 {5100, A DR AW Fr Sl Sk e A T 5 A
X B g8 AR I (acrA . gatY . tnaA. yhbJ #I
marCRAB), H:H Yhbd B4 iE#2E T KR WAl
22 R VA 2 W fe - 6-WR IR 1) A K F- PR IR i
TN A B RE JT, TR T T R BR B SR A
WP A7 o IRWEFEAS 2 SA48L TR Mk Ry itk — 2
5 7R TR TR 52 780 9 Bt (R LA SR 4L T BEARL () F 5 %ot
%, A UTIF RPN B RS R XTI
TEE, HBrse 2 VU JOE T B 52 0 0 H A R
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B AR 52 M 0 IE T BE R SR AL T A, 45 AT
VAT 5% 3%IE T WEAAS 5 2R fAT I GRSW2-B1,
% FLFF# Lactobacillus brevis, LA 52 4%1F T
PP PR W R YPS128, LUK 32 v ik 691
S B Pseudomonas putidal®> !,

ULAh, TE AR 32 1 R F R B S I = T,
R AL B T 22 A = B g v i B3
MTF-Be, Hrp, SUERREE (Gas stripping) &8
Tz T i ) ol A A 7=, ok i Lk T
PSR R o % ad 2o ) R I v A RURSE
P PRS2 e v B B v R S BT TR
AR B IAEE g TEAA , fo  E  B) ve RE E F
TEATG R BRI BEAKCE, T SRR Ae e
MR . RAZITE, TR R B iR
e 7 U 22 g/L Mk B IE SR, 1A F] T 50 g/L DIk
{17 B K S BLeL

3 ARBRRKELETBHLE

B P Y A 7 3l DL R SR TE R 2R AR )
Fh JsORE, A AN E . R PREE AR H 450
2, PLTE A MNZ ™ bl S 2 5 W0 o il
FEEAT B IEL™ i B 2R i A sz BT A . A
Pl BRI A R Z 5, TR A 2R IE )
1 8L AP A Sy e 7 i B B R T 2% U )
FMRL Hop, REA4ER . BFHEMAR. CO,
5 CL LSRRI B T Tz ki, LU
FEm U R AR ™ H

31 ETAKRAH#RMSREZES

AT 2T 4 3R 0 HUBR A R KA A A R
W, T RCYAEA AT R S AL PR, A
KR EAYRRIR 2 . AT RS
NARRBIES, SO T FORSETER 2K ORI T
T AUEYR

AR JFET AE AT 0 e e SO A L S50 Gk
W) AV A BRI, G Sl Bt
LA il it 7 1048 7 4 38 050G 20 Ak g B A 0l

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

P ERE . Iz R T EME . AR . ORML,
PRI 0 U R R B S BRI E R, R
il TR @R Tk bl fe . #HEHZ T, #
A EA 21 4k R A RE 7 0 v B AR 7 B AR AT S8
R KRS Y6 S, bR T AR
TR, R EN R TR, XSGR
WA T8 R (Consolidated bioprocessing,
CBP) I3 ik P Fh SR m S e —J2 ) (A
RIS GER R RGE, WIEARE . BEK
B RS A S LT e MAPT % R G
(DRERT e NN B &1 v Y 2 T et e < 3 G B U
% A B E 45 R 3 (Dockerin) 1KY B 25 4 sk
(Cohesin) d1%h 2R Gk, FFid 22003 I
LR B BRI A & T e R E Gk 1.
HHET, ok B fRL 4 =20 W\ 4 4t/ MR T 8Os 51
AT TR 1 Clostridium acetobutylicum®® | i
TR 00 R AR WA P bR, NIF R A 4%
EEALRE T Y R R A P A B ) B T AR

H T, £F 4k R B s 12 i B Al e A1 b Tk
WYBE, TR R LT 4 K A RE ) AR TR
AR TV AU IERE | K 2T G 28 SR R A 1R R e s
H e AR R AR SRS B 7 A . 2011 A
Higashide 455 T B G BURRE 5| A MR LF 4E 12
B Clostridium cellulolyticum, B RIER] T £F4E %
BN S TEM A%, ST 660 mg/L 19
FEA KR JRSERESOR IE T B CoA R &
B AR A B A 2 4R 2K A% #E 1 1Y Clostridium
cellulovorans, i {3 b VA 5 BRVE s,
BIE TR RHRTHE 3.47 g/L, L 7 Eas
R T
32 ETEAREMNSREELE

