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Biofuels are an attractive means to prevent a further increase of carbon dioxide emissions. Cur-
rently, gasoline is blended with ethanol at various percentages. However, butanol has several ad-
vantages over ethanol, such as higher energy content, lower water absorption, better blending abil-
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ity, and use in conventional combustion engines without modification. Like ethanol, it can be pro-
duced fermentatively or petrochemically. Current crude oil prices render the biotechnological
process economic again. The best-studied bacterium to perform a butanol fermentation is Clostrid-
ium acetobutylicum. Its genome has been sequenced, and the regulation of solvent formation is
under intensive investigation. This opens the possibility to engineer recombinant strains with su-

perior biobutanol-producing ability.

Keywords: Biobutanol - Biofuel - Butanol - Clostridium acetobutylicum - Solvents

1 Introduction

The world's energy system is still largely based on fossil
fuels. A very controversial public discussion focuses on
the question of how long proven, probable, and possible
petroleum reserves will last. The date of the peak oil (high-
est production rate) is continuously pushed into the future
(2010 and later), since higher prices will render uncon-
ventional sources such as tar sands and oil shales eco-
nomically producible. However, it is generally accepted
that crude oil prices have reached sustained highs and
might well continue to increase. In addition to availabili-
ty and price of petroleum-based diesel and gasoline, there
is growing concern on the effect of greenhouse gas emis-
sions on the world’s climate. Burning of fossil fuels leads
to a (meanwhile dramatic) increase of CO, in the atmos-
phere. This dangerous CO, output, however, could be
counterbalanced by using renewable biomass for biofuel
production. All CO, released from such substances stems
from organic material and can eventually be recaptured
by bacteria and plants. As mobility is still increasing, es-
pecially in countries such as China and India, and re-
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placement of combustion engines by fuel cells will still
take many years, the demand for liquid fuel is growing
enormously. However, it is clear that due to limitation of
arable land, biofuels from biomass will only represent a
fraction of the total fuel required. Nevertheless, this share
(for Germany, 25% is estimated in 2020 [1]) will substan-
tially help to extend availability of crude oil and to reduce
greenhouse gas emissions. As a consequence, political
actions have been taken. The European Union, for exam-
ple, has passed the directive 2003/30/EC. It states that the
share of biofuels must reach 2% in 2005 and 5.75% in 2010
(a 10% minimum target for the biofuel market share by
2020 has been proposed). This will mostly be achieved by
blending fossil fuels with bioethanol or biodiesel, or by us-
ing biodiesel directly. However, these substances have
several disadvantages, which can be overcome by alter-
native biofuels such as biobutanol.

2 History

The use of biofuels is no novel invention. Rudolf Diesel
tested peanut oil as a fuel in his newly invented engine al-
ready in 1912 [1]. Nikolaus August Otto, inventor of the
accordingly named combustion engine, and Henry Ford
showed pure ethanol to be able to run the respective mo-
tors. The use of butanol as a biofuel has only recently been
reported, when in 2005 a car driven by David Ramey
toured across the United States, using this alcohol instead
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of gasoline. Although consumption was ~9% higher,
emissions of CO, hydrocarbons, and NOX decreased enor-
mously (http://www.butanol.com/, as of 22 August 2007).

However, the history of biological butanol formation
dates back much longer. Already in 1862, the well-known
French scientist Louis Pasteur reported this alcohol to be
a fermentation product of “Vibrion butyrique” [2], which
did not represent a pure culture but presumably con-
tained clostridia of the Clostridium butyricum or C. aceto-
butylicum type [3]. The first pure culture of such an or-
ganism was probably isolated by Albert Fitz in Strasbourg,
who published a series of papers on Bacillus butylicus.
This anaerobic, spore-forming bacterium fermented glyc-
erol, mannitol, and sucrose to butanol, butyrate, COZ, and
hydrogen (plus minor amounts of acetate, ethanol, lactate,
and propanediol), produced typical clostridial forms, and
was killed by higher concentrations of butanol [4-7].
These pioneering studies paved the way for isolation of
further solvent-forming bacteria around the turn to the
twentieth century. Numerous microbiologists were in-
volved, among them the famous Martinus Beijerinck and
Sergei Winogradsky (for a detailed list see [8]). At that
time, the genus name Clostridium was a mere morpho-
logical description, meaning small spindle [9]. Thus, it is
not surprising that a variety of different designations were
used, including Granulobacter saccharobutyricum, Amy-
Iobacter butylicus, and Bacillus orthobutylicus [8]. Mean-
while it is known that mostly clostridia (strictly or moder-
ately anaerobic, spore-forming, Gram-positive bacteria,
incapable of dissimilatory sulfate reduction) perform a bu-
tanol fermentation. Well characterized and extensively
used and investigated are C. acetobutylicum, C. beijer-
inckii, C. saccharoperbutylacetonicum, and C. saccha-
robutylicum [10]. A few other microorganisms form bu-
tanol as a major fermentation product. Butyribacterium
methylotrophicum belongs to the taxonomic kingdom
bacteria [11], whereas Hyperthermus butylicus is an ar-
chaeon [12].

