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Abstract: Higher alcohols refer to alcohols containing three or more carbon atoms and represent an important class
of chemicals widely used in various industries, such as fuels, solvents, coatings, and specialty chemicals. Traditionally,
the production of these higher alcohols has depended heavily on petrochemical processes, which not only rely on non-
renewable resources but also contribute significantly to environmental pollution. The finite nature of fossil fuels and

the associated environmental concerns have prompted researchers to explore alternative, sustainable production
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methods. Consequently, the development of sustainable bio-based higher alcohol production technologies has emerged
as a critical research focus. Recent advances in metabolic engineering and synthetic biology have paved the way for
developing engineered microbial strains capable of producing higher alcohols through biological fermentation. By
optimizing metabolic pathways, these engineered strains can channel more carbon flux toward the desired alcohol
products. In addition, enhancing the tolerance of these strains to high concentrations of the produced alcohols and
improving their overall biosynthetic capabilities are key strategies that have been successfully implemented. Such
innovations have enabled the production of higher alcohols from renewable feedstocks in a more environmentally
friendly and cost-effective manner. Renewable raw materials, such as lignocellulose, waste proteins, waste lipids, and
carbon dioxide, provide diverse possibilities for the environmentally friendly and sustainable synthesis of higher
alcohols. Lignocellulosic biomass, for instance, is abundant and renewable, making it an attractive alternative to
conventional sugars. Waste proteins and lipids, often derived from industrial by-products, provide additional

inexpensive substrates that not only help in waste valorization but also reduce the overall production cost. Carbon
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dioxide, as an abundant greenhouse gas, can be captured and converted into valuable higher alcohols, contributing to
carbon sequestration and climate change mitigation. Despite these promising prospects, several challenges remain to be
addressed. Issues such as low substrate conversion efficiency, the formation of inhibitory byproducts during fermentation,
and high costs associated with downstream separation and purification continue to hinder commercial viability. This
review provides a comprehensive overview of the current market size, major applications, and economic value of higher
alcohols, with particular emphasis on the market performance of isobutanol, 1, 3-butanediol, and 2, 3-butanediol. In
addition, the review explores the biosynthetic pathways utilized for higher alcohol production, including the acetyl-CoA-
dependent pathway, the branched-chain amino acid synthesis pathway, and the fatty acid chain elongation pathway. It also
summarizes key metabolic engineering strategies, such as cofactor balancing, competitive pathway elimination, enzyme
optimization, and high-yield strain selection. Moreover, the utilization of extremophiles as chassis cells, in combination
with next-generation industrial biotechnology (NGIB), represents a promising new direction for sustainable production.
Looking ahead, the integration of biosensors, advanced gene editing technologies, and computer-aided metabolic

engineering is expected to further optimize microbial cell factory design, thereby enhancing the industrial production

efficiency of higher alcohols and promoting the development of renewable energy and green chemical industries.

Keywords: biofuels; higher alcohols; synthetic pathway; metabolic engineering; synthetic biology
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(CHA1—L-serine/L-threonine ammonia-lyase CHA1 gene; ILV/—threonine ammonia-lyase ILV1 gene; BATI—branched-chain-amino-acid
transaminase BAT1 gene; BAT2—branched-chain-amino-acid transaminase BAT2 gene; PDCs—pyruvate decarboxylases; THI3—branched-chain-2-
oxoacid decarboxylase THI3 gene; ADHs—alcohol dehydrogenases; SFA/—bifunctional alcohol dehydrogenase/S-(hydroxymethyl) glutathione
dehydrogenase gene; AROI0—phenylpyruvate decarboxylase ARO10 gene; ARO8—bifunctional 2-aminoadipate transaminase/aromatic-amino-acid:
2-oxoglutarate transaminase gene; AROY9—aromatic-amino-acid: 2-oxoglutarate transaminase gene; ALDs—aldehyde dehydrogenases; ILV2—