TEAEY BORS et B v, HiAams . vEky . £h4E
R EWIKA G VB W Ay B bR, T
Jerofek v At X LA F) P F) Al T L R 4 3 TR A B A7
TRBEFR T, [RE, AR B B TAE
PP AR RS A R S AR W BT R IE S D,
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HA BRI R IR FEA R —, WO
B REL AR, ARDRDE A FER R A FR
A B e K A 2 1 A 0 M LA S B e RS D L )
TEFAA, A T ER SRR . A, RN
—RERSI, EARPHEEER — S
Fral AT AR A T T B, S EORER R P
CENPREE 2, IR 1K B IR A A A0
S — R PRIE [R  1 E BT B AR W URE B
FEREE, OREFHREALTIEE R,
BE— IR T AW B R S REFE R B TS e . X
I, SEBUEFFEAB P BOUR BRE I
A ) BRI Y R Bk A

VER W R AR, BRI (FER) F
B B 2R AL T A R, [ SR R e AR
AR, 1eHie boal LR S2 3 A A
PER R RBEE T . iR X — B4R, Huo %1
TR R & Ffe@Ae, @i iEER GdhA il
GInA 5% 2y i) 2 7] A S 0oy BELIT 1 T 1A 0 9 5 2 14
PRI, BEf T AR o i =, R Jr T A
ou- i PR P 5 R BE PR B RTRE , AT i i T
a-fRR Y R, fEREA Ehrlich i&f2)5, BB
ou- A 752 B 220 0 P ) ) R AR I A AL D I, A4k
W TR R G o 3K — Ehrlich 342 1 in ARG T4 #E
T RBEERR IR A o-BRIR , AT T IO A
W -2 FE TR 5 B 28 B R 0 M V-1, K Sl S R TR )
RO 17 73 il 5 v WA T T RS o i
TR AR E W AVtA | LRI KE LeuDH
M2z Z IR AN SdaB M k— LAk T & AL
BIE o LA FEIR 0] a-FRPR VSR ALRE ST . 21k, &
FIJBE R 8 73 SR R IR T BB A X LAY C4
C5 (R, i H A R 2 B 2 R R I ] 3 i 4% 1 B9
Fead . WAl Ae b o s AU N IR (9524
FRFeAL R 2MB HifiK o-fi THR), AkCA w2 ss
G B AE . TR LRI ZE M S b R rp,
LA LA AR T LR, AT E I
MR, T 1557 [ o s B AR . Al

&: 010-64807509

M ERRG, WABEE. MOESRENESEN
JE R A A ik 4.0 o/l Y R, BUS T 56%
HOBLINERER:

FEEE R UE PR R R R R R )R
SLAGE NAZ R G AT T 584k . L2 )i
(Y o™ AT I 0 3K s 8K 15 1) SR A AL
T T A RGRRE HIETE . BXsRm R, SCT
I A R A K SR 1 e B e 71O oy
THEEARMETA SR, OB ZRGEAAR
B IR AT B 1T A B ZEFLAT IR, SEB T
W E A ROK R S A . EEk, &
J5R 1 e ) P 32 B ALY, R A R
YT AR BT Ty, ARSLER TR M
FRAEARKOT T e BRI R TRk e A
Pyl i AR TE AR
3.3 ET ClERNMMSRERE™

C1 J5Rb248 HA — Mk 169, n—
AAkBk (CO). %k (COz). HAE (CHy).
iz (HCOOH) % . XKAGWETE BRI PR
SAFTE, O] LUy o ) O U A L, 2
ZARKSEER, FF, 28 Cl (k&Y U
FEMRE SR, DU R 1T R AR
W B DR, SEBUR sk A

