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Abstract Butanol is a promising biofuel with high
energy intensity and can be used as gasoline substitute. It
can be produced as a sustainable energy by microorgan-
isms (such as Clostridia) from low-value biomass.
However, the low productivity, yield and selectivity in
butanol fermentation are still big challenges due to the lack
of an efficient butanol-producing host strain. In this article,
we systematically review the host cell engineering of
Clostridia, focusing on (1) various strategies to rebalance
metabolic flux to achieve a high butanol production by
regulating the metabolism of carbon, redox or energy,
(2) the challenges in pathway manipulation, and (3) the
application of proteomics technology to understand the
intracellular metabolism. In addition, the process engineer-
ing is also briefly described. The objective of this review is
to summarize the previous research achievements in the
metabolic engineering of Clostridium and provide gui-
dance for future novel strain construction to effectively
produce butanol.
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1 Introduction

Butanol is a representative of advanced biofuels, which is
notable for its high energy density, low volatility, low
hygroscopicity, and low corrosivity. Butanol shows an
excellent compatibility with the current gasoline infra-
structure as a fuel or a fuel additive. Butanol also plays an
important role, such as solvent and precursor of plastic,
in the chemical industry. In addition, butanol can be
converted to acrylate, methacrylate esters, glycol ethers,
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and butyl acetate [1].

Butanol has been produced by various Clostridia with
the development of fermentation technology [2]. For
example, Clostridium acetobutylicum was firstly classified
for the conversion of starch to acetone, butanol and ethanol
in a ratio of 3 : 6 : 1 [3]. Strains that naturally produce
butanol like C. beijerinckii, C. ljungdahlii, and C.
ragsdalei have also been characterized and evaluated [4].
Although ABE fermentation has garnered continuous
interest in recent years, it was difficult to reach high
butanol production by engineering C. acetobutylicum
because it is hard to manipulate the complicated metabolic
pathway involved in acidogenesis, solventogenesis, and
sporulation [5].

The acidogenic Clostridial strain, such as C. tyrobutyr-
icum that produces acetate and butyrate as major products,
has shown the feasibility to produce a high level of butanol
after metabolic engineering [6]. The features of the
relatively simple metabolic pathway, high butanol toler-
ance, and capability to metabolize low-value feedstock
made C. tyrobutyricum a promising host microorganism in
butanol production. Despite all these advantages, the lack
of a full understanding of the metabolic pathway regulating
mechanism hampered the development of novel mutant
strains.

In this article, we summarized the progress achieved in
butanol fermentation by Clostridia, especially the con-
struction of metabolically engineered strain of C. acet-
obutylicum and C. tyrobutyricum. Various strategies to
rebalance the flux of carbon, redox or energy were
reviewed and discussed. The challenges in the manipula-
tion of acid formation pathways were described. The
application of proteomics technology to understand the
intracellular metabolism was also presented. In addition to
metabolic cell engineering, the process engineering in
butanol production was also discussed.
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2 Carbon metabolism

As shown in the metabolic pathway of butanol production
in Fig. 1, glucose is converted to pyruvate through the
EMP pathway, and several products (acids and solvents)
are produced subsequently. Pyruvate is catalyzed to lactate
via Ldh, while acetyl-CoA is generated along with CO, via
Pfor. The Pta and Ack are responsible for acetate
production from acetyl-CoA, and Ptb and Buk catalyze
the formation of butyrate from butyryl-CoA. In the wild
type of acidogenic C. tyrobutyricum, no solvent (i.e.,
acetone, ethanol and butanol) is produced, but homo-
genous butanol dehydrogenase (bdh) gene exists.
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Fig. 1 Metabolic pathway of butanol production in Clostridia.
Key enzymes and genes in the pathway: lactate dehydrogenase
(ldh); pyruvate-ferredoxin oxidorecuctase (pfor); phosphotransa-
cetylase (pta); acetate kinase (ack); phosphotransbutyrylase (ptb);
butyrate kinase (buk); CoA transferase A and B (ctfAB); alcohol
dehydrogenase (adh); butanol dehydrogenase (bdh); aldehyde-
alcohol dehydrogenase (adhE2 or aad). Dotted line indicates the
pathway that does not naturally exist in the acidogenic strain such
as C. tyrobutyricum

