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Abstract

With global warming and the energy crisis intensifying, bio-butanol has gar-
nered considerable attention as a clean energy source and important chemical
commodity. Escherichia coli has emerged as a chassis strain for butanol pro-
duction due to its superior genetic tractability; however, the toxic effects of
butanol on cells have become a bottleneck for enhancing butanol production
in engineered strains, making the improvement of butanol tolerance in E. coli
a necessary prerequisite for increasing butanol yield. To this end, a compre-
hensive understanding of the butanol tolerance mechanisms in E. coli is essen-
tial. Butanol can disrupt the barrier function of the cell membrane, perturb
material transport and signaling functions, and trigger physiological stress re-
sponses analogous to those elicited by heat shock, osmotic stress, and other
stresses, with cells responding to butanol stress through transcriptional and
translational regulation. This review summarizes the butanol tolerance mech-
anisms in E. coli from the aforementioned perspectives and outlines research
advances in obtaining butanol-tolerant strains through rational design via ge-
netic engineering. Nevertheless, the butanol tolerance mechanisms have not yet
been fully elucidated, which limits the application of rational design strategies;
therefore, this article also summarizes research progress in this area regarding
the utilization of directed evolution to obtain butanol-tolerant strains and the
reverse metabolic engineering strategy for deciphering functional genes involved
in butanol tolerance. Additionally, recent studies on enhancing E. coli butanol
tolerance through combinatorial strategies and chemical modification methods
are highlighted and discussed. Finally, key strategies for improving butanol
tolerance in the chassis strain E. coli are summarized and future prospects are
presented.
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Abstract

Biobutanol has attracted considerable attention as a clean fuel and impor-
tant chemical feedstock amid escalating global warming and energy crises. Fs-
cherichia coli has emerged as an ideal chassis organism for butanol production
due to its well-characterized genetics and superior amenability to metabolic engi-
neering. However, butanol toxicity represents a critical bottleneck limiting high-
titer production, making enhanced butanol tolerance an essential prerequisite for
industrial applications. Butanol disrupts the barrier function of cell membranes,
impairs material transport and signal transduction, and elicits physiological re-
sponses analogous to heat shock and osmotic stress. Cells counteract butanol
stress through coordinated transcriptional and translational regulation. This re-
view synthesizes current understanding of E. coli butanol tolerance mechanisms
across these dimensions and summarizes advances in engineering tolerant strains
through rational genetic design (Table 1 ). Nevertheless, incomplete elucidation
of tolerance mechanisms constrains rational design strategies. We therefore dis-
cuss inverse metabolic engineering approaches that employ directed evolution
to isolate tolerant mutants followed by functional gene identification. Addition-
ally, we examine emerging combinatorial strategies and chemical modification
methods for enhancing F. coli butanol tolerance, concluding with perspectives
on key strategies for developing robust production strains.

Keywords: FEscherichia coli, butanol tolerance, genetic engineering, directed
evolution

Butanol (C H OH) offers numerous advantages as a next-generation biofuel, in-
cluding high energy density, low volatility and hygroscopicity, and minimal
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corrosiveness [1]. It blends readily with gasoline and finds extensive appli-
cations in plastics, printing, and other industries [3]. Biologically produced
butanol also serves the food, cosmetics, and pharmaceutical sectors. Native
butanol-producing Clostridium species achieve titers of 15-18.9 g/L through
acetone-butanol-ethanol (ABE) fermentation [4-5]. With advances in metabolic
engineering and synthetic biology, heterologous butanol pathways have been
constructed in Saccharomyces cerevisiae, lactic acid bacteria, and F. coli, yield-
ing maximum titers of 1304£20 mg/L and 300 mg/L in recombinant yeast and
lactic acid bacteria, respectively [5]. E. coli stands out as a preferred indus-
trial chassis due to its clear genetic background, rapid growth rate, suitability
for high-cell-density cultivation, and facile genetic manipulation [6-7]. Shen et
al. [8] engineered a butanol synthesis pathway in E. coli achieving 15 g/L titers,
which reached 30 g/L when butanol was continuously removed during fermen-
tation. Further pathway optimization enabled recombinant strains to produce
18.3-20 g/L [9-10]. These results demonstrate E. coli’ s potential as a butanol
producer, though cellular toxicity remains the primary limitation to achieving
higher concentrations.