R HE K CO, B AL R o P2 A AT
TBSR B A BAr. TESHTR B, 1% P i AR
TOLEE H IR s g, Hidh BBk Synechococcus
elongatus PCC 7942 2 % FH (1) IS £ 18 320 %
¥R i@ i K /R SC 1 B (Calvin-Benson-Bassham
cycle, CBB cycle) ¥ CO, [l Ky 3-Bma H s,
PR T R A L AL S b A T DI R 2
kM2 53— R0 WE Sl 5 AR T R
A A AR T RN [ R OCEE 1,5- B R A M AR
RGPS DUEL, RERBEGEATE A AL T 450 mg/L
195 T @I RLAE TR CoA MRV & HUA
I TR Ak, MR G R T 14.5 mg/L Y
ETEC SR, LIS 40 8 B4 T s e i
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B P TN LA R I AR : 1) a4 Ak B 4 Y
R, AR BURAIE T RS R A A
2) K AN A B AL A T A IR, HELUX B RS
VRIS MG ; 3) CBB JEMMAERE S, WBECRILT,
BRI T R G PR T . AR A
5 0 R SRS SR R T 3 o R TR R
1% KRB I UM . FFRBR AR R TS, &
PP 55 0 L N 7 5 AR A A v T AR 77 4
oA A o T AT S T A [ B AT B 7 T Y E 5%
o Mk W 40T S CBB AR I N TEA JE 3t T
R, HLA R AR 7 i TR ALK i S
BRI LR A e i AR K R [ A FR O s Bt
A R A R A R T BT RE

HAT, B3 CO, Ak @ ity A 377
D7 AL FARREAE, PR B e R A 5 Tl
T KB FEAER , [ H ) CO, LW LA
ML, IF BRI T R K %
D7 s COL 1 2 57 4 S 40 40 A Ak 7
Wb, BRI B R AL [ E Mol CO, Ak
HRRZIE A CLALE W, FELLIZ CL AL4 g
TR R BT T W m A L %0y 8T
TR KR R A%, KIS T COL [
B, Horhe AR s CO, 5K A FAE IR
SR AR AL N R, T RERS T 32 L A s fy Y
S SRR 0 T —— B T LR T T
(A= ARSI T CO,p MLk AR [ 5 T ek
LB BB A, 78 LA 5 A A ) 2 R
S FL B 4 N e R A AR RE T 140 mg/L 1Y
C4. C5 LR, TWiHE 11 A i ) FFY R A0 o o — %
R Bk S R IR, AT 77 R ik 1.4 o/l B
IR AR B RERT KT KT K
B il 46 T P2 R RS AL LR R, BETTTK 3 CO, Y [
SE LN SR e LU R 1 K 4R R TR T
K F AR h R Ky B T BRI I TER | 1
R X — B R T 205 S e,
SEPLT [ R P AR R I — R T

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

4 BREETEKN TS

o TR AR P 38 S kAR T X 5% 722 P ) A )
i, P i A AR R I DG B
53T HAMEE Y A B3R 1L 5 )7 i M
b, UEAERDGE 0 A WAL R BORTE AL . B2
i e R B BRI, SN T 2R T
ey R A 2 R AR OV P bR A T . 1%
3G IE KRR A 0 S R SR R S B
AR, o i 5 S TR R S LS A H bR
Yy, AR RS SOC PR RS B o X — TR PR
FEEE 5 BB Y 2 IEADE, YR
Ui 3% B o 6 B VAR 5 SE DR sl pe ptk SE DR, BT s
o 25 A5 5 1 oA A AR 1 AR K OKOF S  H
7R