2.1 Manipulation of branched and central pathway

To improve butanol production, the genes involved in the
acid producing pathways, such as pta, ack, ptb and buk,
have been targeted. For example, the inactivation of the
buk gene in C. acetobutylicum led to 42% of increase of
butanol concentration [7], but the combination of buk
inactivation and aad overexpression did not further
improve the butanol production. Another study showed
that the inactivation of pfa and buk benefited the
production of butanol with yield of 0.36 mol/mol glucose
[8]. As expected, the carbon was redistributed from the
downregulated acetate and butyrate pathways to the
butanol pathway in a pta-buk deficient Clostridial strain.
Meanwhile, the knockout of both pta and buk genes as well
as the overexpression of adhE gene generated a strain with
60% increase of butanol titer and 154% increase of butanol
yield.

In addition to the end-product generation pathways (i.e.,

branched pathways), the regulation of central pathway
from acetyl-CoA to butyryl-CoA is a powerful method to
increase butanol production. For example, the activity of
thiolase (Thl) significantly affects the production of
acetone, butyrate, and butanol. Hence the inactivation of
thl could reduce or even block the formation of down-
stream products. Interestingly, the th/ deleted mutant
produced small amount of butanol but no butyrate, and
the CoA transferase was not operational [9]. No butyrate
was detected in C. butyricum when its hbd gene was
inactivated, indicating that the alternative enzyme does not
exist [10].

The metabolic engineering of Clostridia by combining
the downregulation of the byproduct formation pathways
and the upregulation of the central metabolic pathway to
butyryl-CoA could improve butanol production [l1].
However, unexpected results were observed in the butanol
fermentation by the engineered strain. The root cause is
that the strategy of metabolic engineering was not
rationally designed and the interaction between different
pathways was not fully understood. Therefore, the gene
manipulation in Clostridia could cause the undesired
output and the effort of metabolic engineering was traded
off. For example, the CoA transferase in acetone pathway
was downregulated by employing c#fB asRNA, but the
butanol yield was decreased [12]. The further character-
ization indicated that the c#fB gene is located on the
tricistronic operon (aad-ctfA-ctfB) and these genes reside
on the same mMRNA transcript. Therefore, the down-
regulation of c#fB with asRNA led to the decreased butanol
due to the downregulation of the aad gene that was
involved in the formation of butanol and ethanol [13].
Another study demonstrated that more butanol was
produced in C. tyrobutyricum with the overexpression of
ctfAB [14].

In C. acetobutylicum, it is hard to eliminate ethanol but
keep butanol production because the Aad enzyme
catalyzes the generation of both ethanol and butanol.
Different from C. acetobutylicum, the C. tyrobutyricum
contains different alcohol dehydrogenase genes in the
ethanol and butanol formation pathways. The alcohol
dehydrogenase (adh) gene is missed but the butanol
dehydrogenase (bdh) gene exists in C. tyrobutyricum [15],
thus introducing heterologous alcohol/aldehyde dehydro-
genase (ahdE?2) gene to C. tyrobutyricum could complete
the butanol pathway but not the ethanol pathway. The
results from both butanol fermentation and proteomics
study confirmed this finding. This metabolic engineering in
C. tyrobutyricum demonstrated that the synthesis of
heterologous adhE2 gene enabled the production of
butanol [16].

