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Research Progress on Biosynthesis of Long Chain Fuel Alcohol

XU Jing-liang, CHEN Xiao-yan, XIAO Shi-yuan, YUAN Zhen-hong

(Key Laboratory of Renewable Energy ; Guangdong Key Laboratory of New and Renewable Energy Research and
Development ; Guangzhou Institute of Energy Conversion,Chinese Academy of Sciences, Guangzhou 510640, China)

Abstract: This paper briefly introduced the excellent properties of long chain alcohols as liquid fuels and reviewed the three main
biosynthesis pathways of long chain alcohols, i. e. , Ehrlich pathway, non-fermentation pathway and photosynthetic pathway. The
methods of improving the yield of long chain alcchol were summarized, such as choice of host strains, screening and breeding of
tolerant strains, reconstruction of metabolic pathway, and optimization of long chain alcohol production process. And the future
development direction of long chain alcohol was also suggested.
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FIBE | C BRI B2 B AR R 1B T MR LA SR G R SRR B AR R R R — 2
Bl L ANBVEBAR , B B VER BRI BB Y 172, ZREPVE U TR 62% ; SR ZEIR AR B3 14
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Table 1 Comparison of physicochemical characteristics of different alcohols

B OKEH AT WY BE B PR/C ppg  FEE
e (20 °C)/ (mg-L-') boiling (kJ-kg™') (20°C)/  (kI-kg~')  flashpoint  oorane o
item (kg'L~')  solubility point  vaporization (mPa-s) combustion ———————————— number octanot
. s . o o water partition
density heat viscosity enthalpy ron .
open  closed coefficient
H % methanol 0.79 il 64.51 1088 0.59 2.27 x10* 16 12 113 0.24
soluble
Z. %% ethanol 0.79 dil 78.32 854 1.17 2.97 x10* 16 14 114 0.74
soluble
1EPJ 8% n-propanol 0.80 2.2x10° 97.2 695 2.26 3.37 x 10* 22 16 112 3.31
58 isopropanol 0.79 sfuﬁe 82.4 662 2.43 3.3 x10* 11.7 13 107 <0.28
T ¥2 butanol 0.81 7.9x10*  117.7 582 2.95 3.61 x10* 40 35 96 0.88
T #% iso-butanol 0.80 9.3 x10* 107.9 574 4.0 3.6 x10* 27.5 8.51
IE /B 0.81 2.3x10* 137.5 505 3.31(25 C) 3.77 x10* 51 1.16
1-amy! alcohol
3REL-TE 0.81  1.9x10* 130.8 486 4.2 3.77x10* 52 33.11
3-methyl-1-butanol
2-HE1-TE 0.82  2.8x10* 128 472 5.09 3.77x10* 46 23.4
2-methyl-1-butanol
#5i gasoline 0.72~0.78 . AE 40 ~210 310~340 0.28 ~0.59 4.6 x10* -20 ~-50 91~99 2-~7
insoluble
L5 diesel 0.82~0.86 . G 180 ~370 250 ~300 3.0~8.0 3.3 x10* 78 55 15~25 3.3~7.06
insoluble
AT 0.74 1.8 x10* 55.3 337 0.36 3.82 x10* -28 116 34.67

methyl tert-butyl ether
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2.1 Ehrlich @R &R K&

B KSEREN A Y-S BGE ER U EBRET BB =0 2288 B, R P E B RS
# Ehrlich R R EB WS SRR SBEOERT mmR, KX ERS R EE B
B BT RNE RRE. CEAERSL" ) 1904 4, Ehldich 78 LB 352 BRI 5N B T4 H
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Uk, R B REEE A AR PRI AR R R AR Y B RS B m = 8 , R Ze i A
FEARER A FEE® . HP 20 42 50 ~ 60 4£4L, Sentheshanmuganathan B YK 3E B Ehrlich %42 X 8
B R DR AR 3 MBS 58 . R, Dickinson ]V C FRER AR HE
B AR ER FRNAR . CERMEEARS N AR, IE IR B R E A TRET B EER
RN B K EE B, FR KB AERIEANBEHAO=ENFRA TEERN N H
Rt