Microbial solvent formation also made its way to in-
dustrial use. The so-called ABE fermentation (for acetone-
butanol-ethanol) became the second largest biotechno-
logical process ever performed. It is beaten in volume only
by ethanol fermentation, usually performed in much
smaller facilities. The story dates back to the beginning of
the twentieth century, when a number of scientists tried
to produce rubber artificially [8, 13, 14]. The idea was to
use isoprene for polymerization, which could be produced
from isoamyl alcohol. An alternative was butadiene, de-
rived from butanol. In England, the company of Strange
and Graham had employed Fernbach and Schoen from
the Institut Pasteur in Paris and Perkins and Weizmann
from Manchester University to work on that project. In
1911, Fernbach and Strange applied for two patents de-
scribing fermentation of various organic materials to
mainly amyl, butyl, and ethyl alcohols by a mixed culture
as well as recovery of the products [15, 16]. Weizmann left
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the research group in 1912, but continued to work in this
field. In his memoirs, he described his success of isolating
a new culture, producing large amounts of a liquid that
smelled like amyl alcohol. In fact, it turned out to be a mix-
ture of acetone and butanol [17]. Ironically, the price of
natural rubber started to decrease during these years, due
to increasing production from plantations in Asia. How-
ever, the disregarded by-product acetone helped the ABE
fermentation process to an industrial breakthrough. World
War I had started in 1914, and in November of the same
year two British cruisers (Good Hope, flagship of admiral
Sir Christopher Cradock, and Monmouth) were sunk off
Coronel in Chile. They were part of a fleet getting into
combat with the German East Asia squadron, command-
ed by vice-admiral Maximilian von Spee. It is reported
that the British ammunition suffered from bad prepara-
tion, resulting in shells that plopped harmlessly into the
water far short of enemy ships (http://butanol.com/
docs/Weizman-Terre_Haute.doc, as of August 22, 2007).
For preparation of cordite, the propellant of cartridges and
shells, acetone was required in large quantities, and there
was a tremendous shortage of chemically produced ace-
tone in England at the outbreak of the war. Weizmann ap-
plied for a patent in 1915, describing production of ace-
tone and alcohols from starchy material by a mixed cul-
ture, mainly consisting of what later became known as C.
acetobutylicum [18, 19]. Advantages over the Fernbach
strain were higher productivity with respect to acetone
and the ability to use a variety of starch-containing sub-
stances. This process guaranteed a constant supply of
acetone in Great Britain, Canada, and the United States
during the war. Weizmann denied personal honors from
the British government, but, being a member of the Zion-
ist movement, made clear that he favored to repatriate
Jewish people in Palestine. Without doubt, this influenced
the British Foreign Secretary and led eventually to the fa-
mous Balfour declaration of 1917. Several years later,
Chaim Weizmann became the first president of the new-
ly founded State of Israel.