2.2 Challenges in eliminating the formation of acids

The inactivation of buk, pta, and ack genes in C.
acetobutylicum did not completely delete the production
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of acids. For instance, the downregulation of acetate
pathway in C. acetobutylicum by Cooksley et al. [9] and
Kuit et al. [17] increased the solvent production but a
significant of acetate production was still observed. It was
postulated that the existence of acetate: butyrate-CoA CoA
transferase provided an alternative pathway for acetate
formation [18]. A butanol formation model was described
in Fig. 2. The pathway generating butanol directly from
acetyl-CoA through butyryl-CoA was called “hot chan-
nel”, whereas the pathway via the re-assimilation of acetate
and butyrate to generate butanol was named as “cold
channel”. Previous study showed that deleting the cold
channel decreased the acetate and butyrate production but
the yield of butanol was rather low even though butanol
was produced only through the hot channel [8]. In addition,
the mass balance analysis demonstrated that the hot
channel had a more important role than the cold channel.
Obviously reducing the cold channel flux cannot improve
butanol production unless all the acid production pathways
are blocked simultaneously.
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Fig. 2 Butanol formation routes: directly through hot channel
and through cold channel via acid re-assimiation

Multiple studies were performed to manipulate the
acetate pathway or butyrate pathway by the deletion or
inactivation of single gene, but various results were
reported. For example, Lehmann et al. obtained a pth
mutant that did not produce butyrate [19], while Jang et al.
reported that the mutant that targeted the same insertion
site had comparatively high enzyme activity of Ptb [8].
Moreover, Cooksley et al. obtained a putative pzb mutant
after several attempts including three ClosTron constructs
[9], but the mutant had inactivated 4/ gene rather than pb
gene. An ack knock-out mutant of C. #yrobutyricum
reduced acetate kinase activity by ~50% but produced
almost the same amount of acetate as the wild type [15].
Likewise the activities of Ptb and Buk decreased by 76%
and 42% respectively by inactivating the corresponding
genes through homologous recombination, while butyric
acid production was not significantly reduced probably due
to the compensation of isoenzymes. At the same time, both
the activities of Pta and Ack and the production of acetic
acid and hydrogen increased.

Gene knockout has been widely used in the down-
regulation of acid formation pathways in Clostridia. The
homologous recombination has also been widely used and
a certain number of mutants were reported prior to 2007
[20]. A promising tool using the ClosTron Group II intron
directed mutagenesis was developed by Heap et al. [21]. It
had been successfully applied in several species, including
C. acetobutylicum, Clostridium difficile, Clostridium
botulinum, C. beijerinckii, Clostridium sporogenes, Clos-
tridium perfringens, Clostridium sordellii [22], and
recently C. butyricum [10]. However, the ClosTron
technique could not provide an absolutely correct
insertion in a targeted gene under all conditions due to the
gene variability and the limitation of specific site
recognition [9].

2.3 Fundamental understanding by systems biology

The regulation of the metabolism in C. acetobutylicum
involves multiple phases, i.e., acidogenesis, solventogen-
esis, and sporulation [23]. It was reported that the
fermentation pH, glucose uptake, and acid level during
the transition from acidogenesis to solventogenesis could
affect the production of solvents [24]. In C. tyrobutyricum,
the metabolic flux to butyrate could be directly converted
to butanol by synthesizing a butanol pathway and the
transition from acidogenesis to solventogenesis was not
observed. It is clear that the mechanisms of the solvent
production by C. acetobutylicum and C. tyrobutyricum are
different. Systems biology is a powerful tool to develop an
in-depth understanding of the intracellular metabolism of
butanol production.