acetolactate synthase catalytic subunit gene; /LV6—acelolactate synthase regulatory subunit gene)
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Fig. 4 Synthesis of higher alcohols from glucose and acetyl-CoA
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Table 1 Advances in the microbial production of higher alcohols
) (=S HE RIS Gl s i 33D JEEH) KRBT e E/(g/L) 2R
Products Hosts Genotypes (knockout; overexpression) Substrates  Fermentation conditions Titer/(g/L) References
n-PrOH  Escherichia coli  AilvA AilvB; kivD adh2 cimA™" leuABCD Glucose Shake flask 2.78 [68]
E. coli Alacl AlysA AmetA AtdhA AiclR AilvIH Glycerol Bioreactor (Fed-batch) 10.3 [69]
AilvBNArpoS thrA<'""*" lysC'""
IPA E. coli None; lacl? thl atoDA adc adhB-593 Glucose Stirred flask 143 [70]
E. coli None; thl atoDA adc adhB-593 bgl-blc Cellobiose Shake flask 4.1 [71]
E. coli None; thl ctfAB adc adhB-593 Glucose Shake baffled flask 13.6 [72]
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Products Hosts Genotypes (knockout; overexpression) Substrates Fermentation conditions Titer/(g/L) References
Alcohol Clostridium Abuk:: ermC; adc ctfAB adhB-593 Glucose Bioreactor 35 [73]
mixture  acetobutylicum
C. acetobutylicum Abuk AC1502; adc ctfAB adhB-593 Glucose Bioreactor 20.4 [74]
n-BuOH  Synechococcus None; atoB, hbd, crt, ter, AdhE2 Co, Flask and bioreactor 0.015 [75]
elongatus
S. elongatus None; nphT7 phaB aphaJ ter bld yghD CO, Static capped flask 0.0299 [76]
Clostridium Apta Abuk; adhE"™¢ Glucose Bioreactor 130 [77]
tyrobutyricum
C. tyrobutyricum None; adhE?2 Mannitol Bioreactor; anaerobic 20.5 [78]
S. cerevisiae None; thi, hbd, crt, bed, etfAB, adhE2 Galactose Shake flask 0.002 5 [79]
Pseudomonas None; thi, hbd, crt, bed, etfAB, adhE?2 Glycerol Shake flask 0.024 [80]
putida
P. putida None; thi, hbd, crt, bed, etfAB, adhE1 Glycerol Shake flask 0.122 [80]
Lactobacillus None; thi, hbd, crt, bed, etfAB Glucose Vial 0.3 [81]
brevis
Clostridium None; thlid, hbd, crt, bed, adhE, and bdhA Syngas Shake flask 0.148 [82]
ljungdahlii
E. coli AldhA AadhE AfrdBC Apta; atoB hbd crt Glucose Bioreactor; anaerobic 30 [83]
adhE?2 fdh ter
IBOH E. coli AadhE AldhA AfrdBC Afnr Apta ApflB, Glucose Static capped flask 22 [8]
alsS ilvCD kivD adh2
E. coli None; alsS ilvCD kivD adhA Glucose Bioreactor; 56 [84]
S. elongatus None; alsS, ilvCD, kivd, yghD Co, Bottle 0.450 [85]
Corynebacterium None; ILV2, ILV3, ILV5, kivD, ADH6 Lignocellul Bottle 5.61 [86]
crenatum ose
Bacillus None; kivd, yghD Glucose Test tube 0.3 [87]
megaterium
Bacillus subtilis Aldh; ilvCD alsS kivD adh2 Glucose Bioreactor 3.83 [88]
Clostridium None; kivD yghD alsS ilvCD Cellulose Not specified 0.66 [89]
cellulolyticum
Corynebacterium  AaceE Apqo AilvE AldhA Amdh; ilvBNCD Glucose Bioreactor 13 [90]
glutamicum pntAB kivD adhA
Ralstonia AphaB2C2 AphaCIABI; Co, Bioreactor with 0.09 [91]
eutropha alsS ilvCD kivD yghD electrodes
R. eutropha AphaCAB AilvE AbkdAB AaceE; adh Fructose Shake flask 0.27 [92]
ilvBHCD kivD
S. cerevisiae Alpd; kivD ADHG6 ILV2 ILV5¢ ILV3c Glucose Shake flask 1.62 [93]
ILV2C MAE1
Zymomonas None; kdcA Pgap als ilvC ilvD Glucose Shake flask 4 [94]
mobilis
Clostridium Ahpt; kivd, alsS, ilvBN, ilvCD, ilvD Cellulose Consolidated 5.4 [95]
thermocellum bioprocessing
C. glutamicum AilvE; ilvBNC, ilvD, adhA, kivd Glucose Shake flask 20.8 [96]
2-BuOH  Lactobacillus None; pduQ, PDO-DH (NAD(P)H) meso-2,3- Bioreactor 13.4 [97]
diolivorans butanediol/
glycerol
Klebsiella AldhA; pduCDEGH? ™ " 7 adh Glucose Shake flask 1.03 [98]