There was almost no use of butanol during the war,
but the substance had been stored in immense vats (one
later to be used as a swimming pool [20]). Upon introduc-
tion of prohibition in the United States in 1920, there was
an immediate shortage of amyl alcohol, a by-product of al-
coholic fermentation. It had been used to produce amyl
acetate, a solvent for quick-drying lacquers, needed by
the growing automobile industry in large amounts. Bu-
tanol proved to be a perfect replacement, forming the
starting point for production of butyl acetate. At a conse-
quence, all ABE production plants closed after the
armistice were reopened and new ones were built. Nu-
merous countries used the fermentation to fulfill the re-
spective industrial needs, and up to 1950 approximately
two thirds of world’s butanol supply stemmed from the bi-
ological process [21]. The largest plant was located in Peo-
ria, IL, USA, and had a capacity of 96 fermenters with a
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volume of 50 000 gallons or 189000 L each. Thus, the total
volume was 18 168 m? [13]. Facilities in South Africa, the
former Soviet Union (using lignocellulose hydrolysates as
a substrate), and China (using continuous culture tech-
nology) were smaller, but operated until the 1980s or even
until 2004 (in China) [22—24]. The decline of the fermenta-
tion was caused by increasing substrate costs (molasses)
and low crude oil prices, rendering chemical production
cheaper. Until around 2005, butanol was only considered
to be a bulk chemical precursor for production of acrylate
and methacrylate esters, glycol ethers, butyl acetate,
butylamines, and amino resins. Their use is manifold: pro-
duction of adhesives/scalants, alkaloids, antibiotics, cam-
phor, deicing fluid, dental products, detergents, elas-
tomers, electronics, emulsifiers, eye makeup, fibers, floc-
culants, flotation aids (e.g., butyl xanthate), hard-surface
cleaners, hormones and vitamins, hydraulic and brake flu-
ids, industrial coatings, lipsticks, nail care products,
paints, paint thinners, perfumes, pesticides, plastics,
printing ink, resins, safety glass, shaving and personal hy-
giene products, surface coatings, super absorbents, syn-
thetic fruit flavoring, textiles, as mobile phases in paper
and thin-layer chromatography, as oil additive, as well as
for leather and paper finishing. Meanwhile, however, BP
und DuPont have declared that they are restarting the in-
dustrial ABE fermentation in 2007 in Great Britain, to pro-
duce butanol for use as a biofuel in the United Kingdom
(http://www2.dupont.com/Biofuels/en_US/, as of 22 Au-
gust 2007). Also, China is reopening its fermentation
plants, and a new one has been built in Brazil. Thus,
prospects for the biological butanol production are really
bright.

3 Biofuels: Butanol versus ethanol

The most widespread biogenic fuels are biodiesel (used in
pure form or as a blend) and bioethanol (used as a blend)
[1]. Biodiesel is generated from vegetable oil, animal fats,
or recycled restaurant greases. The fatty acid components
are converted into methyl esters (FAME, fatty acid methyl
esters). Glycerol is a by-product. Bioethanol stems from al-
coholic fermentation of sugar-containing materials by
yeast. Both, biodiesel and bioethanol produced in the de-
scribed way are considered first-generation biofuels. An-
other approach uses lignocellulosic biomass as a feed-
stock, these are second-generation biofuels (BtL, bio-
mass-to-liquid). In principle, the process is based on gen-
erating synthesis gas (consisting mostly of CO and
hydrogen) and reacting it into liquid alkanes, alkenes, and
alcohols by the Fischer-Tropsch method. The desired
product formation can be adjusted by process conditions
and use of appropriate catalysts. The same principle is
used for CtL (coal-to-liquid) and GtL (gas-to-liquid) fuels,
which, however, are not biofuels. BtL fuels currently focus
mostly on diesel and are known under the brand names
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SunFuel® and SunDiesel® (cooperation of Choren Indus-
tries, Shell, Volkswagen, and Daimler). A disadvantage is
that the process currently works best with wood, which
excludes other biomass such grass, stalks, leaves, etc.,
from usage. In Germany, a pilot BtL plant (15 000 t/a) is
scheduled for operation at the end of 2007/beginning of
2008 and a large one (200 000 t/a) is planned for 2009.
Since 2004, ethanol can also be produced from cereal
straw and corn stover at an industrial and competitive
scale, using a combination of pretreatment, enzyme addi-
tion, and fermentation (cooperation of Iogen, Petro-Cana-
da, and Shell; http://www.iogen.ca/news_events/press_
releases/2004_04_21.html, as of 22 August 2007). Pre-
treatment involves chopping of the biomass and treat-
ment with steam, and applying cellulases stemming from
Trichoderma reesi; fermentation is performed using re-
combinant microorganisms. Due to its origin, the gener-
ated fuel is called cellulose ethanol. Abengoa Energy also
produces bioethanol by enzymatic hydrolysis and fer-
mentation as well as thermo chemical conversion of bio-
mass (http://www.abengoabioenergy.com/, as of 22 Au-
gust 2007). Biofuels of currently minor importance are
vegetable oils (used directly instead of converting it to
biodiesel) and methane.