Butanol toxicity restricts biological production to approximately 20 g/L [11],
creating a major bottleneck that increases process energy consumption, water
usage, and waste generation. While in situ recovery can mitigate toxicity by
continuously separating butanol, isolating tolerant strains remains crucial for
efficient production [11]. E. coli growth is completely inhibited at 1% (v/v)
butanol [12], underscoring the importance of enhancing tolerance for improving
production efficiency. Current efforts focus on engineering E. coli strains with
improved butanol tolerance through genetic engineering and directed evolution
approaches.

1 Genetic Engineering Strategies for Butanol-Tolerant
Strains

Butanol stress triggers multifaceted physiological and biochemical changes in
bacteria, including compromised membrane function and ion transport, activa-
tion of heat shock protein expression, and altered transcriptional and transla-
tional regulation. Rational design strategies target these responses by modulat-
ing gene expression levels or introducing heterologous genes to modify relevant
physiological properties and enhance tolerance [13] (Table 1 ).

Butanol reduces bacterial membrane surface tension, increasing fluidity and dis-
rupting membrane integrity [14]. This damage impairs the membrane’ s barrier
function, causing ATP leakage and collapse of pH gradients, which disrupts
material transport and energy transduction, ultimately inhibiting growth and
causing cell death. Engineering membrane properties offers an effective coun-
termeasure. Increasing outer membrane lipopolysaccharide content reduces cell
surface hydrophobicity, hindering entry of toxic hydrophobic compounds and
enhancing butanol tolerance [15]. Overexpressing bioA, a key enzyme in biotin
synthesis, boosts fatty acid biosynthesis and improves tolerance by 30%+4%.
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Similarly, overexpressing fatty acid synthesis genes cfa and fabD significantly
enhances tolerance by increasing fatty acid content [14,16]. Expressing the Pseu-
domonas aeruginosa cti gene, which encodes a cis-trans isomerase converting cis-
unsaturated fatty acids to their trans-isomers, reduces membrane fluidity while
increasing polarity and rigidity. This engineered strain exhibits 16% higher
growth rates under 0.6% (v/v) butanol stress compared to control strains [17].

The resistance-nodulation-division (RND) efflux pump, localized in the cytoplas-
mic membrane, can export toxic compounds. Since native E. coli efflux systems
cannot recognize butanol, directed evolution was employed to modify AcrB sub-
strate specificity. The evolved variant AcrBv2 showed 37% higher growth rates
than wild-type in 0.7% (v/v) butanol [18]. However, AcrB overexpression in-
hibits cell growth. The Pgntk promoter from the gluconate metabolism operon
specifically senses membrane stress to autoregulate gene expression. A Pgntk-
acrBv2 negative feedback system increased maximum cell density from 0.5 to
0.7in 0.7% (v/v) butanol [19]. Expressing the Pseudomonas putida efflux pump
operon srpABC in E. coli improved growth by 20-35% in 0.5-1% (v/v) butanol.
Notably, expressing only the transmembrane protein gene srpB also enhanced
tolerance, likely by stabilizing the membrane rather than actively exporting
butanol [16].

Iron plays crucial roles in redox reactions, respiration, and DNA precursor syn-
thesis [20]. Overexpressing the iron transporter gene feoA increases Fe? uptake
and improves tolerance by 21% at 1% (v/v) butanol [16], while overexpressing
enterobactin synthesis gene entC enhances tolerance by 10%+1% [14].