SRR Ehrlich 720875 4 ZLEh 45T 100 ZEHE R, U552 B AT A AERB 1Tk 2 BUK 4%
BERYEE Y . MR BAAAN, B (KRR WA SRR R XA EABNYEAT,
EERAEN o- TR, o TRAERREAMIERT AN o T, o TR BT R~ A KER, Fit, o
R T LA A BUAR R A AR . B & B 270 R 45 P Z [R1 6 LA, XVl 6 MUBR B TR R, iE B¢
B, ZBRILE , 2T A AT ERKRNBR LAY MOBEES —EMEFER, AW, SELENES
TR, SIRAGKRE MR,

2.2 FEBREENKHEE

HE-HRAMEYREBEHEEHEERESKEEENIGE, AN EaE AR EE
RSk =z e 1-TE" , EEMM A2 Liao MBFIT A 2008 4E4E( Nature) b B YIRS T381T
ERBERB B RN k. M HEER SR IERIFAY o- R A IRY) , 7E o- B BRI R
B S B ER T A I L ESE |- TR A E R b SR T B 3-F 25-1-T B0 2-F 5E-1-
TESEYKERE" , ZPRBIEIRERENE, A HZERERNOLRTEY o5 C YK
Y, a-RIAEERBREEEN levd | o-RREERMRRWEE S EKER leuC, leuD FIRHEERR
SR leuB S ROBIAR T B BREEIE K, AU TH 6 ~8 MRIET R KEER . HBs
B A A T E AR EER S AR SE  HEER A BERS o TR AR AR F R EAH
LEARAET KR,

TEW A P 5 A — S0 SR B B9 AAGRAR P RE S0 ALTE AL AR ZE AL, PR R B
£FRMMMBHR N . AT RE BARRRNT R, B A YRR E R HER AR E
MREEEMRMEBUR R HITHE , KIS E Z B2, 7T LIS X A YR N R A & AR 2 s .
X —BIHE R B AR T EE N A Y K BB A B BT RE T — BT IR R 7 .

W Liso B9IRAE,C, U EKREEMAAE SR T2H M T RZLH  NRRE L- R 2R L-
HERE NI FFRN CBIL RS . OB R BN R BUKEIER T A o-B-p-F 2 IR
a-fR 5 B , o-B-B-H BRI AR BB FIBE I SRR E T il & BUE 2-F B-1-T R, o-BiR R 5K
HNERRR I CBEAES A £ o- RN EERBAER leud o-FRELRBR B HEE SRR leuC,leud
MB RN RIN S B R leuB FERSVER T AR o- AR OB, /5 & A 1E o- BRI AR BE B S B
YPEAER T AR 3-FE-1-TE(EERE 1), R, o-F5R S BRAERE leud leuB leuC R leuD FIHHK
VAT, UL A B 2 < A BRUAH I Y TR R, oo~ B2 40K T 7 38 5 T8 R 8 S5 B P P L °F T -3 LA X
JIH) Co ~Cy RIKER ., AR, CAXRBXMMEMBETHHELRER G R KHE
@%[1749} )

2.3 REBEEMIKHEE

CO, Ve —Fh EEMIBZE SR, HA Y B € H AL 0 8B IR ™ & 84k T & R IE R BT 5 A
Je B AP R R SCIEER ( Calvin cycle) , 42 CO, I EE ([EE CO, ML R CO, ZEMBAELR
A A H IES-3-BERR , T AR 3 -BRATE N BRI S — R MM E TR T AR RR ™, W
MR L 13 — RPN L, S A KEFBE A L R M ST B R 35, BE v LUFI FIOL & BB 12 & B
B e b A A PRI R R SUER R S RMIEI LB A R HERRRENE
[E R A2 A, 58 20T LIS th IR ER S A T R 4R A 7= 6 UK B 3K
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BT, 05 & 2 BT ] B 28 3R 27 48 B ( Rhodobacter sphaeroides ) 1 & & 4T 41l B ( Rhodobacter
capsulatus) , %54k CO, GAIE | <Ry T Ut Deng 2 (0] ) P BRER T 4 7 ( Synechococcus elongatus)
PCC 7942 Jfa 08, 5ekERiE T 3k B iz h A B S0 B 1 %) 79 TR BR 58 3R B 2 (R pde 1 2 T8 i & g 2t 1R

kdh , BRI MEEE TR CO, KM LEEMHRES o
L3RR
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2-F TR 7. B I‘ﬁ;ﬂ@ 0 2.7 ethﬁil
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@
@ [ RIS ZBEHRAEA
1-REE “” acetolactate synthase acetyl-CoA
1-propanol (BN) -2 B a-RANEERBRET
. a.%ﬁlf;l ajégg‘s@ t a-acetolactate a-isopropylmalate synthase (leud)
aceto-a-hydroxy butyrate
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i B B
(C)