Recently, another player entered the stage and that is
biologically produced butanol (biobutanol, ButylFuel™).
David Ramey is planning to produce this compound by a
two-stage fermentation process. First, biomass feedstock
is converted to butyrate and hydrogen by C. tyrobu-
tyricum, and then C. acetobutylicum converts the acid
into butanol (http://www.butanol.com/, as of 22 August
2007, patented by Environmental Engineering, Inc.).
Probably based on the traditional process and using C.
beijjerinckii (details have not yet been released), BP and
DuPont, in cooperation with British Sugar, announced
biobutanol production to be started in 2007. An existing
ethanol plant in Wissington, Norfolk, UK, will be remod-
eled for this purpose. Sugar beet will serve as a feedstock
(http://www.britishbioethanol.co.uk/IsolatedStorage/
94175874-67b5-4¢33-9f38-380233f14049/ContentAssets/
Documents/BP%20release %20200606.pdf, as of 22 August
2007).

Using butanol instead of ethanol as a biofuel provides
a number of significant advantages. First, the substance
can be used in pure form or blended in any concentration
with gasoline. Ethanol can be blended only up to 85%.
Second, neither combustion of butanol as a sole fuel nor
as a fuel extender will require modification of existing car
engines. Third, it has a lower vapor pressure and is thus
safer to handle. Fourth, it is not hygroscopic. This allows
blending of gasoline at the refinery, well ahead of storage
and distribution. Blending with ethanol must occur short-
ly before use. This feature of butanol will also prevent con-
tamination of groundwater in case of spills. Fifth, it is less
corrosive. This means that the complete existing infra-
structure (tanks, pipelines, pumps, filling stations, etc.)
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Table 1. Comparison of gasoline to biofuels

Fuel Caloric value Air-fuel Research
(MJ/L) ratio octane number
Gasoline 325 14.6 91-99
Ethanol 21.2 3.0 129
Butanol 29.2 11.2 96

can be used. Sixth, the energy content is higher, increas-
ing the mileage/gasoline blend ratio. Seventh, the dibutyl
ether derivative has the potential for a diesel fuel. Table 1
shows a comparison of some characteristics of the impor-
tant biofuels with gasoline. In principle, butanol could be
produced via a BtL process as well. However, the fermen-
tation seems to be economically the method of choice.

4 Fermentation pathways and enzymes involved

The original Weizmann strain of C. acetobutylicum was
best suited for growth on starchy materials. Later isolation
of similar species focused on molasses as a substrate.
Originally, these strains were also considered to be C. ace-
tobutylicum and were kept under this name in publica-
tions and strain collections. Only at the beginning of the
1990s was it discovered that besides the true C. aceto-
butylicum three other species were in use, namely C. bei-
jerinckii, C. saccharoperbutylacetonicum, and C. saccha-
robutylicum [10]. It is important to crosscheck older liter-
ature with this publication to identify the proper organ-
ism. Most data are available for C. acetobutylicum. This
bacterium typically performs a standard butyric acid fer-
mentation, with acetate, butyrate, CO,, and H, as major
products (Fig. 1). About twice as much butyrate is pro-
duced compared to acetate. Some ethanol is formed con-

Glucose
2 ATP = 4 [H]

% Pyruvate

Pyruvate
2[H] CO, H,] co,

Lactate
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stitutively, and also some acetoin. Lactate formation de-
pends on specific growth conditions. As starch serves as
a good substrate, it is not surprising that two amylases
have been isolated from C. acetobutylicum and analyzed
in detail [25, 26]. However, only one of the respective
genes could be unambiguously identified from the
genome sequence so far [27]. Inspection of the genome
yielded surprising findings: Genes were found, whose
products should allow degradation of two major plant wall
materials, namely cellulose and xylan [28]. Whereas the
latter compound had previously been shown to serve as a
substrate for C. acetobutylicum and respective enzymes
had been isolated and characterized [29-32], cellulose
cannot be metabolized [33]. An inactive cellulosome com-
plex was detected [34], but single components could be
functionally overexpressed [35-37]. This phenomenon
still remains to be clarified. Glucose transport into the cell
is mediated by a phosphoenolpyruvate-dependent phos-
photransferase system [38]. Hexoses are further metabo-
lized via glycolysis, pentoses via the pentose phosphate
pathway. A detailed description of what is known about
the respective enzymes and their genes has recently been
published [27].