Proteomic and transcriptomic analyses reveal that F. coli responds to butanol
stress similarly to osmotic, oxidative, and heat shock stresses, activating stress
response genes to enhance tolerance. Heat shock proteins (HSPs) constitute
a primary defense system, facilitating protein folding, transport, and repair of
damaged or misfolded proteins to maintain native conformation under stress.
Overexpressing groESL operons from either Clostridium acetobutylicum or FE.
coli itself improves butanol tolerance [21-22]. The GroESL system collaborates
with ClpB and DnaK systems during stress responses: ClpB specifically dis-
aggregates proteins into polypeptides, while GroESL and DnaK refold these
polypeptides. The DnaK system comprises DnaK chaperone and co-chaperones
DnaJ and GrpE. Simultaneous overexpression of these key genes (grpE, groESL,
and clpB) increased colony-forming units 3.9-fold under 1% (v/v) butanol com-
pared to wild-type [23]. Butanol stress elevates reactive oxygen species (ROS)
levels, activating carbon tetrachloride into diffusible radicals that damage macro-
molecules and peroxidize lipids, directly attacking membranes. Metallothioneins
(MTs) serve as antioxidant enzymes that scavenge ROS. Fusing tilapia metal-
lothionein (TMT) with the osmoregulatory membrane protein OmpC and over-
expressing this OmpC-TMT fusion enhanced tolerance to 1.5% (v/v) butanol
[25].

Butanol stress alters transcriptional and translational regulation, affecting
carbon metabolism, energy metabolism, membrane modification, transport,
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and ion metabolism. Transcriptomic analysis of an evolved tolerant strain
revealed decreased Fur regulator activity, leading to increased expression of
BasS/BasR regulatory proteins and enhanced lipopolysaccharide modification
genes, thereby improving tolerance [15]. Our unpublished results indicate
that rob transcriptional regulator deletion or mutation also enhances FE. coli
butanol tolerance. With 304 known transcriptional regulators in E. coli, only a
limited number have been identified as modulating butanol tolerance, and their
regulatory mechanisms remain largely uncharacterized, constraining rational
design applications.

2 Directed Evolution Strategies for Screening Butanol-
Tolerant Strains

Butanol tolerance involves complex, multigenic responses affecting diverse phys-
iological and biochemical parameters. Since the complete set of functional tol-
erance genes remains unknown, directed evolution offers a powerful alternative
for isolating tolerant mutants (Table 2 ). Random mutagenesis at the genomic
level through techniques such as mutagenesis, genome shuffling, and adaptive
evolution, followed by phenotypic screening, can yield tolerant strains. Adap-
tive evolution combined with proton beam irradiation produced a mutant with
2.6-fold higher cell density than the parent under 0.9% (v/v) butanol stress.
Genomic analysis revealed mutations in cis-regulatory elements of membrane
protein genes ygjA and yabl and transcriptional regulator rob, upregulating
their expression and conferring tolerance [7]. Screening an E. coli genomic
library identified nine tolerant mutants with reduced cyclopropane fatty acids
and increased unsaturated fatty acids in their membranes, enhancing membrane
rigidity [26]. Real-time visual evolution combined with DNA shuffling yielded
a best-performing mutant with 10- to 100-fold improved survival in 2% (v/v)
butanol. Genome sequencing and transcriptomic analysis revealed significant al-
terations in cell wall/membrane synthesis, iron transport, and metabolic genes
[14].

Our laboratory isolated two E. coli mutants tolerant to 2% (v/v) butanol us-
ing error-prone PCR genome shuffling [27]. While adaptive evolution directs
microbial improvement under stress, it requires lengthy cultivation periods [28].
Genome shuffling and mutagenesis dramatically accelerate evolution by increas-
ing mutation rates and improving efficiency.