The proteomic analysis was applied to investigate the
expression of the genes involved in the central pathway
(Fig. 3) in the solventogenic and non-solventogenic C.
acetobutylicum strains, such as WT (wild type) and M5
mutant strain with the deletion of megaplasmid pSOL1 and
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Fig. 3 Central pathway of Clostridium butanol formation.
Enzymes and genes: acetyl-CoA-acetyl transferase (afo); thiolase
(thl); beta-hydroxybutyryl-CoA dehydrogenase (hbd); crotonase
(crt); butyryl-CoA dehydrogenase (bcd); electron transferring
flavoprotein (etf)
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the loss of solvent production [25]. In solventogenic strain,
the expression of Adhl and CtfB increased significantly
after the phase transition while the expression of Buk
decreased. In non-solventogenic strain, no Adhl and Ct{B
activity was observed although Buk expression increased
post phase transition. The carbon flux from acetyl-CoA to
butyryl-CoA in the acidogenic strain was higher than that
in solventogenic strain. A similar result was also reported
in the comparative proteomics study of a high butanol
producing mutant (ack knockout and adhE2 overexpres-
sion) and high butyrate producing mutant (ack knockout)
of C. tyrobutyricum, while the activities of Bed and EtfAB
were slightly lower in these mutants than in wild type [15].
In addition, the protein expression results indicated that the
Bced was more likely to be a bottleneck of butanol
fermentation.

Different from C. acetobutylicum, C. tyrobutyricum
begins the butanol production at the exponential phase
without apparent acidogenic phase; it has a mixed phase
producing solvents and acids simultaneously. A mutant
with ack inactivation and adhE2 overexpression has
showed significantly increased activities of Thl, Ato,
Hdb, and Crt [15]. In the comparative proteomics of C.
tyrobutyricum, the mutants with high butanol productivity
had lower expression level of glycolytic enzymes than wild
type [15], which was similar to the protein expression
result in C. thermocellum treated with ethanol stress [26]. It
was found that the increased production of C4 products
(butanol and butyrate) could be driven by the carbon
redirection from acetyl-CoA to butyryl-CoA.

3 Redox metabolism

Redox is an indicator of the electron transfer involved in
intracellular metabolism. It was found that the NADH/
NADT ratio was very important to redistribute metabolic
flux [27]. Because 4 moles of NADH are consumed for the
production of 1 mole of butanol, it would be expected that
the NADH could limit the formation of butanol in the
mutant with rebalanced carbon [28]. This hypothesis was
confirmed by the following study results: 1) the reduction
of NADH level occurred in the phase transition of C.
acetobutylicum [29], 2) the redox engineering in E. coli
produced high level of ethanol by increasing NADH
availability [30], and 3) the decrease of NADH level in
Saccharomyces cerevisiae decreased the production of
glycerol [31]. All these previous studies indicated that
redox plays an important role in solvent production. Redox
can be improved by upregulating NADH formation
pathway or downregulating the NADH consumption
pathway.

3.1 Cellular regulators of redox balance

It was reported that the ratio of intracellular NADH/NAD™

varied at different fermentation pHs, indicating that pH is
essential for butanol production in Clostridia. The culture
pH can affect the reducing power, enzymes activity,
duration of lag phase, and the interaction of metabolic
pathways [32]. For example, the expression of Bdh in C.
beijerinckii was affected by pH [33], and the pH
optimization could redirect the metabolic flux toward
more hydrogen production [34].

The hydrogen production could correlate with NADH
metabolism in Clostridia. Three metabolic pathways that
regulate the NADH/electron flow have been investigated:
(1) NADH-ferredoxin reductase and hydrogenase [35],
(2) Bed/EtfAB complex and hydrogenase involved in the
reaction of “2 NADH+ 1 oxidized ferredoxin+ 1
crotonyl-CoA= 2 NAD" + 1 ferredoxin+ 1 butyryl-
CoA” [36], and (3) bifurcating hydrogenase oxidizing
NADH and ferredoxin simultaneously [10].

Multiple enzymes in the central metabolic pathway of
butanol production can regulate the metabolism of NADH.
For example, the Bcd/Etf complex consumed the reducing
power in Clostridia [37]. The NADH-ferredoxin reductase
did not seem to cause a significant loss of reducing power
and the formation of C4 was more preferred compared to
the formation of C2 [38]. It was reported that the enzymes
involved in NADH oxidization in C. perfringens have the
following order of affinity: Ldh= Hdb> Bcd, EtfA and
EtfB complex > AdhE > NADH-ferredoxin reductase.
Interestingly, the overexpression of the NADH-dependent
adhE?2 gene upregulated other NADH dependent enzymes
such as hydrogenase in C. tyrobutyricum, suggesting that
the further improvement of butanol production could be
achieved by redox rebalance [15].