At the end of the exponential growth, a major meta-
bolic switch takes place in C. acetobutylicum. The organ-
ism slows down acid production, and takes up excreted
acetate and butyrate and converts them into the solvents
acetone and butanol (approximately two times more bu-
tanol than acetone) (Fig. 2). It is a response to endanger-
ing environmental conditions. Anaerobic bacteria are in
general unable to keep their internal pH constant, it is ~1
unit higher than the external pH [39-41]. Due to the acids
formed during fermentation, the external pH will drop.
Starting at about a value of 4.5, considerable amounts of
undissociated acetic and butyric acids will be present,
which are able to diffuse into the cytoplasm. There, they

2-Acetolactate w» Acetoin

Co,

Acetate T Acetyl-P —=— Acetyl-CoA 7—> Acetaldehyde T> Ethanol

Acetyl-CoA 2 [H]

ATP
Acetoacetyl-CoA

- 2 [H]

3-Hydroxybutyryl-CoA

N H,0

Crotonyl-CoA

ATP - 2 [Hl

Butyrate <L Butyryl-P <+— Butyryl-CoA
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Figure 1. Acidogenic fermentation performed by C. acetobutylicum.
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will dissociate again and thus cause the proton gradient
between inside and outside to collapse. This H* gradient
(external higher than internal) is essential for living cells.
Its breakdown results in cell death. Being able to convert
acids into solvents and thus increasing the pH again, pro-
vides C. acetobutylicum with a distinct growth advan-
tage over species that only perform an acid fermentation.
However, it is only a limited advantage, as especially bu-
tanol has a damaging effect on membranes and some
membrane proteins [42, 43]. Thus, the bacteria in parallel
start the synthesis of endospores to guarantee long-term
survival. This explains why the metabolic networks of sol-
ventogenesis and sporulation are regulatorily linked (see
next paragraph).

The first enzyme, required for solventogenesis, is an
acetoacetyl-CoA:acetate/butyrate-coenzyme A transfer-
ase (CoA transferase, CtfA/B) that converts reinternal-
ized butyrate and to a lesser extent also acetate into bu-
tyryl-CoA and acetyl-CoA. The latter is recycled to ace-
toacetyl-CoA, the starting point of the reaction. The re-
spective enzyme, however, a thiolase (ThlA) is also
needed for butyrate formation. This has implications for
the regulation of its gene, as discussed below. Acetoac-
etate, one of the products of the CoA transferase action, is
converted into acetone and CO, by acetoacetate decar-
boxylase (Adc), a reaction required to “pull” the thermo-
dynamically unfavorable butyryl-CoA formation. This can
also be achieved using different substrates, resulting in
massively increased butanol production over acetone
[44]. Tt is noteworthy that Adc occurs in two different
forms in the cell, possibly indicating a regulation via pro-
tein modification [45]. Finally, butyryl-CoA is reduced to
butyraldehyde and butanol by several enzymes. AdhE is
a bifunctional butyraldehyde/butanol dehydrogenase and
catalyzes initiation of solventogenesis, whereas BdhB, a
butanol dehydrogenase, takes over later and is responsi-
ble for the massive production. BdhA is an alcohol dehy-
drogenase that uses acetaldehyde and butyraldehyde al-
most equally well [46], assuming its physiological role to
be just a sink for surplus reducing equivalents and result-

Acetyl-CoA
Acetoacetyl-CoA = Vi

Acetate )

= Acetyl-CoA

Butyrate
Butyryl-CoA —=

},2[}1]

Acetoacetate
Butyraldehyde
(e(0)
l/ 2[H] 2
Butanol Acetone

Figure 2. Solventogenic fermentation performed by C. acetobutylicum.
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ing in minor ethanol and butanol formation. AdhEZ2 is an-
other bifunctional butyraldehyde/butanol dehydrogenase
that is only formed when C. acetobutylicum is growing on
reduced substrates (e.g., a mixture of glucose and glyce-
rol), which leads to a so-called alcohologenic fermentation
(only butanol and ethanol are formed, but no acetone) [47,
48]. This reaction can also be induced by adding the re-
dox dye methyl viologen [49, 50]. All of the aforemen-
tioned enzymes are regulated at the level of their genes,
some of them by additional mechanisms as well.