- A TS o p BRI
a, B-dihydroxy-g-methylvalerat a,B-dihydoxyisovaleratet B-RREERR
B-isopropylmalate
__________ = — SRR A
dlhydroxya(?;d l;i)ehydratase isopropylmalate dehydrogenase(leuB)
ilv
a-BiEE-p- R T BR a-BEE R IR
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o/ e wEm O\ @% CoCREts
@ @ aminotransferase ® ® @ C¢~Cy alcohols
. s “a
2HENTH LSRR L4 prE CRELIE O LREER
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— JEYIFLIR1Z pathway of substrate conversion; @ BHIKTEFE blocked pathway; —e 7 H MG IR expected pathway;
------ » X542 branched metabolic pathway; - A]#tF) FIBIEH carbon
@: o-BAERRLIEEE a-keto acid decarboxylase; @: MERiE(E§ alcohol dehydrogenase

1 EBEEEHIKER
Fig.1 Biosynthesis of long chain alchol through non-fermentation pathway

Atsumi & FIFH S. elongatus PCC 7942 78 T8, @it se ek ok H PLIREERR B h (0 R R J 72
FEEEDE kivd ZEAIFTEE P ) S BEFLAR & BB olsS, LIR R B RIGFF B 1 ZBEFLRR AR A BEE R iloC FI
FMBUKBEREN oD %, HIXERBEENR CO, SRR TEMRTE, R THEAEEESES d
REFRT5 T BERTE S, BOR 7= # Al 3k 6 230 pg/(L-h) ,i® T HATE £MRER ™ 2B SRR
RIS AR A TR . TR BN 7R 8 E R P B RIAKEIE-1,5- MR LM N, A 3R
B T S. elongatusPCC 7942 FIF CO, & 57 TEMR TBEMEES . HRGRRY FALSHEDRR
HE A BB T, 456 KEEBE G AR B &8 R AR KERA & AR,

3 RERKEETERITE
3.1 BEMLE
R KRB E R, AT R TRNA S BRFFATRE. BiT, 7 TRSEy KR

HFEFTRANE LR EEA RBITE A ERBITES AR ES™ . M
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WK TS e B ERRAD, R BEER T SEREMECN 1% R TR, #4518
KA B AR S A O RESR , BELLE MR R R 438 , I A T B A R O B2

BEMETE AR FRA AR ES/ERN BT Tk A= PR ERAER, B8 28R
HFFMBREMEZR™ . FERBEITESEARENMREE MEEFEH NI ERESSHS
T8, AR T HAREENDS TR, B RRH 4 M EE A B &M, N AT LUN 2 E SR EN R T S
KEm™ Wi, HEEEREH, LS G ETE R B AT R E R REXTE
% WASEERAEIERSMCEIAER, TUAMHENERN o B & BRI RAE KRR,
BT, ERAMEF RS ERBTENE FE, WRR T EER (o-BER) ER TR 7 E R REIA
FEBCRE S L, EREAE A BT B A B R AT B 20 R B R (o- TR ) & LB S K %
B ZEE S, B EABBRAT BREAS S FRETFR, ZEWT LU HEAKERS RN R ™8 £
[ 8
3.2 KEERWSEKES

PR AN, (8RB P KERN S BREERER DR R E , R s#
MR R R E, TR A S W R KRB T 2, BB KSR RS, Bl
ZHERIRNN, ZEFETFRAENIMAEASEANRESE EARNBENHZ R IHEX, KiE
BERA T 32 A Ak P BRI T, T B B B A A RAA R A S B R R BB,

BRI TR R 2 AR TR H AL, B OUR T T ZE A% HE . Borden %2 R
TEEM T ( Clostridium acetobutylicum ) ATCC 824 FEFSCFEA BB T 32 T BEEEA , X LB R T4 %A
WHET, XX R E, EEE T2 ERT 81% ™, Chen & A A WA HAHE Y
5K I R TERTEFRRE (C. bejerinckii ) BAIOL, X AL B Mk LA 8% W B BHE N R Y), vl 7= 4=
20.9 ¢/L W TE%,