pneumoniae
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Products Hosts Genotypes (knockout; overexpression) Substrates  Fermentation conditions Titer/(g/L) References
2-BuOH L. brevis None; None meso-2,3- Test tube 0.88 [99]
butanediol
Lactobacillus None; None butaNone Test tube 0.04 [99]
buchneri
S. cerevisiae None; pduCDEGH, adh meso-2,3- Shake flask 0.004 [100]
butanediol
Lactobacillus spp. None; None meso-2,3- Shake flask 0.41 [101]
butanediol
2M1B E. coli AmetA Atdh; ilvGM ilvCD ilvA kivD Glucose Shake baffled flask 1.25 [7]
adh2 thrABC
Brevibacterium None; ilvC-ilvD-alsS, kivd-ADH2 Glucose; Shake flash 19.5/17.5 [102]
flavum duckweed
C. crenatum None; Cgl1271, Cgl1273, Cgl1268, Glucose Shake flash 5.26 [103]
kivd; adh2
3MI1B E. coli None; alsS ilvCD kivD adh?2 Glucose Shake flask 9.5 [104]
leud®***” leuBCD
B. flavum None; ilvC-ilvD-alsS, kivd-ADH?2 Glucose; Shake flask 0.79/0.78 [102]
duckweed
C. crenatum None; Cgl1271, Cgl1273, Cgl1268, Glucose Shake flask 3.78 [103]
kivd; adh2
2,3-BDO Serratia swrl, swrR, slaA, slaB, slaC, slaR; swrR Glucose Shake flask 42.5 [105]
marcescens
S. marcescens AswrW;, swrW Sucrose Fed-batch 152 [106]
Z. mobilis APDC; LikivD, ARO10, THI3, ADH6, Glucose Shake flask 13.3 [107]
ADH?7, Ppllv2, Ppllv6, Ppllv5,
Ppllv3, ScATF1
E. coli None; budB, budA, budC Glucose Shake flask meso-BDO,17.7 [108]
E. coli None; alsS, alsD, bdhA from K. Glucose Shake flask (R,R)-BDO,5.8 [109]
pneumoniae
E. coli None; alsS, alsD, adh from C. beijerinckii Glucose Shake flask (R,R)-BDO,5.1 [109]
E. coli None; alsS, alsD, adh from T. brockii Glucose Shake flask (R,R)-BDO,6.1 [109]
E. coli None; budA, budB, ydjL Glucose Shake flask (S,5)-BDO,2.2 [110]
E. coli None; budA, budB, ydjL Glucose Shake flask 0.66 [111]
E. coli None; budA, budB, ydjL Glucose Bioreactor (R,R)-BDO,30.5 [112]
E. coli AldhA, ApflB, AadhE, AlpdA::K.p.Ipd Glucose Bioreactor 88 [113]
E354 K, Amdh, AarcA; gltAR164L, ilvBN,
aldB, bdhl
E. coli None; budA, budB, budC Glucose  Bioreactor High oxygen 52.1 [114]
E. coli AldhA, AadhE, Apta, AfrdA; budA, Glucose  Bioreactor Low oxygen 68.1 [114]
budB, budC
E. coli AldhA, Apta, AadhE, ApoxB; alaS, alsD, Glucose Shake flask meso-BDO,14.5 [115]
budC
E. coli None; bdh, fdh Diacetyl Bioreactor (8,5)-BDO,31.7 [116]
E. coli None; budC, bdh Diacetyl Shake flask (S,8)-BDO,2.2 [117]
E. coli None; budA, budB, budC Sugar beet Fed-batch 56.2 [114]
molasses
