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Abstract The production of n-butanol, as a widely applied solvent and potential
fuel, is attracting much attention. The fermentative production of butanol coupled
with the production of acetone and ethanol by Clostridium (ABE fermentation) was
once one of the oldest biotechnological processes, ranking second in scale behind
ethanol fermentation. However, there remain problems with butanol production by
Clostridium, especially the difficulty in genetically manipulating clostridial strains.
In recent years, many efforts have been made to produce butanol using non-native
strains. Until now, the most advanced effort was the engineering of the user-friendly
and widely studied Escherichia coli for butanol production. This paper reviews the
current progress and problems relating to butanol production by engineered E. coli
in terms of prediction using mathematical models, pathway construction, novel
enzyme replacement, butanol toxicity, and tolerance engineering strategies.
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1 Introduction

While the infrastructure of the current economy is established on the petrochemical
industry, the oil crisis of the 1970s was a warning that humanity’s dependence on
oil is not sustainable [23]. It is generally accepted that crude oil will be depleted in
the twenty-first century at the speed of current consumption. The shift from a
petroleum-based economy to a biomass-based economy has become a global
objective. In the drive to find alternatives to fossil products, the production of
butanol from renewable resources attracts much attention nowadays [39].

Butanol (butyl alcohol or 1-butanol or n-butanol, C4H9OH, MW 74.12) is a
colorless liquid with a distinct odor. It is mainly used to synthesize butyl acrylate
and methacrylate esters for latex surface coatings and the production of enamels and
lacquers, butyl glycol ether, butyl acetate, and plasticizers. Additionally, butanol
can be used directly as the diluent for formulations of brake fluid and as solvent in
the production of hormones, vitamins, and antibiotics [23]. Although ethanol has
been extensively recognized as a typical biofuel, butanol, as an alternative biofuel,
has several important advantages over ethanol, such as higher energy content, lower
water absorption, better blending ability with gasoline, and direct use in conven-
tional combustion engines without modification [12].

Butanol is naturally produced via the anaerobic fermentation of biomass sub-
strates by some clostridia species; this is referred to as ABE fermentation because it
is coupled with the production of acetone and ethanol. Much progress has been
achieved over a century of study on ABE fermentation, such as the development of
genetic manipulation tools and omic analyses of the physiology of solventogenic
bacteria. However, there are still problems with butanol production by Clostridium:
(1) It remains time consuming and difficult to genetically manipulate Clostridium
strains although new tools have been developed; (2) it is difficult to improve the
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butanol yield because of the naturally coupled production of acetone and ethanol;
(3) the relatively slow growth and spore-forming life cycle are problems for
industrial fermentation; and (4) the relatively unknown genetic system and complex
physiology of the microorganism present difficulties in engineering the metabolism
for optimal production of butanol. Therefore, construction of the next generation of
butanol producers from user-friendly organisms would be an alternative way for
producing butanol with lower cost than clostridial strains [20].

However, heterologous production of butanol in non-clostridial microbes is not
as simple as simply transferring several known genes. First, the host needs to be
genetically manipulated easily to support multiple steps of engineering and many
trial-and-error experiments. Second, the butanol pathway needs to be carefully
designed and new genes from other organisms need to be tested in establishing an
efficient pathway in a new host. Third, the native pathway and carbon flux need to
be readjusted through genome engineering. Fourth, the butanol tolerance and use of
cheap substrates need to be improved. In this regard, Escherichia coli seems to be
an optimal microorganism with well-studied genetic background and rich genetic
tools. More importantly, E. coli has been proved to be the successful horses for
the microbial cell factories of some products [36]. In recent years, many groups
have reported successful butanol production in E. coli [13, 45]. Here, we reviewed
the current progress and problems relating to butanol production in non-native
microbes, especially in E. coli.

2 Theoretical Prediction to Improve Butanol Production
in E. coli Using Computational Models

The first butanol-producing microbe was found by Louis Pasteur in 1861 [23]. The
process of natural butanol production is well-known ABE fermentation in which
butanol production is coupled with the production of acetone and ethanol. Owing to
the demand for large amounts of acetone in the manufacture of cordite in World
Wars I and II, ABE fermentation peaked in the 1950s [23]. In the past more than
100 years of ABE fermentation, scientists have learned the butanol synthetic
pathway and can now transfer it to many other microbes for the heterologous
production of butanol with the help of molecular biology tools [10]. However, the
genetic modification of butanol production is not always effective, because engi-
neering of a single gene may lead to unanticipated dramatic changes in the meta-
bolic network. Comprehensive in silico models and highly accurate prediction
methods are thus desired to reduce the trial-and-error risk and to improve our
understanding of microbial physiology. In recent years, efforts have been made to
construct genome-scale metabolic models related to butanol production based on
genome annotation and metabolome analysis.
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2.1 Flux Balance Analysis (FBA)

Flux balance analysis (FBA) is a mathematical modeling approach often used by
metabolic engineers to quantitatively simulate microbial metabolism. FBA assumes
that metabolic networks will reach a steady state constrained by the stoichiometry
[25]. By performing FBA while maximizing the cell growth and butanol production
rate in Clostridium, the relationship between acetate accumulation and butanol pro-
duction was investigated. It was revealed that the rate of butanol production decreased
with a decreasing rate of acetate production [21]. Additionally, by adding reactions
involved in butanol production catalyzed by butyryl-CoA dehydrogenase (BCD),
butanal dehydrogenase, and butanol dehydrogenase to the metabolic model of E. coli,
a genome-scale FBAmodel was constructed to simulate triple reaction knockouts that
contribute to improving butanol production. The model indicated that the knockout
of adhE and pta was essential for the high production of butanol. It was confirmed
that, by disrupting ethanol and acetate production pathways, 27 % of glucose was
converted into butanol. Additionally, it has been evaluated experimentally that the
disruption resulted in 1.4-fold butanol yield of the control strain [40].