5 Operon structure and regulation of
solventogenesis genes

The genome of C. acetobutylicum consists of a 3.94-Mbp
chromosome and a 192-kbp plasmid (pSOL1) [28]. Genes
encoding solventogenic enzymes are located on both ele-
ments. The megaplasmid harbors three operons, two of
which are organized in a cluster. The sol operon consists
of the genes orfl, (encoding a peptide of still unknown
function), adhE (encoding the bifunctional butyralde-
hyde/butanol dehydrogenase, the gene is sometimes also
designated as aad), ctfA, and ctfB (encoding the two sub-
units of the CoA transferase) [51, 52]. Transcription of the
operon stops at a typical rho-independent terminator,
which serves the same function for the downstream lo-
cated, but convergently transcribed monocistronic adc
operon, encoding the acetoacetate decarboxylase
[63-55]. This organization is unique within the solvento-
genic clostridia, as all other species contain a sol operon
starting with a butyraldehyde dehydrogenase gene (ald or
bid), followed by ctfA, ctfB, and adc [56, 57]. In C. aceto-
butylicum, the organization in two different operons ex-
plains the ability of the organism to change the ace-
tone/butanol production ratio. The sol operon of C. aceto-
butylicum is transcribed from a single, inducible promot-
er, which shows typical o*-dependent motifs [61]. The
transcript is processed after its formation [58], represent-
ing another stage of regulation. A binding site for
Spo0A~P the master transcription factor of sporulation, is
located upstream of the control region (in reverse orienta-
tion). This represents the regulatory link between solven-
togenesis and sporulation [69]. The suggestion that an up-
stream located gene, orf5, served as a repressor (solR) of
the sol operon [60], turned out to be an error [58, 61]. How-
ever, the existence of additional regulators is very likely
[68]. It is also important to note that the adhE part of the
transcript is translated into both the complete bifunction-
al enzyme and a separate, C-terminal butanol dehydroge-
nase domain. It may be that this counteracts instability
problems [58]. The promoter strength of the sol promoter
is ~2 orders of magnitude lower than those of the adc and
bdhB operons [62], possibly reflecting the physiological
function of AdhE in initiation of solventogenesis (and im-
plying higher stability of the other encoded enzymes) [63].
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The adhEZ2 gene is also located on the megaplasmid.
It forms a monocistronic operon and two transcriptional
start points have been determined [48]. As one of these
also seems to be an mRNA processing site (very little ho-
mology of deduced “promoter” sequences to the consen-
sus) and a Spo0A~P binding site (0A box) precedes the
proper promoter, the regulation seems to be very similar
to the sol operon [27].

The other solventogenesis genes reside on the chro-
mosome. bdhA and bdhB are organized in contiguous,
monocistronic operons [64]. Both promoters seem to be
o”r-dependent, the bdhA-controlling one having only ~6%
of the strength of the bdhB one [62]. As expected, up-
stream of the bdhB promoter a 0A box is found [65], as the
gene product is important for butanol formation [63].
However, such a motif is present before the bdhA control
region as well (two 0A boxes) [59], although under usual
experimental conditions this promoter turned out to be
constitutive [63]. That could indicate the involvement of
additional regulators or point to dangerous conclusions
drawn from in silico analysis.

As mentioned before, thiolase is involved in both aci-
dogenesis and solventogenesis. Two respective genes are
present in C. acetobutylicum, thlA and thiB, of which the
former encodes the metabolically active enzyme. thiB is
part of a polycistronic operon, which is expressed at very
low level, and the physiological relevance of its gene prod-
ucts is not yet known [65]. However, the monocistronic
thiA operon shows a so far unique expression pattern in
solventogenic clostridia: massive transcription during
acidogenesis, drastic decrease at initiation of the shift,
and again massive transcription during solventogenesis
[65]. The two different expression phases are explained by
the need for this enzyme in both pathways (compare Figs.
1 and 2). The regulator(s) responsible for this control
is(are) still unknown.