3.3 KEEE & A BHE B RIE

KEEOAEY S RIIBRZLH Ehlich &4, CELHIELBERNIIEERR, HRXEHLEL
- TR R AT SR, Kb, LA TRE o« R =8NS, B EN TFRARSKEEN &
HEFREW, BRihEEZNMREN, E3HE N o BRA O BER, BB E RS KERY
FERRE BT,

Atsumi 2 ZE K IGFF R ot R A B R ilol iloH iC R D, LIBLS: o-BRRIRIOE S A .
GERE Ei B RIEEE ikl ibH ibC F D, TERE S BEEHEL, S TEZRAES S %,
23 mmol/L, #E[E Ulm K22 Krause Z 3@ 13 BB TR N S B8 5 2R3 Elp RIS EE acek FEE
i B K iE IR . BRELERREER pgo, T B R IE B (ilN ilvC F ilvD BB , o-F6 7 BRI
BARIA(0.3£0.03) g/g( EHBERED) i HBEIH P HRB IERES BAERNR T
',

3.4 KENFEBIEZARL

X FZEW 5, e YK SRR T 32 o e O B 25, 0 bR b Xt T B2 LU UR%, T T B
SHCRE AN 2% ., MEFR ERER TSR BN R B UGN 17 ~21 o/L, X WRERT B
SR ERTBEERENFERED?, BHit, TR KRB, B K SR 41 A
. ERRKENTRIOXE, _

BBESMAE N —FEORRE BRI AB R B R, B R E B A MR F SRS,
FEM TS AL R BE AR Y R N B8 05 T HA R R RS R R & BRI TR TR XE, BRBAE™S
BESHSEERBES , H KA A REBEA =R R PRE, BT AR ™26 RS MG ERA, X aER
BRI E , BT R YIRE B T H MBI AT o oAb, B 1k 40 M SR 5 7 25048 8 40 %
PR RRIEL, AT LUK AT B R R B, R R BB E . Ei, A EE AR AR T
KEBA AT S FREME D KSR 2, TR KSR R NER KERN TR R
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FEAYKERIT LT, ET BN RBEFERERA —2NEM ., By A4 S5 M
EYRR T R TR M BERBISET E R LR TR KRB AR 2 K E &
H M ZHRRREE A RA A SESRBT R R, 253 ZF BT, 78R BE B A 43
B RELZRAURTRAETRERET ARG T —E0HERE, B0 ETBRRBEEAR T ZA TR
K. RMBRT 5 TES, AR ERA BT BN 2-FR-1-THRERERNEY &
BARFTELEHERY K. ETFREREBEREME, URKERME BR8N, REB
B KRR P M E S BT R R B L RS T EA AR R S

RELFEREYRER BRF P —RREFTH B RFIR, BRI A TR B 5 0 B B R
AT, B BT B4R 55 R A0 R O L SR ACIB R PR BRI bR, T 2 &7 2 FOK 7™ A B KB 45 Tt vl a8
HEYRT R 5%~20% , X #5r WIRAE T A MO R E AR RET R AW RAEYHFRH R T RAET
PR, Bk, ERKERASRTEENEIETD, & RARE ST AR EIBRE AR
B, X TR A BT 4 OB SRR S B R A - R T E R E L