3.2 Process regulators of redox balance

In addition to genetic engineering, process engineering has
a great potential to regulate redox balance and butanol
production. The additives in fermentation media could
increase the butanol production by affecting the environ-
mental oxidation-reduction potential (ORP) and intracel-
lular metabolism through the availability of NADH. For
example, the supplement of methyl viologen, neutral red,
or whey in medium increased the butanol-acetone produc-
tion [39,40]. The detoxification effect of furfural was
observed by adding glycerol in growth medium, which
also increased the intracellular stock of NADH/NADPH
[41]. The addition of electron carriers reduced the activities
of hydrogenase, and the loss of hydrogen formation led to
the electron flow towards butanol, which was essential for
the regeneration of NAD(P)* pool [3]. The biological
redox pairs such as cystine/cysteine and oxidized/reduced
glutathione can be supplemented to affect the ORP status.
Mannitol was also used as carbon source to produce
butanol by an engineered C. tyrobutyricum, which
produced a high butanol titer of 16.0 g/L [6], but the cost
to use mannitol as carbon source is high.
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4 Energy metabolism

Similar to the dosage effect of NADH, high ATP level can
effectively block the butyrate synthesis and direct the
carbon flow to the butanol pathway [42]. The butanol
synthesis pathway in Clostridia depends on CoA, and the
condensation of acetyl-CoA to acetoacetyl-CoA was
proved to be reversible thermodynamically [5] and
enzymatically [43]. Therefore, artificial ATP accumulation
resulted in the formation of a force driving reaction
towards butanol in E. coli [37] and cyanobacteria [44].
Because more ATP is produced through the acidogenesis
pathway, the high level of intracellular ATP is essential to
the redirect the metabolic flux towards the solvent
formation. The inactivation of ack in C. tyrobutyricum
increased the butyrate formation and further led to a higher
ATP synthesis level. On the other hand, the formation of
butanol reduced the ATP generation through butyrate
pathway (Fig. 1), and also reduced the expression of
pyruvate kinases and phosphoglycerate kinase [15].
Therefore, the inactivation of both acetate and butyrate
pathways could increase the production and selectivity of
butanol but the energy distribution could be challengeable.

It was suspected that a high ATP level contributed to the
high butanol tolerance by compensating the damage
caused by butanol [45]. The toxicity of butanol is attributed
to the impairment of nutrient transportation and the activity
decrease of membrane-bound ATPase [46]. The glycolytic
limitation was relieved by overexpressing the homologous
pfkA (6-phosphofructokinase) and pykA4 (pyruvate kinase)
in C. acetobutylicum, which increased the intracellular
concentrations of ATP and NADH [47]. Also, it was
suggested that the initial glucose concentration influenced
the stoichiometric coefficients of products and the produc-
tion of ATP for biomass formation [48]. The regeneration
of ATP can be achieved through substrate-level phosphor-
ylation (SLP), respiration, or electron transport phosphor-
ylation (ETP) [49]. However, in the middle of electron
transport phosphorylation, the membrane-associated Rnf
(Rhodobacter nitrogen fixation) complex was not available
in C. acetobutylicum [3], which may be caused by the
severe damage of acid and solvent on the cell membrane.

5 Conclusions

The production of butanol by Clostridia will continue to be
an interesting research area in biofuel development [50].
The accumulation of fermentation data and the advances in
proteomics technologies allow for a better understanding
of the driving force behind the metabolism regulation of
carbon, redox and energy. The rebalance of carbon, redox
and energy could result in fast cell growth, and high
butanol productivity. The effective approaches of meta-
bolic engineering could be developed at multi-levels (gene,

pathway, and system) by rationally regulating the meta-
bolism of carbon, redox and energy.
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