Transcriptional engineering introduces global transcriptional perturbations to
generate multiscale phenotypic libraries for directed screening. RNA polymerase
comprises , , ’, ,and subunits, with factors specifically recognizing promoter
-35 and -10 regions to initiate transcription. E. coli factors regulate over 1,000
genes, and their mutation can globally affect transcription. Two rounds of ran-
dom mutagenesis of rpoD (encoding ) produced mutant B8, which tolerates
2% (v/v) butanol [28]. Similarly, error-prone PCR mutagenesis of rpoA (en-
coding the subunit involved in transcription factor interactions and promoter
recognition) yielded mutants with approximately 2-fold higher cell density than
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wild-type in 0.75% and 0.9% (v/v) butanol [29]. Lee et al. [30] constructed ar-
tificial transcription factor libraries by fusing zinc-finger DN A-binding proteins
with cAMP receptor protein (CRP), selecting strain BT capable of tolerating
1.5% (v/v) butanol. A random mutagenesis library of the exogenous transcrip-
tion factor ¢rrE produced mutants with 2- to 6-fold higher OD  than wild-type
across 0.125-0.875% (v/v) butanol and 100-fold higher survival in 2.1% (v/v)
butanol shock experiments [31].

Genome and transcription engineering strategies generate genetically diverse
libraries for screening butanol-tolerant phenotypes, enabling identification of
causal genes and mechanistic elucidation. Subsequent rational design of identi-
fied tolerance genes enables “phenotype-genotype-phenotype” inverse metabolic
engineering applications in E. coli butanol tolerance research [32].

3 Combinatorial Strategies for Butanol-Tolerant Strains

Strain BT, isolated through transcription engineering, tolerates 1.5% (v/v) bu-
tanol [30]. Transcriptomic analysis revealed upregulation of inner membrane
protein and metabolic genes but no changes in fatty acid synthesis gene expres-
sion. A combinatorial strategy overexpressing fatty acid synthesis genes, iron
transporter feoA, and efflux pump srpABC in this background produced a strain
tolerant to 2% (v/v) butanol [16] (Table 2 ). Combinatorial approaches thus
enable synergistic integration of beneficial tolerance traits for further enhance-
ment.

4 Chemical Modification Strategies for Enhancing Butanol
Tolerance

Butanol-induced membrane fluidization limits tolerance development. Inserting
the membrane-intercalating molecule COE1-5C (a pentacyclic polyphenylene
conjugated oligoelectrolyte) into the phospholipid bilayer reduces phospholipid
diffusion rates while increasing specific growth rates. The modified strain ex-
hibits 3-fold higher specific growth rates than control strains under 3.5% (v/v)
butanol. During butanol stress, COE1-5C’ s -conjugated aromatic backbone
acts as a hydrophobic agent for glycerophospholipid acyl chains, counteracting
membrane fluidization, enhancing bilayer integrity, and reducing cellular de-
polarization. Chemical modification thus complements genetic engineering for
constructing stress-tolerant strains [33].

5 Summary and Outlook

Escherichia coli serves as an effective cell factory for butanol production, with
optimized engineered strains achieving titers comparable to native producers
(20 g/L, ~2.47% v/v). However, butanol toxicity constrains biological produc-
tion to approximately 20 g/L, creating a critical bottleneck. Breaking this limit
requires isolating mutants with enhanced tolerance as a prerequisite for high-
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yield strains. Directed evolution and combinatorial strategies have yielded F.
coli strains tolerant to 2% (v/v) butanol. Nevertheless, the complex, multi-
genic regulatory mechanisms underlying butanol tolerance remain incompletely
understood, limiting further improvements. Future efforts should focus on elu-
cidating transcriptional and translational tolerance mechanisms, constructing
comprehensive stress response networks, and employing combinatorial strate-
gies to integrate synergistic tolerance gene effects. Beyond molecular genetic
approaches, physicochemical methods that modulate cellular physiology during
fermentation offer promising complementary strategies for developing robust,
high-butanol-tolerant strains.
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