30wk

(1]1RHBE. EVRERFFIRLRIM]. 65T /b2 Tolk H R4, 2015.1-21.
YUAN Zhen-hong. Technology on Biomass Energy Utilization with High Efficiency [ M]. Beijing; Chemical Industry Press,2015:1-21.
[2]R%EFR. AT EARRFRMBEEY RN M]. JL5 Fh2E g R4t , 2009 :302-327.
SONG An-dong. Renewable Energy Conversion with Microbial Methods [ M ]. Beijing: China Science Publishing & Media Ltd. , 2009
302-327.
(31X, B8, kE %, % FRAYRE . TRWBTSREER1T]. |A4LT,2008,28(6) :28-31,33.
LIU Ya,LIU Hong-juan, ZHANG Jian-an, et al. Research progress in new biofuel butanol[ J]. Modern Chemical Industry,2008,28(6) :
28-31,33.
[41AXE. PEUTBLRRRBREBFAAS- LY HESR(M]. Jt5. PE B¢ Rit,2008:187-192.
SHI Yuan-chun. Chinese Renewable Energy Development Strategy Studies Series-Biomass Energy Volume [ M]. Beijing: China Electric Power
Press 2008 :187-192.
(51 EMFEEHEASHA[M]. b5 Bl iRt ,2010.1-8.
QIAN Bo-zhang. Biomass Energy Technology and Application [ M]. Beijing: China Science Publishing & Media Ltd. ,2010:1-8.
(6] HALE, ¥/ #E, BR/ANIE, 5. RIXMAEY S BB RRLT]. PEAYTEMRE,2014,34(12) :112-117.
XIAO Shi-yuan,XU Jing-liang, CHEN Xiao-yan, et al. Reserch progress on isoamy! alcohol biosynthesis[ J]. China Biotechnology,2014,34
(12) ;112-117.
[7]JATSUMI S,LIAO J C. Metabolic engineering for advanced biofuels production from Escherichia coli[ ]J]. Current Opinion in Biotechnology,
2008,19(5) :414-419.
[8]ZHANG Ke-chun,SAWAYA M R,EISENBERG D S, et al. Expanding metabolism for biosynthesis of non-natural alcohols[ J]. Proceedings of
the National Academy of Sciences of the United States of America,2008,105(52) :20653-20658.
[9] L EATREAHBRAT. L2 $1E%E(DB/OL]. [2015-08-01]. http://www. basechem. org/.
Shanghai Wujing Chemical Technology Co. , Ltd. Chemical Database[ DB/OL]. [ 2005-08-01]. http ;//www. basechem. org/.
[10]ZRgEAk. M FMIM]. 3 AR JLRT AL Tolk Hi AR, 2002.
CHENG Neng-lin. Solvent Handbook [ M].3rd ed. Beijing:Chemical Industry Press,2002.
[11]HAZELWOOD L A,DARAN J M, VAN MARIS A ] A, et al. The Ehrlich pathway for fusel alcohol production; A century of research on
Saccharomyces cerevisiae metabolism{ J]. Applied and Environmental Microbiology,2008,74(8) :2259-2266.
[12] SENTHESHANMUGANATHAN S. The mechanism of formation of higher alcohols from amino acids by Saccharomyces cerevisiae [ J].
Biochemical Journal,1960,74(3) :568-576.
[13 ]DICKINSON J R, SALGADO L E, HEWLINS M J. The catabolism of amino acids to long chain and complex alcohols in Saccharomyces
cerevisiae[ ]] . Journal of Biological Chemistry,2003,278(10) :8028-8034.



146 #o= ¥ 5 T W F36 %

[ 14 PERPETE P,DUTHOIT O,DE MAEYER S, et al. Methionine catabolism in Saccharomyces cerevisiae[ J]. FEMS Yeast Research,2006,6(1) .
48-56. '

[15JATSUMI S,CANN A F,CONNOR M R, et al. Metabolic engineering of Escherichia coli for 1-butanol production[ J]. Metabolic Engineering,
2008,10(6) :305-311.

[16]CONNOR M R,LIAO J C. Microbial production of advanced transportation fuels in non-natural hosts{ J]. Current Opinion in Biotechnology,
2009,20(3) ;:307-315.

[17) 2% RIRBA Y M]. JL37 AL Tl Hihi4t ,2012:177-178.
YUAN Zhen-hong. Energy Microbiology [ M]. Beijing: Chemical Industry Press,2012:177-178.

[ 18] ATSUMI S,HIGASHIDE W,LIAO ] C. Direct photosynthetic recycling of carbon dioxide to isobutyraldehyde[ J ]. Nature Biotechnology,2009,
27(12) ;:1177-1180.

[19]WAHLUND T M,CONWAY T,TABITA F R. Bioconversion of CO, to ethanol and other compounds([ J]. American Chemical Society , Division
of Fuel Chemistry,1996,41(4) :1403-1406.

[20]DENG M D,COLEMAN ] R. Ethanol synthesis by genetic engineering in cyanobacteria[ J]. Applied and Environmental Microbiology,1999,
65(2) :523-528.