2.2 Kinetic Simulation Model

Besides FBA analysis, a kinetic model was constructed to simulate the dynamic
profiles of microbial metabolism. Shinto et al. designed three kinetic simulation
models that describe the dynamic behaviors of metabolites in ABE fermentation by
Clostridium saccharoperbutylacetonicum N1-4. The simulation results showed that
an increase in kinetic parameters (Vmax1, Km1) at R1 (glucose to fructose-6-P) had
the greatest negative impact on butanol production. However, a decrease in acetone
production was responsible for butanol production [46]. These results provide
targets for further genetic modification of butanol-producing strains.

3 Engineering E. coli for Butanol Production

The paper that James Liao group from University of California, Los Angeles,
submitted to the journal Metabolic Engineering on May 18, 2007, is the first work
on the production of butanol in a non-native microbe [3]. In the following years,
scientists from different countries reported works on the hetero-production of
butanol in different hosts and made much progress in strain improvement (Table 1).
The best heterologous butanol-producing strains are presently derived from E. coli,
which can produce 14–15 g/L butanol with a yield of 31–33 % [13, 45] and thus
have industrial advantages over clostridial strains. Here, we mainly summarize the
progress made in butanol production by E. coli.
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3.1 Establishing a Butanol Synthetic Pathway in E. coli
and Selection of Efficient Enzymes

In the initial stage of engineering E. coli for butanol production, it is natural to
transfer the whole butanol pathway from Clostridium to E. coli, which includes
seven genes thl, hbd, crt, bcd, etfA, etfB, and adhE2, catalyzing two molecules of
acetyl-CoA to one molecule of butanol in six steps (Fig. 1). However, when sci-
entists from the USA and Japan firstly transferred the clostridial butanol pathway to
E. coli through plasmids in 2007, the engineered strain produced less than 1 g/L
butanol (vs. clostridial butanol titer 10–20 g/L) [3, 19], although by-product
pathways were disrupted. The results indicate that engineering an efficient butanol-
producing E. coli is not as simple as simply expressing several clostridial genes.
Determining the rate-limiting step and selecting alternative genes to fit the E. coli
host are the key to the heterologous production of butanol (Fig. 1).

3.1.1 Thiolase

The first step in butanol synthesis is the condensing of two acetyl-CoA moles to one
acetoacetyl-CoA mole by a thiolase (encoded by the thl gene). Thiolase is a
ubiquitous enzyme that plays key roles in many vital biochemical pathways,
including beta oxidation in the degradation of fatty acids and various biosynthetic
pathways. E. coli synthesizes two distinct 3-ketoacyl-CoA thiolase enzymes. One is
a protein product of the fadA gene; the second is a product of the atoB gene. To
date, FadA has not been tested for butanol production in published work. The atoB
gene is known to be induced by growth on acetoacetate and exhibits strict substrate
specificity for acetoacetyl-CoA. More importantly, AtoB has higher specific activity
(1,078 U/mg) than clostridial Thl enzyme (216 U/mg). Hence, when the thl gene
was replaced with atoB gene, the titer of butanol increased more than 3-fold [3].
Additionally, E. coli has a yqeF gene that encodes a predicted acetyl-CoA ace-
tyltransferase. Overexpression of the yqeF gene supports a functional reversal of the
beta-oxidation cycle in the synthesis of butanol, which has a better effect than the
overexpression of atoB [13]. The Chang group at the University of California,
Berkeley, constructed a butanol synthetic pathway inspired by the efficient pro-
duction of polyhydroxyalkanoates in E. coli, which transplanted a three-gene
pathway from Ralstonia eutrophus for monomer biosynthesis (phaAB) and poly-
merization (phaC) to yield a biodegradable plastic that can be produced at 50 % dry
cell weight at near-theoretical yields. Overexpression of the phaA gene can support
butanol synthesis at 4.65 g/L in laboratory-scale shake-flask experiments [7].
Additionally, the ERG10 gene from Saccharomyces cerevisiae has been shown to
be functional in a butanol synthetic pathway in S. cerevisiae [48], but has not been
tested in an E. coli host. It should be noted that although several gene candidates
encoding acetyl-CoA acetyltransferase for butanol synthesis have been improved,
the best effect of one gene should depend on the host context and expression mode.
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Fig. 1 Pathway and genes for a heterologous butanol pathway in E. coli. aceEF.lpd: pyruvate
dehydrogenase complex from E. coli, pflB: pyruvate–formate lyase, fdh: NAD+-dependent formate
dehydrogenase from Candida boidinii, thl: thiolase from Clostridium acetobutylicum, atoB:
acetyltransferase from E. coli, phaA: polyhydroxyalkanoate synthase from Ralstonia eutrophus,
yqeF: acetyl-CoA C-acetyltransferase from E. coli, fadA: acetyl-CoA acyltransferase from E. coli,
hbd: 3-hydroxybutyryl-CoA dehydrogenase from C. acetobutylicum, fadB: fused 3-hydroxybu-
tyryl-CoA epimerase from E. coli, phaB: acetyoacetyl CoA reductase from R. eutrophus,crt:
3-hydroxybutyryl-CoA dehydratase from C. acetobutylicum, phaJ: (R)-specific enoyl-CoA hydra-
tase from R. eutrophus, bcd-etfAB: butyryl-CoA dehydrogenase complex from C. acetobutylicum,
ccr: crotonyl-CoA reductase from Streptomyces collinus, ter: NADH-dependent crotonyl-CoA
from Treponema denticola, ydiO: acyl-CoA dehydrogenase from E. coli, adhE2: bifunctional
acetaldehyde-CoA/alcohol dehydrogenase (CAP0162) from C. acetobutylicum, adhE1: bifunc-
tional acetaldehyde-CoA/alcohol dehydrogenase (CAP0035) from C. acetobutylicum, mhpF:
acetaldehyde-CoA dehydrogenase II from E. coli, fucO: L-1,2-propanediol oxidoreductase
from E. coli. * phaB and phaJ should be used together
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3.1.2 3-Hydroxybutyryl-CoA Dehydrogenase
and 3-Hydroxybutyryl-CoA Dehydratase