Two global approaches for investigation of regulatory
links inside a cell are proteome analysis and transcrip-
tional profiling (DNA microarrays). Both have been start-
ed for C. acetobutylicum. Comparing acidogenic and sol-
ventogenic cells, several proteins were found to increased
under the latter conditions. Among them were only one
true solventogenic enzyme, Adc (in two modifications,
see before), several stress proteins [DnaK, GroEL, Hsp18
(also in two modifications), PAxY (possibly quenching sin-
glet oxygen)], and three proteins catalyzing serine biosyn-
thesis and incorporation into proteins [45]. The physio-
logical relevance of the latter phenomenon is unclear. An-
other study compared the wild-type and spoOA-negative
and overexpression mutants [66]. Stress proteins again
were found to be affected, protein modifications again
were noticed, and six proteins were missing in the spo0A-
knockout mutant [66]. While proteome analysis still suf-
fers in part from the fact that a number of proteins cannot
be resolved on the gels in use, DNA microarrays cover the
complete transcriptome. The group of Papoutsakis
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(Northwestern University, Evanston, IL) has performed pi-
oneering studies with C. acetobutylicum in this field. Mi-
croarray analysis has been used to study a spoOA-knock-
out and a degenerated strain [67], overexpression of the
spo0A gene [68], the effects on antisense RNA down-reg-
ulation of ¢ctfB [69], overexpression of groESL [70], butanol
stress and tolerance [68, 71, 72], and early sporulation and
stationary phase events [73]. These experiments yielded
a vast amount of data, confirming in part earlier results
obtained by other methods as well as resulting in unex-
pected findings. Mining, however, has just begun, and we
are still far from understanding the system biology of C.
acetobutylicum. Nevertheless, first comparisons of phys-
iology and sporulation between bacilli and clostridia be-
came possible [74].

An open question still is also the nature of the signal(s)
responsible for initiation of solventogenesis. In continu-
ous culture, a very reliable method to induce the shift un-
der controlled conditions, a surplus of glucose, a limiting
concentration of phosphate, and a pH value <4.3 are re-
quired [9]. Approximately neutral pH values are possible
if higher concentrations of acetate and/or butyrate are
added [75, 76]. In addition to salt concentration, tempera-
ture also plays an important role. All these parameters af-
fect DNA topology, so that the DNA might act as a sensor
for environmental changes and even trigger transcription
[77]. Support for this theory stems from experiments
showing transcription of the sol operon to be directly de-
pendent on DNA relaxation [78]. Intracellular metabolites,
whose concentration is changing during the shift to sol-
ventogenesis, also might be involved in signaling. Sever-
al groups suggested butyryl-CoA, butyryl phosphate,
NAD(P)H, and/or ATP/ADP [39, 79-81].

6 Developmental potential of the biological
process

Although the fermentation meanwhile seems to be eco-
nomically competitive or even superior to the petrochem-
ical synthesis of butanol (as demonstrated by building
new plants and reopening old ones), there is still potential
for further improvement. Usually, most of the total costs of
a biotechnological process are required for substrate de-
livery and processing. Currently, sugar (molasses, sugar
cane, sugar beet) will be used as a substrate (new plants
in Brazil or the UK, see above) or starch (stemming from
maize) will serve this purpose (pilot plant in the US).
These compounds are at present comparatively cheap.
First, this might change in future. Second, although there
is still plenty of arable land that could be used for such
crops, there is also an ongoing public discussion about
the ethics of using sugar or corn for fuel preparation in-
stead of nutrition. For future industrial use of the butanol
fermentation, the search for an abundant substrate that
does not compete with food offers a tremendous econom-
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ic benefit. Such a substance might well be cellulose. Al-
ready in the former Soviet Union, the early butanol fer-
mentation had been based on lignocellulose as a sub-
strate (which only later become economically non-com-
petitive) [23]. The cellulosome systems of clostridia and
other anaerobic bacteria are meanwhile well character-
ized [82, 83]; substrate conversion over time, however, is
still unsatisfactory for industrial purposes. This renders
metabolic engineering of solventogenesis genes into
such bacteria less promising. However, a combination of
cellulose pretreatment and butanol fermentation certain-
ly has a lot of potential that awaits exploitation. Examples
of economically suitable pretreatments are the logen
process (cellulose ethanol, see above) as well as methods
that have been developed by Green Biologics (Abingdon,
Oxfordshire, UK, http://www.greenbiologics.com/biofu-
els.asp, as of August 22, 2007) and Green Sugar GmbH
(Dresden, Germany, http://www.green-sugar.eu/prod-
ucts_03_de.html, as of August 22, 2007). They claim to be
able to convert all cellulosic components of biomass (in-
cluding grass, leaves, etc.) into sugars that can be used for
fermentation.