[21]BRYNILDSEN M P,LIAO J C. An integrated network approach identifies the isobutanol response network of Escherichia coli[ J]. Molecular
Systems Biology,2009,5(1) :1-13.

[221SMITH K M, CHO K M, LIAO ] C. Engineering Corynebacterium glutamicum for isobutanol production [ J]. Applied Microbiology and
Biotechnology,2010,87(3) :1045-1055.

(231401 FRBAY SR THREWENR(D]. M. FERSG MEEEHR L 2A0163C,2014.
YANG Liu. Studies on Genetic Microorganism Construction of Isoamyl Alcohol Biosynthesis[ D]. Guangzhou; Master Degree Thesis of
Guangzhou Institute of Energy Conversion, CAS.

[24 ] KALINOWSKI J,BATHE B,BARTELS D, et al. The complete Corynebacterium glutamicum ATCC 13032 genome sequence and its impact on
the production of L-aspartate-derived amino acids and vitamins[ J]. Journal of Biotechnology,2003,104(1/2/3) :5-25.

(251 E &7, 0%, 234, % AEOF VRN ZIEI[T]. 9 TR%MR,2009,25(5) :641-649.
WANG Xin-xin, WANG Shao-hua, LI Wei, et al. Tolerant mechanisms of bacteria to organic solvents[ J]. Chinese Journal of Biotechnology,
2009,25(5) :641-649.

[26)3kE7C, EHFH.HR. % AERBEHENEEMEXARNAFE IREERAERERSE™ LHEEM[]]. REBRT X¥%EH,
2004,23(3) :105-110.
ZHANG Xing-yuan, LI Xiu-min, YANG Yi, et al. The occurrence and functions of amino acid transport proteins in corynebacterium
glutamicum{ J]. Journal of Wuxi University of Light Industry,2004,23(3) :105-110.

[27] LEUCHTENBERGER W, HUTHMACHER K, DRAUZ K. Biotechnological production of amino acids and derivatives; Current status and
prospects| J]. Applied Microbiology and Biotechnology,2005,69(1) .1-8.

[28 ] WITTMANN C. Analysis and engineering of metabolic pathway fluxes in Corynebacterium glutamicum [ J]. Advances in Biochemical
Engineering/Biotechnology ,2010,120:21-49.

[29]LIU Si-ging, QURESHI N. How microbes tolerate ethanol and butanol{ J]. New Biotechnology,2009,26(3/4) :117-121.

[30]JIA Kai-zhi, ZHANG Yan-ping, LI Yin. Systematic engineering of microorganisms to improve alcohol tolerance [ J]. Engineering in Life
Sciences,2010,10(5) :422-429.

[31 1BORDEN J R, PAPOUTSAKIS E T. Dynamics of genomic-library enrichment and identification of solvent tolerance genes for Clostridium
acetobutylicum[ J]. Applied and Environmental Microbiology,2007,73(9) : 3061-3068.

(32148, X0 1158 , 4 B,%. WETEREBENS FBEBCET]. FEAYIERE, 2009,29(10) :109-114.
YANG Ming, LIU Li-giang,NIU Kun,et al. Genetic features and modification of clostridium acetobutylicum and clostridium beijerinckii for
acetone butanol and ethanol fermentation[ J]. China Biotechnology,2009,29(10) :109-114.

[33]CHEN C K,BLASCHEK H P. Acetate enhances solvent production and prevents degeneration in Clostridium beijerinckii BA101[ J]. Applied
Microbiology and Biotechnology,1999,52(2) :170-173.

[34]KRAUSE F S,BLOMBACH B,EIKMANNS B J. Metabolic engineering of Corynebacterium glutamicum for 2-ketoisovalerate production[J].
Applied and Environmental Microbiology,2010,76(24) :8053-8061.

[35]VANE L M. A review of pervaporation for product recovery from biomass fermentation processes[ J]. Journal of Chemical Technology and
Biotechnology ,2005 ,80(6) :603-629.

[36 JLIENHARDT J,SCHRIPSEMA J, QURESHI N, et al. Butanol production by Clostridium befjerinckii BA101 in an immobilized cell biofilm
reactor] J]. Applied Biochemistry and Biotechnology,2002,98 (1) :591-598.