Most published work directly uses the hbd gene (3-hydroxybutyryl-CoA dehydro-
genase) and crt gene (3-hydroxybutyryl-CoA dehydratase) from C. acetobutylicum
for the two reactions of acetoacetyl-CoA to 3-hydroxybutyryl-CoA and 3-hydroxy-
butyryl-CoA to crotonyl-CoA, respectively, in E. coli [55]. The native bifunctional
fadB gene (fused 3-hydroxybutyryl-CoA epimerase) in E. coli was also improved to
be able to catalyzing the two reactions [18]. Besides, the phaB (acetyoacetyl CoA
reductase) and phaJ ((R)-specific enoyl-CoA hydratase) for the production of poly-
hydroxyalkanoates from R. eutrophus also could be used for above two reactions [7].
It is worthy to note that phaB and phaJ should be used together, because of the
stereoisomerism specificity of these enzymes [7]. However, no evidence indicates
which enzyme is the best for the synthetic butanol pathway in E. coli.

3.1.3 Butyryl-CoA Dehydrogenase

The fourth step of butanol synthesis is the reduction of crotonyl-CoA to butyryl-CoA
by BCD, which needs EtfAB as an electron carrier. Studies have indicated that BCD
catalysis is involved in clostridial ferredoxins, which may not fit the cellular context
of E. coli. In practice, all artificial butanol pathways containing BCD in E. coli
produced a limited titer of butanol. In the first case of constructing butanol-producing
E. coli by the Liao group, BCD-EtfAB was replaced with Ccr (encoding a crotonyl-
CoA reductase) from Streptomyces coelicolor. However, the resulting E. coli strain
produced less butanol [3]. The Chang group also tested the effects of the ccr gene
(from S. collinus) on butanol production. They found that the butanol titer is related to
the expression strength of the ccr gene [7], which indicates that this step is rate
limiting in the butanol pathway in a non-native E. coli host. Studies have also
indicated that the Ccr-catalyzed reduction of crotonyl-CoA to butyryl-CoA is a side
reaction of the native reductive carboxylation reaction to form ethylmalonyl-CoA,
confirming the Ccr activity is low for butanol production [7]. The biological reduction
reaction of enoyl-CoA is ubiquitous in nature, such as in fatty acid synthesis and the
beta-oxidation pathway of fatty acid; the reaction requires flavin as factors and is
reversible. According to the principles of thermodynamics, the direct hydride transfer
from NAD(P)H to the enoyl-CoA that increases the barrier for the reverse oxidation
reaction and thus potentially kinetically traps crotonyl-CoA in the synthetic butanol
pathway can be achieved by eliminating the less-downhill intermediate state pro-
duced in the substrate reduction by the flavin cofactor [7]. Fortunately, a crotonyl-
CoA-specific trans-enoyl-CoA reductase (Ter) from Euglena gracilis was improved
to catalyze the irreversible oxidation of crotonyl-CoA to butyryl-CoA in the presence
of NAD+ or NADP+. The Liao group investigated ter genes from Treponema den-
ticola, Treponema vincentii, Flavobacterium johnsoniae, and Fibrobacter succin-
ogenes and found that the ter gene from T. denticola was the best [45]. The Chang
group also selected the ter gene from T. denticola according to enzymatic mechanism
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analysis for their butanol pathway, which resulted in a butanol titer of 4.65 g/L
without removing any by-product pathways [7]. The engineered E. coli containing
this ter gene constructed by the Liao group could produce 15 g/L butanol [45].