The second focus of development is on metabolic en-
gineering. In principle, there are two different options: (i)
the genes required for butanol formation can be cloned
into a desired production organism, and (ii) a butanol pro-
ducer such as C. acetobutylicum can be mutated in a way
that it only produces butanol (homobutanol producer) plus
some CO, and H,. The first possibility would be suitable
for biotechnology workhorses such as Escherichia coli.
Since this organism does not possess the ability to syn-
thesize C, compounds, the respective genes would have
to come from C. acetobutylicum as well. A problem might
become the expression of oxygen-sensitive essential
clostridial enzymes, such as AdhE. Such an approach also
does not take into account tolerance of the envisaged pro-
duction strain against butanol. As already mentioned be-
fore, this alcohol damages membranes and certain mem-
brane proteins. This seems to be less of a problem in C.
acetobutylicum. There have already been a number of at-
tempts to improve solvent tolerance in this organism
[70-72]. Another approach used overexpression of cyclo-
propane fatty acid synthase. Tolerance could indeed be
improved, but butanol production was decreased [84].
However, even without such targeted constructs, a num-
ber of other mutants have produced butanol in concen-
trations considered a few years ago impossible [27]. The
current best performer (238 mM butanol) is a orf5-nega-
tive strain, overexpressing adhE [85]. Thus, it may be
wise to start with C. acetobutylicum to construct a tailor-
made production strain. Acetate and butyrate production
could be inactivated by mutations in the phospho-
transacetylase and phosphotransbutyrylase genes or the
corresponding kinase genes, respectively. Lactate forma-
tion can be inhibited by inactivating the lactate dehydro-
genase gene, acetone synthesis by knockout of adc, and
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acetoin production by a mutation in the 2-acetolactate
synthase gene. A gene knockout procedure has recently
been developed for the clostridia (https://hcai.notting-
ham.ac.uk/minton.pdf, as of 22 August 2007). Finally,
there is still another approach. A patent from the Fraun-
hofer-Institute in Stuttgart, Germany, describes butanol
formation from butane by means of a specific monooxy-
genase (http://www.igb.fhg.de/WWW/GF/Biokatalyse/
en/GFBK_233_Butanol.en.html, as of 22 August 2007).
Overexpression of the respective gene might result in a
different, yet suitable recombinant production strain.

The third area for improvement is downstream pro-
cessing. Previously, distillation has been the method to
separate butanol from the fermentation broth. However,
this procedure has a high requirement for energy, as bu-
tanol has a boiling point higher than water. Therefore, oth-
er recovery methods have been intensively tested (re-
viewed in [86-89]). Alternative possibilities are adsorp-
tion, gas stripping, liquid-liquid extraction, perstraction,
pervaporation, and reverse osmosis. Adsorption with mo-
lecular sieves such as silicalite is attractive, as the energy
requirement is lower than for gas stripping and pervapo-
ration (heat is needed for desorption) [90]. Disadvantages,
however, are removal of nutrients from the broth, low se-
lectivity, and high prices of the resin. Gas stripping seems
to be a simple, yet successful method. It has a low selec-
tivity and does not completely remove solvents from the
fermentation broth, but continuous use is possible. Re-
covery of products is achieved by condensation. The gas-
es do not interfere with the microorganisms. A recent
study showed it to be better suited than pervaporation
[88]. However, foam formation might cause problems [91].
All other methods have a much higher selectivity, but suf-
fer from other problems. Liquid-liquid extraction requires
a solvent that is nontoxic to the bacteria. In perstraction,
the same principle is used, but a membrane separates
culture and extracting solvent. In general, membranes are
expensive and often suffer from clogging and fouling
problems. This limits also the use of pervaporation, by
which products such as butanol selectively diffuse across
a membrane and are evaporated for recovery, and reverse
osmosis, in which high pressure is used to separate the
water via a semipermeable membrane and thus to yield a
concentrated product broth. However, it is obvious that
numerous recovery methods are available that allow a
much more economic butanol purification than in the
past.

7 Conclusions

Biobutanol has numerous advantages when used as a bio-
fuel on a large scale. It can already be economically syn-
thesized as demonstrated by the recent increase in in-
dustrial production. Its use will help to extend fossil fuel
reserves and to reduce greenhouse gas emissions. In ad-
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dition, there are a number of different approaches for fur-
ther improvements of the biotechnological process, using
both molecular biology and advanced process technology.
Thus, there is tremendous potential for future develop-
ment that awaits elucidation and exploitation.
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