5% iU B J 1 Pseudomonas butanovora 15 #
—ERH RN ER R RS, KRG
K+ BmoR F1 bmo JHZ¥ (Pomo) 41k, FHorp
BmoR HAT 5 o™ AU S IR AL A 454, 453
TR FACH A . ATP Bk, DL C i i “i8ie -5
-2 E"DNA 25558, P4 BmoR Al LA%S &
C2-C8 Y HEMF . 7SI Sl ok W, JETIHS
Pomo Ji 31 T WKl (Y JE R % ST 3% R 45 2 W
FHF R AR 7 AR I EE$E (Selection) 5 i
(Screening). 7TEIEFER G, VIR R P EEA tetA
PE T Pomo FIlE, HA YRR R H b5 PEE T
A fig 5 & BmoR M EIE IRE, M7 2k TetA
DAHRAE DY AR B, (AR A K i G i A
ISl e R, MiEARIC BB N POt
BRI, BRSO BEAE Sy v G 7
AR AR, ok R G O B T4 Bk 1 2
DRI 2R 35 5 32 1) A0 A IG5 TR AR Y 0 26, 49 3 45 381
TOUE T R TR 7 R R

o AR AR 7 TR R O R 0 DG B FR AR, AR
ST HFERY BMOR-Pomo 1R R EFAL AR 58 KRB 1
0-40 mmol/L (0-3.0 g/L) f¥iE T ek s T el 7¢
WM A F] 40 mmol/L BRiEE AN, JCHAT
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FE R DR ) 0] o A O K R g g 7 5
Yu SR FHBELIS A | S5 AL 1 o3 X e H AR
WY BmoR 4 3 NEMIZES AL, TR RS
Hofih EAE T AL NG C oS D RE A 41
RAL, BTk R G S T B A AR BREE T
% 100 mmol/L, SEBLT X} 7.4 g/L LA b= sk
5 T W B AR G 0 e Y, ERE i R
T2 AR AT DA AR B Sk PR 5% i) 7 JES 420 1 285 D
UF FN&E G 3h F12F 4R, S B350 15 0 107 3 R 1 80
P o S EEnl £ % BmoR (BN X 5 E AT 0, A4
AR S A () 2 o B 1 B P O B AR R

5 BAEE I L HIR

SEREE BT IEAL T TR B, LU
TEERB, SETSE T BRI E 20 10/2980G,
H LA 6.4%0 5 A AR I K R g K U2 1E T
(T S HUASE B & ik 8] 50 {23500, B A K&
K F) 5.9%73 JLTHTR IS GRS R AL 25
HAR, DUREEEA =AY TR A S8 T R
WAk SEEM Gevo 72wl Ik il 55 4 i R A S
TEPERIG T B RE 7 CBERE T, K I S
Bk g 0, PN I R IR SRS N T AFT
AR T G A AR T T R K T T,
P TR S TR AR P ERE, SEIL T R R 90%
S R = ol Ak A 77 L %\l F 2012 4F
AL TR B A A I S TR A T
B, A7 BERT ik 6800 F Tt HHAT S T REA LR R
LHIUCy Butamax A EIL T 2013 4R 8 TR T
WA F=T B e, JFF 2015 4F5 Gevo kAL T
L FIAE XVF AT EIMAL, R E Sh A S 5 T R Tolk
FEUERR . ek, AR Rtk T A 3k
R EE A, 2 Easel Biotechnologies
ANFITFRE T WA HAR, @il mRmEn
B BORRBEAL T AR R B, KR &
T A AT R AR A DL R T B Al S0 B 9K 3
31771 Butalco 28 R8s T BB 10 TR B RO D S5
Tt 13- P i A I8 S ) A R - O ik, S0

&: 010-64807509

TR TR T,
6 REHRE

AR TR AT A e e it 9 A 7y XA 2
30 AE KA TARAE AR, DI S G O AR
B R P A P AR T R TSR S R AR
i FEMAA R, CHAERAR . B
BT, 0 Tl Al A 1 ol DA K SRR B A
o OB, TR A BROR R R ol BB AR B AL T
T A 4ERIR T Y R AR 858 A A
W s, )92 A IR P R AR Y
Pl B AR R R O REIR, R S
TR Bk, RIS R T
P HRACR R TR | A R 25 A0 R 45 A
e JURHR IR 5 SOR AR Y EE ), AR Y
JEURHAR BRI A I T 250 L ) e B R R T 5
moo BEEM TR, SEYY . RELEYY.
NTHEBEFRAR LD, mREER LY & R
KB — R B S 57 T, 42 X — U
el 10T T Bl T B BE U M TR AR 2 AT Rk
KIEAAERE L.
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