3.1.4 Aldehyde/Alcohol Dehydrogenase

The final two steps of butanol synthesis are the reduction of butyryl-CoA to
butyraldehyde by aldehyde dehydrogenase and the subsequent reduction to butanol
by alcohol dehydrogenase, consuming two NADH molecules. In the native butanol-
producing model of the bacterium C. acetobutylicum, the two steps can be catalyzed
by one enzyme, bifunctional aldehyde/alcohol dehydrogenase, which is encoded by
the adhE1 gene (active in the solvent production phase) or adhE2 gene (active in the
alcohol production phase). Using the same promoter for the expression of the two
genes in E. coli, compared with the adhE1 strain, the adhE2 strain has 8-fold activity
for butyrate dehydrogenase but no increase for butanol dehydrogenase activity,
leading to 4-fold butanol production [19]. The adhE2 gene was also compared with
the adhE gene from E. coli. The results showed that versus adhE, the adhE2 showed
1.5-fold activity when using butyryl-CoA as substrate, and 6-fold selectivity of
butyryl-CoA: acetyl-CoA [3]. Although adhE2 was successfully used for butanol
production in E. coli, ethanol is still one of the main products (ethanol:butanol ratio
exceeding 1:10), thus limiting the butanol yield. Hence, more gene candidates of
aldehyde/alcohol dehydrogenase may be screened to reduce the ethanol titer and
decrease the ethanol:butanol ratio in future work to improve the strain.

3.2 Optimization of the Gene Expression in the Butanol
Pathway

In the initial configuration of a heterologous pathway, the gene expression profile is
usually not optimal for maximal carbon flux. Hence, fine tuning of the gene is an
essential step in the construction of an efficient microbial cell factory. Different
methods of controlling gene expression have been developed, such as the use of a
promoter library, the use of an RBS strength prediction algorithm, and the MAGE
fine-tuning method. The Yang group from the Institute of Plant Physiology and
Ecology at Chinese Academy of Sciences used the strong promoter Alper PLTetO1
or the weak promoter Alper BB to express the thl gene and used the strong pro-
moter Braatsch20 or the weak promoter Braatsch10 to express other genes (one
operon) of the butanol pathway in E. coli. The results showed that the combination
of Alper PLTetO1-thl and Braatsch10-operon is best and provided a butanol titer
that was 3- to 5-fold higher than that of other combinations [49]. There have been
few other published works on the systematic fine tuning of genes for butanol
production, which should be considered one of the main directions of constructing
high-carbon-flux butanol pathways.

150 H. Dong et al.



3.3 Engineering Reducing Power Balance for Efficient
Butanol Production

In the biosynthetic pathway from glucose to butanol, a precise redox balance can be
achieved with a maximal theoretical butanol yield of 41.1 % (w/w). However, such
balance is difficult to achieve in the practical engineering of E. coli. The main
problem relates to the conversion of pyruvate to acetyl-CoA. If the reaction is
catalyzed by the PDH complex (encoded by aceEF.lpd genes), two NADH mol-
ecules are generated that can provide the redox balance of butanol synthesis.
However, the PDH complex is inactive in the anaerobic condition owing to the
anaerobic sensitivity of E3 component Lpd (dihydrolipoamide dehydrogenase); an
active PDH complex is essential for butanol production. To solve this problem, the
Chang group overexpressed aceEF.lpd genes in a plasmid, resulting in a 3-fold
increase in PDH activity, a 53 % increase in the NADH concentration, and a 1.6-
fold increase in the butanol titer [7]. Another research group from Northern Illinois
University employed the same strategy with the aim to engineer a homobutanol
fermentation pathway in E. coli; the resulting strain only produced a measurable
amount of butanol under anaerobic conditions [17], indicating that other factors
should be optimized to couple this strategy. In previous studies, the Ingram group
from the University of Florida found an anaerobic active lpd mutant lpd101
(E354K) in the process of the laboratory evolution of E. coli [53], and the Zhang
group from the Tianjin Institute of Industrial Biotechnology at the Chinese Acad-
emy of Sciences found another anaerobic active lpd mutant lpdA* (C242T, C823T,
and C1073T) in an adapted succinate-producing E. coli [59]. However, these lpd
mutants have not been used for butanol production in E. coli to date, which should
be an efficient strategy for obtaining NADH for butanol production. For the
anaerobic growth of E. coli, the cell mainly uses the pyruvate formate-lyase
(encoded by the pflB gene) to catalyze pyruvate into acetyl-CoA and formate. The
formate is secreted or converted to carbon dioxide and hydrogen by native formate-
hydrogen lyase complex. Hence, the reducing power from pyruvate is wasted in the
form of formate or hydrogen. It is known that formate can be converted into carbon
dioxide and NADH by the specific formate dehydrogenase (encoded by the fdh
gene) from yeast. The Liao group successfully used NADH obtained from formate
by overexpression of the fdh gene from Candida boidinii as the driving force, to
improve the butanol titer and yield, with the reduced formation of by-products [45].
It is worth noting that the Gonzalez group from Rice University obtained a butanol
yield of 33 % (vs. max. 41 %) in E. coli with active reversal of the beta-oxidation
cycle, without manipulating the reaction of pyruvate to acetyl-CoA [13]. The
mechanism of reducing the power supply in the above strain may provide new
insights into improving butanol production by E. coli. Although the above cases
and strategies improve the capability of butanol production, the best yield of
butanol produced by engineered E. coli was only 80 % of the maximal value,
indicating that barriers remain to be solved.
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3.4 Removing by-product Pathways to Supply Sufficient
Precursors for Butanol Production