E. coli AfrdABCD, AldhA, AadhE, AlpdA, Apta; Algal Shake flask meso-(S,S)- [118]
budB, budA, budC hydrolysate BDO,14.1
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2,3-BDO E. coli ApoxB, AldhA, AackA, Apta; alsS, alsD, Cellodextrin Shake flask meso-BDO,5.5 [119]
budC, ced3A
1,3-PDO E. coli AgldA, AglpK, AaldA, AaldB, AmgsA, Glucose Bioreactor 112 [120]
AptsHI, replacing gapA promoter with the
synthetic short /.5 GI promoter (SEQ ID
NO:28); galP
E. coli None; gpdI-gpp?2 fusion gene, Glucose Bioreactor 12.1 [121]
dha operon, rpoS
E. coli None; dhaB, yqhD, gdrA, gdrB, fdhl, Glycerol Shake flask 13.47 [122]
gapN, galP, glk
E. coli None; dhaBl, dhaB2, yghD Glycerol Bioreactor 104.4 [123]
E. coli None; dhaBl, dhaB2, dhaT Glycerol Bioreactor 41.7 [124]
and glucose
Corynebacterium  Aald, Apyk, Aadh, ApoxB, AldhA, Appc, Glucose Fed-batch 110.4 [125]
glutamicum Azwf; hdpA-gldA, gpdl, gpp2, yghD, and xylose
pduCEDGHDownregulation: gapA
Vibrio natriegens  Apta-ackA, AarcA, AadhE, AaldB, Aldh, Glycerol Fed-batch 69.5 [126]
Apfl, AsthA, AglpR, AaldA, AfrdABCD,;
pntAB, phaP
E. coli AthrB;yqhD, lysC, ser™*"* " metL, pdc Glucose Fed-batch 3.03 [127]
E. coli None; mcrC, pduP, mcrN, yqghD, prpE Glucose; Shake flask; Fed-batch 2.93;7.98 [63]
Xylose,
Glycerol,
Acetate
E. coli AlysC, AgltA; ppc Glucose Shake flask; Fed-batch 6.41; 11.21 [128]
E. coli AglpK, AptsG; yqhD, pntAB, galP, glk Isoprene Shake flask 2.5 [129]
1,3-BDO E. coli None; phadB, bld Glucose Fed-batch 15.76 [130]
E. coli Aldh, Apta, AackA, AadhE; bld-"" yqhD, Glucose Optimized fermentation 13.40 [131]
phaAB, pntAB
E. coli Aldh, Apta, AackA, AadhE; phaAB, yqghD, Glucose Optimized fermentation 0.40 [131]
pntAB, car, sfp
E. coli Azwf, Aedd, ApfkA, ApfkB; pk, glpX, thl, Glucose Fed-batch 22.66 [132]
hbd, tesB, car
E. coli AadhE, ApoxB, AldhA, Apta-ackA, AatoB, Glucose Fed-batch 23.13 [133]
AtesB, AyciAd; phaAB, bld, yqghD
E. coli AadhE, ApoxB, AldhA, AyciAd, ApdhR, Glucose Fed-batch 71.1 [134]
Apgi, AgntR; phaAB, bld, yjgB, zwf
E. coli Apta, AyjgB, AadhE, AldhA, ApfiB, AadhP, Acetaldehyd; Biotransformation 2.4 [135]
AyghD, AeutG, AilvB, ApoxB; AKR, 3-Hydroxy-
DERA, PDC butanal
(3-HB)
1,4-BDO E. coli Asad::cat2-bld-bdh, AlacZ::catl-sucD Glucose Bioreactor 1.8 [136]
4hbd, AllpdA::K.p.IlpdA D354KApflB,
AarcA, Amdh, AadhE, AldhA, knock down
tesB; gabD, ybgC, gltAR163L
E. coli AadhE, AldhA, ApfIB, Amdh, AarcA, IpdA.: Glucose Bioreactor 18 [66]