Butanol production by clostridial strains is naturally coupled with the production of
acetone, ethanol, and small amounts of acetate and butyrate, resulting in a low yield
of butanol and high feedstock cost. The main purpose of engineering E. coli for
butanol production is to improve the butanol yield from sugars, reducing the
feedstock cost. According to the well-studied metabolic pathway of E. coli, the key
genes for the production of by-products are known, namely frdABCD for succinate,
ldhA for lactate, pta-ack for acetate, and adhE for ethanol. In most butanol-pro-
ducing E. coli strains, these genes were disrupted to provide adequate precursors for
butanol production. It is notable that the ldhA gene was not disrupted in the
engineered E. coli with active beta-oxidation cycle of the Gonzalez group, which
could still produce butanol with 33 % yield [13]. Although the typical by-product
pathways were disrupted, known and unknown by-products were still produced by
the engineered strains more or less. To solve this problem, more genes of the
corresponding by-products need to be disrupted, and the butanol pathway needs to
be further optimized to trap more carbon flux from other pathways.

3.5 Using Cheap Substrates for the Low Cost of Butanol
Production

Butanol produced from biomass as a bulk chemical or biofuel must have a low
production cost to compete with products of crude oil. It is thus important to select
cheap feedstocks for butanol production. In constructing butanol-producing E. coli,
scientists tested different cheap substrates for butanol production, which included
palmitic acid, ionic liquid-treated switchgrass, glycerol, and xylose (Table 1).
However, butanol titers from these substrates are lower than 2 g/L. The low titers
can be explained that the tested strains were not the best strains, and insufficient
effort was made in engineering the substrate utilization. The use of cheap feedstock
for butanol production by E. coli should be the key to an economical industrial
process and thus needs to be strongly promoted.

4 Butanol Toxicity and Engineering Butanol Tolerance
in E. coli

Although E. coli can convert sugars (glucose and xylose) to butanol at a relatively
high level, it cannot tolerate 2 % (v/v) butanol [27]. E. coli is unable to produce
butanol at a very high level as a result. Considering the relationship between
butanol tolerance and butanol production by Clostridial strains [16, 29, 30, 34],
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butanol toxicity to E. coli is considered a bottleneck for butanol production. It is
thus important to develop a butanol-tolerant strain in E. coli for the production of
high-titer butanol at levels needed for economic efficiency.

4.1 Butanol Toxicity to Microbes

The toxicity of butanol, as a solvent, to cells begins with the butanol impact on the
cell membrane. Cell membranes are composed of a phospholipid bilayer inter-
spersed with proteins. In addition to providing structural integrity and maintaining a
barrier to the extracellular environment, they facilitate transport in and out of the
cell and are responsible for signal transduction, communication, and energy pro-
duction [37]. When cells are exposed to butanol, the butanol accumulates in the
phospholipid bilayer, the hydroxyl moiety accumulates near the phospholipid polar
headgroup, and the aliphatic chains are intercalated between the fatty acyl chains of
the phospholipids [54]. The hydroxyl group of the butanol spends more time
hydrogen bonded to the phosphate group of the lipid than the more hydrophobic
longer-chain n-alkanols, which are more deeply embedded in the bilayer. As a
result, butanol generates larger disordering in the phospholipid bilayer than the
other n-alkanols [56]. Hereafter, the membrane loses its integrity, and the structural
and functional properties of the membranes are affected. An increase in perme-
ability to protons and ions has been observed. Consequently, dissipation of the
proton motive force and impairment of intracellular pH homeostasis occur. In
addition to the effects of lipophilic compounds on the lipid part of the membrane,
proteins embedded in the membrane are affected. The effects on the membrane-
embedded proteins probably result to a large extent from changes in the lipid
environment [47]. In addition, it has been shown that butanol can affect cells by
damaging and denaturing biological molecules, including damage to DNA and lipid
damage by oxidative and related mechanisms [37]. These results provide insights
into butanol toxicity to E. coli, from which promising strategies for improving the
tolerance to butanol can be obtained.

4.2 Mechanisms of Butanol Tolerance

4.2.1 Omic Analyses Revealing Molecular Mechanisms of Butanol
Tolerance

Although butanol is toxic to microbes, some species or strains can tolerate butanol
to some degree. As shown in Table 2, Pseudomonas putida strains possess a high
tolerance to butanol and can grow in 6 % (vol/vol) butanol [43]. Some Lactoba-
cillus and Pediococcus species can tolerate butanol of up to 3 % or more. The
tolerance mechanisms are useful in engineering butanol-tolerant strains. In recent
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years, system biotechnological approaches have been widely used to investigate the
molecular mechanism of butanol tolerance.

Comparative proteomic analyses revealed that glycerol metabolism genes (glpA
and glpF), numerous stress genes (dnaK, groES, groEL, hsp90, hsp18, clpC, and
htrA), the solventogenic operon aad–ctfA–ctfB, and other solventogenic genes were
up-regulated in response to butanol stress [1] in the native butanol producer
Clostridium acetobutylicum. Most were up-regulated in advance (acidogenic phase)
[34]. This suggests that the strain Rh8 may have developed a mechanism to prepare
itself for coping with butanol challenges before butanol was produced, leading to
increased butanol production [34]. Additionally, the butanol-tolerant mutant strain
was shown to have evolved a more stabilized membrane structure and to have
developed a cost-efficient energy metabolism strategy, to cope with the butanol
challenge [33]. Further, comparative genomic analysis indicated a surprisingly high
ratio of rRNA mutations that might contribute to improved butanol tolerance [5].
This suggests that strain Rh8 might mutate some rRNA genes to change the
structure and function of the whole ribosome. Engineering the factor involved in the
translation process can therefore be considered a new strategy of improving
microbial stress tolerance worthy of testing [5]. In addition, it was found that in
response to butanol on the membrane, C. acetobutylicum synthesized increased
levels of saturated acyl chains [52]. The growth of cells in the stationary phase

Table 2 Butanol tolerance of some species

Genus Species Strain Butanol
tolerance (%)

Reference

Bacillus sp. SB-1 3 (v/v) Curr Sci India, 2002,
82: 622–623

Enterococcus casseliflavus IMAU10148 3.5 (v/v) Lett Appl Microbiol,
2010, 50: 373–379

Enterococcus faecium IB1 2.5–3 (w/v) Appl Biochem
Biotech, 2012, 168:
1672–1680

Lactobacillus brevis 3 (w/v) Appl Microbiol
Biotechnol, 2010,
87: 635–646

Lactobacillus delbrueckii 2.5 (v/v) Appl Biochem
Biotech, 2009, 153:
13–20

Lactobacillus plantarum E4 3 (v/v) Lett Appl Microbiol,
2010, 50: 373–379

Pediococcus acidilactici IMAU20068 3.5 (v/v) Lett Appl Microbiol,
2010, 50: 373–379

Pediococcus pentosaceus IMAU20032 3.5 (v/v) Lett Appl Microbiol,
2010, 50: 373–379

Pseudomonas putida DOT-T1E, S12,
VLB120

6 (v/v) Appl Environ
Microbiol, 2009, 75:
4653–4656
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coincides with a gradual increase in the percentage ratio of saturated to unsaturated
fatty acids. An increased synthesis of saturated fatty acids may provide a more
stable membrane environment under butanol stress [4].

Besides clostridia, species that tolerate a high concentration of butanol were
used to investigate the mechanism of butanol tolerance. The most interesting
findings were solvent efflux pumps and the ability to shift from cis isomers to trans
isomers. For example, P. putida strains contain mainly palmitoleic acid and vac-
cenic acid as trans isomers and are directly synthesized from the cis isomer within
1 min of exposure to the solvent with no shift in the position of the double bond.
Because organic solvents increase membrane fluidity, P. putida strains shifting
their cis-to-trans ratio could counteract this alteration [41]. Efflux pumps are
membrane transporters and play an important role in cell survival by exporting a
wide range of substrates, including bile salts, antimicrobial drugs, and solvents.
The efflux pump srpABC from P. putida S12 has been shown to export hexane,
octanol, and several other hydrocarbons. Three efflux pumps (TtgABC, TtgDEF,
and TtgGHI) are found in P. putida DOT-T1E and are collectively known as the
toluene tolerance genes [14].

These results suggest that the molecular mechanism of butanol tolerance is
complex; however, the results suggest candidates to be engineered to improve
microbial tolerance to butanol. Some candidates have been confirmed by genetic
modification, as summarized below.

4.2.2 Investigation of Candidate Targets Contributing to Butanol
Tolerance

1. Glycerol metabolism genes
The expression of the gldA gene that encodes glycerol dehydrogenase can be
reduced by antisense ribonucleic acid (RNA). It has been shown that the butanol
tolerance of C. beijerinckii is increased by the reduced activity of glycerol
dehydrogenase [31].

2. Heat-shock proteins (HSPs)
According to the above studies, many stress-responding proteins, including
HSPs, are induced by butanol. The HSP system is a cellular stress response
system that works during the folding and degradation of proteins. Overex-
pression of HSP groESL in C. acetobutylicum ATCC824 resulted in prolonged
metabolism and increased butanol production and tolerance [50, 51]. Overex-
pression of HSPs grpE and htpG improved the butanol tolerance of C. acet-
obutylicum but did not increase butanol production [32]. Expression of HSP33
from solvent-tolerant Bacillus psychrosaccharolyticus in C. acetobutylicum
ATCC824 did not confer increased solvent tolerance during growth, but
increased the total solvent titer by 22 % [9]. This suggests that most HSPs
contribute to butanol tolerance, which might be applied in engineering a buta-
nol-tolerant E. coli strain.
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3. Transcriptional regulator related to solvent production
Spo0A is a multivalent transcription factor regulator. Expression of spo0A in
C. acetobutylicum promoted expression of the solvent formation genes in the
stationary phase, induced the conversion of acid into solvent, and provided
increased tolerance and solvent production under butanol stress [2]. By geno-
mic-library enrichment and DNA microarray analysis, CAC1869 categorized as
a singleton transcriptional regulator was found. Overexpression of CAC1869 in
C. acetobutylicum ATCC824 increased butanol tolerance by 81 % and pro-
longed the metabolic activity [8].

4. Other targets contributing to butanol tolerance
Glutathione (GSH) is also involved in protein stabilization, antioxidation, and
detoxification; so, a study was conducted by introducing GSH synthetic genes
gshAB into C. acetobutylicum DSM1731. The engineered strain DSM1731(pI-
TAB) produced GSH and exhibited improved butanol tolerance and increased
butanol production capability [58]. Furthermore, the gene SMB_G1518 in
C. acetobutylicum DSM1731 that codes the cysteine-rich zinc-finger domain
putatively interacting with alcohol and the close gene SMB_G1519 were shown
to be possible negative regulators involved in butanol tolerance [22].