K.p.lpdD354K; gltAR163L, sucA, 4hbd,
cat2, ald, adh
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Products Hosts Genotypes (knockout; overexpression) Substrates  Fermentation conditions Titer/(g/L) References
1,4-BDO E. coli AaraA, Aicd; araC, araD, araA, araB, L-Arabinose Bioreactor 1.51 [137]
arak, kivd, yqhd
E. coli None; None Glucose Commercial-scale >125 [138]
fermentation
E. coli None; gadB, gabT, yghD, Amino General metabolic 1.41 [139]
car, ppe, gltA™'** acids platform
(AAs),
Glucose
E. coli AyagE, AxylA, AyjhH; Kvid"™**", Glucose,  D-xylose, L-arabinose, 12 [137]
xylBCDX, yghD Xylose D-galacturonate
E. coli AuxaC, AgarL, Aicd; udh, garD, ycbC, D-Galacturo- Bioreactor 16.5 [137]
xylA(CC), kivd, yqhd nate
E. coli AxylA, AyjhH, AyagE, Aicd; xylB, xylC, Xylose Bioreactor 12 [137]
xyID, xyIX, xylA(CC), kivdV4611, yqhd
1,2-PDO E. coli ApoxB, AfrdA, AmgsA, AadhE::pdcD; Glucose Shake flask 0.7 [140]
gldA, mgs
E. coli AlldD::mmsB, AackA-pta::pct, AldhA:: Glucose Shake flask 1.04 [4]
Lldh; pct, pdcD, mmsB
E. coli AldhA::KanR;mgs, gldA, fucO Glucose Bioreactor 4.5 [141]
E. coli Azwf, AtpiA, AgloA, AldhA, AadhE,; mgsA, Glucose Shake flask 5.13 [120]
gldA, fucO
E. coli AlldD, Adld, AldhA, AadhE; pct, D-/L- Shake flask (R)-1,2-PDO,1.5; [142]
pduP, yahK Lactate (5)-1,2-PDO,1.7
E. coli Aac kA-pta, AldhA, AdhaK; dhaKL, gldA, Glycerol Bioreactor 5.6 [143]
mgsA, yghD
BT E. coli AyiaE, AycdW, AxylA KivD Xylose Fed-batch, carbon flux 10.03 [144]
(Lactococcus lactis); None optimization
E. coli None; YghD, YjhG Xylose Optimized cultivation 5.1 [145]
E. coli AxylA, AxylB, AyjhE, AyagH, Aycd W, Xylose Fed-batch 2.38 [146]
xdh, mdlC
E. coli None; XyID, KdcA (Lactococcus lactis), Xylose Optimized cultivation 5.1 [147]
AdhP (E. coli)
E. coli AfadE; XyID, fadD Xylose, Fed-batch 1.1 (BT esters) [148]
free fatty
acids
S. cerevisiae None; XyIB, XvID Xylose, Aerobic fermentation 1.7 [149]
rice straw
hydrolysate
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EIRERIAKE, 757082 /LI 1,3-TH %, FLLA
IRV AP 110.4 g/L I 1,3-74 —B7.