4.3 Engineering E. coli to Improve Butanol Tolerance

On the basis of molecular mechanisms of butanol tolerance and confirmed strate-
gies for Clostridium, efforts were made to improve the butanol tolerance of E. coli
(Table 3).

4.3.1 Overexpression or Deletion of Genes to Improve the Butanol
Tolerance of E. coli

Butanol is known to affect the membrane by increasing the membrane fluidity. For
E. coli, several transcriptional analyses have been performed to clarify the stress
caused by butanol. The results indicate an increase in reactive oxygen species
during butanol stress. The free radicals directly attack the membrane by lipid
peroxidation [44].

To relieve the oxidative stress in the host cell, metallothioneins (MTs), which are
known as scavengers of reactive oxygen species (ROS), were engineered in E. coli
hosts for both cytosolic and outer-membrane-targeted (osmoregulatory membrane
protein OmpC fused) expressions. Cytosolic expression was conducted for the
alcohol tolerance measurements of the engineered E. coli strains of MTs from
human (HMT), mouse (MMT), and tilapia fish (TMT), while the OmpC-fused
MT strains (OmpC-HMT, OmpC-MMT, and OmpC-TMT) were expressed for
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membrane-targeted MTs. The abilities of these engineered E. coli to scavenge
intracellular or extracellular ROS were examined, and TMT was found to perform
best among the three MTs, growing in a medium with 1 % (v/v) butanol. Addi-
tionally, the membrane-targeted fusion protein, OmpC-TMT, improved host tol-
erance to 1.5 % butanol, above the tolerance of 1 % for TMT [11].

Efflux pumps play an important role in solvent tolerance. In E. coli, the
AcrAB-TolC system acts as an efflux pump, with AcrB being the inner membrane
transporter, AcrA being the membrane fusion protein, and TolC being the outer
membrane protein. A library of heterologously expressed efflux pumps was
examined and none of the pumps were able to increase E. coli tolerance to butanol
[15]. Many studies have suggested that efflux pumps are ineffective at exporting
short-chain alcohols.

Table 3 Engineering strategies to improve butanol tolerance in E. coli

Strategy Results on butanol tolerance Reference

Expression of cytosolic and
outer-membrane-targeted
metallothioneins (MTs)

From 0.5–1 % (v/v) to 1.5–2 % Biotechnol
Biofuels, 2013,
6: 130

Overexpression of groESL GroESL overexpression strain
demonstrated a 2.8-fold increase
in integrated growth under curve
(IGUC) over the control strain with
a challenge of 0.75 % (v/v)

Metab Eng, 2013,
15: 196–205

Overexpression of entC From 0.5 % (v/v) to 0.66 % PloS One, 2011, 6
(3): e17678

Overexpression of feoA From 0.5 % (v/v) to 0.75 % PloS One, 2011, 6
(3): e17678

Deletion of astE From 0.5 % (v/v) to 0.74 % PloS One, 2011, 6
(3): e17678

Evolution Only 6 g/L (0.74 %, v/v) was tested,
both E. coli SA481 and TW306
(mutant strains) showed an increased
tolerance to butanol relative to
JCL260 (parent strain)

Mol Syst Biol,
2010, 6(1): 1–11

Mutation of RNAP alpha
subunit

Mutant strain grew faster and
exhibited a higher accumulated cell
mass than the control in the presence
of 0.9 % (v/v) butanol

Appl Environ
Microbiol, 2009,
75(9): 2705–2711

Utilization of artificial
transcription factors (ATFs)

Among 106 ATF transformants
screened, 75 ATF transformants
survived in LB medium containing
1.5 % (v/v) butanol, when cultured
in a range of 1–2 % butanol

Biotechnol Bioeng,
2011, 108(4):
742–749

Mutation of cyclic AMP
receptor protein (CRP)

When butanol concentration
increased from 0.8 % (v/v) to 1.2 %,
the growth rate of a mutant MT5
(0.18 h−1) became twice that of the
wild type (0.09 h−1)

Appl Microbiol
Biotechnol, 2012,
94(4): 1107–1117
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A molecular chaperone is a cellular stress response molecule that works during
the folding and degradation of proteins, with HSPs being well-known examples.
Overexpression of groESL (a heat-shock gene) in E. coli provided an effective
outcome. Cultures of 0.75 % butanol were the only challenged samples in which the
strain 10-β(pACYC184) showed a net increase in cell density above the starting
point, doubling across the entirety of the experiment, while 10-β(pAC-groESL)
doubled more than twice in the same time frame. In 0.75 % butanol, the overex-
pressed groESL demonstrated a 2.8-fold increase in integrated growth under the
curve over the control [60]. In addition, the Hsp33 of B. psychrosaccharolyticus
overexpressed in E. coli increased the E. coli’s tolerance to isopropyl alcohol,
demonstrating that a psychrophilic protein is functional at higher temperatures and
confers a tolerant phenotype [24]. This protein might be functional for improving
butanol tolerance in E. coli as well.

An enrichment strategy involving the serial transfer of batch cultures in
increasing butanol concentrations (0, 0.9, 1.3, and 1.7 % butanol) along with
respective controls was performed recently. The overexpressed genes that conferred
the largest increase in butanol tolerance, entC and feoA, were related to iron
transport and metabolism and increased the butanol tolerance by 32.86 ± 4.0 % and
49.16 ± 3.3 %, respectively (compared with the initial butanol tolerance of 0.5 %).
The gene whose deletion resulted in the largest increase in resistance to butanol was
astE, with butanol tolerance being enhanced by 48.76 ± 6.3 % [42].

4.3.2 Transcriptional Engineering of E. coli to Improve Butanol
Tolerance

To select a butanol-tolerant E. coli strain, transcriptional engineering of the bacterial
RNA polymerase alpha subunit was studied. Results showed a mutant strain with a
mutant RNA polymerase alpha subunit grew well in LB medium containing 0.9 %
(v/v) butanol [26].

Lee et al. developed a new method of increasing the butanol tolerance of E. coli
with artificial transcription factor (ATF) libraries that consist of zinc-finger DNA-
binding proteins and an E. coli cyclic AMP receptor protein. Using these ATFs,
they selected a butanol-tolerant E. coli that can tolerate butanol up to 1.5 %
(v/v), with a concomitant increase in heat resistance [28].

Zhang et al. demonstrated that the butanol tolerance of E. coli can be greatly
enhanced through random mutagenesis of global transcription factor cyclic AMP
receptor protein. Four mutants (MT1–MT4) with elevated butanol tolerance were
isolated from error-prone PCR libraries through enrichment screening. A DNA
shuffling library was then constructed using MT1–MT4 as templates, and one
mutant (MT5) that exhibited the best tolerance ability among all variants was
selected. In the presence of 0.8 % (v/v, 6.5 g/l) butanol, the growth rate of MT5 was
found to be 0.28 h−1 while that of wild type was 0.20 h−1. When the butanol
concentration increased to 1.2 % (9.7 g/l), the growth rate of MT5 (0.18 h−1)
became twice that of the wild type (0.09 h−1) [57].
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4.3.3 Evolution Engineering of E. coli Strains to Improve Butanol
Tolerance

For E. coli, the ethanol-caused stress is well studied; these results were used for the
construction of ethanol-producing strains. Nevertheless, butanol-resistant mutant
strains are not so well understood owing to a series of unclear mechanisms.
Experimental evolution is an effective method used for chemical tolerance while
fermentation is limited by chemical products. However, the phenotype cannot be
clearly explained sometimes because of the complex mechanisms.

Researchers isolated three E. coli clones capable of growth in 2 % (w/v)
isobutanol in glucose media and two clones capable of growth in 1.75 % isobutanol
in xylose media, representing 60 and 40 % improvements in tolerance, respectively,
compared with the wild-type strain [35]. On the basis of the similarity of isobutanol
and butanol, we suppose this strategy also works for butanol tolerance.

Atsumi et al. employed a method of sequential transfer to the isobutanol
production host strain, E. coli JCL260. JCL260 was initially inoculated into LB
broth containing 4 g/L isobutanol. After 15 sequential transfers, the isobutanol
concentration in the medium had increased to 6 g/L. The isobutanol concentration
then reached 8 g/L after the next 15 transfers. After a total of 45 transfers, we
isolated the largest single colony, denoted SA481, on an LB agar plate with 8 g/L
isobutanol. SA481 showed increased growth compared with JCL260 in the pres-
ence of 6 and 8 g/L isobutanol, while maintaining similar growth in the absence of
isobutanol. The study demonstrated the isobutanol-tolerant mutants also had
increased tolerance to butanol (6 g/L) and 2-methyl-1-butanol (3 g/L).

5 Discussion and Perspectives

E. coli has been improved to be an excellent butanol producer through metabolic
engineering of a new synthetic pathway. The butanol yield of 33 % by E. coli is a
great advantage over the use of clostridial strains. The maximal butanol titer was
15 g/L, which is lower than the maximal titer of 20 g/L produced by some clos-
tridial strains, and the butanol productivity is lower than that of clostridial strains.
Therefore, more effort should be made to improve the performance of E. coli.

Besides E. coli, other species, such as B. subtilis [38], S. cerevisiae [48],
P. putida [38], and L. brevis [6], have been used as the host to produce butanol.
However, none of these species produce more than 3 g/L of butanol. It is suggested
that both the enzymes involved in the butanol synthetic pathway and the matching
of the pathway with the host are important in engineering an efficient butanol
producer.

Besides the metabolic pathway, the butanol tolerance of host strains is a critical
factor affecting butanol production performance. Butanol tolerance is a complex
mechanism related to mutagenic changes. Although much progress on the mecha-
nism of butanol toxicity has been achieved and new strategies for improving butanol
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tolerance developed, such work has not been performed on a butanol-producing
strain. The further improvement of the butanol titer may depend on butanol tolerance
engineering. Researchers are now using genomics, transcriptomics, proteomics, and
metabonomics as tools to analyze the global changes in response to butanol chal-
lenge. They hope to understand the tolerance mechanisms clearly and connect the
butanol tolerance with yield in E. coli. We suppose the system approach will improve
butanol production through metabolic engineering in E. coli.

Finally, cheaper feedstocks such as glycerol and cellulose hydrolysates should
be considered, and this will require additional genetic engineering or metabolic
evolution of a butanol-producing strain.
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