4.3 BSAILERER

ity 1) 240 iE 5 v v R AR U IS AR I OB T B
B A AR & 42 P A DAL TR, W T R B T
R AR o @i e n) A R0 B R ok
PR CE . W RIEE, TN
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RIZAT o Huo FIBA M T FH 20 35 1% 1) )97 284 26 S5 308 ik
T ivb L A i G I 0 )9 28 2 SR s R T BmoR R4 £ T
HEhsh A3 24 (CRUISE), Z A& iEidid#
ik ivbL F1 BmoR 73 5l A S R IE ,  TE R 15K
WA R R IR R A RS BRI &
P, DK SR T SRR = 2404 /L (EI5).
IR 4 GRil. pHI B, BHLERZ
TR E M, AT LLAE K i 4k % Ay . Liao
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FLIE I A — AN BENLR A SR (29 8000 AN 5738
), AR RN R LLM4, [F) 5F AE B AR T,
LLM4 R4 55352/ 7 13 °C, 7E60 °CTiFE 1 h

JE AR TE TS 10565, PR 4 5. X—
HOGEHR T T AR R R AT AR BE SR Tl A B A
7 77« Volker Sieber &5 0 8 i of 7 18 7L BR B 14 i
FE 2l (KdeA) #EAT THRAL, medhddm 1 3R
S8 AN S T 52 1 . A4S AR 4R TMLD £E 50 °C
4% 5 T REIEE R B RS E M S T 600 R A, HFAE
9% CERFHOD ST B IR PR R KT 20% 17
PEo X —BUEE7TM.D BEIE FH TR (>65 °C)
FTCYH IR b i) el AR 7, B T AE iR Ak
PR B b S 9 A7 o 8 I Y AN S A A
THIEG AR &, w7 DAY 2D B e Bl 6] A R
NADH. 44 % B,) WfK#fi. Zhang 1B\ " @ it
T RIEBEERRE  (Clostridium butyricum) [P 4E 4
# B, R H AL H il K B dhaB1 K S BT
dhaB2 JFH LR FRIK R, BRAAE 10 LAEY) RN 2%
W, 1,30 S IR R 41.65 /L. Wl REIF L
FE. MR EE & 07 4 (RBS) Ak sl 3 IR #% U130
#, WA 9 B (Y KA & . Huang BN M 7E E.
coli PRI HIANE lac 7 51 ) pUCES #idk, #d 1 A
TAHBGERE, JERH BT PO1IKS) R, R-2,3-T
TR A AL R (ydiL), B TE 18 h N LA
80 g/L i & #E 4= 1 30.5 g/LR,R-2,3-T —F¥, H
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BmoR protein with effector binding
O properties

BmoR protein

Upstream activating sequence (UAS)

@

@)

Effector alcohol molecule

@)

GFP protein

Bl5  BmoR f&/&as/E I HLH
[ I BT Py, IR B 8 BmoR 1%, 24 BmoR & FE M BB ) THIFLENRT, 2TEME R, HEEERIT P, BB
F81 (UAS) o Z#E P FIAL T o%-RNA S BEES & fr . (BT R N-24 M-12 X380 L.t T o*-RNA G 5 BmoR Z [ ££7E — ¢
PR, fi FRAHET (HF) EEEE(LE DNATERIIRSE Y, 5200 PE 28 (i ]
Fig. 5 Mechanism of action for the BmoR sensor

[The ¢**-dependent promoter P, is regulated by the BmoR protein, which responds to alcohol. When alcohol is present, BmoR forms a multimer

(depicted as a hexamer in the figure, a presumed form) and attaches to the upstream activating sequence (UAS) of P, , located upstream of the o™

RNA polymerase binding sites (shown in the figure as the —24 and -12 regions). Due to the distance between the 6**-RNA polymerase and BmoR,

DNA looping facilitated by the integration host factor (IHF) protein achieves long-distance regulation.]
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T AR AEF= R . T HE W T A2 P AR AR T
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