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Production of energy from renewable natural
resources is one of the most urgent tasks of our time.
Limited resources of fossil fuels, unstable oil prices,
and the necessity to reduce carbon dioxide emissions
into the atmosphere stimulate the need to explore new
technologies of liquid fuel production from plant�
based materials. Four�carbon alcohol—butanol (1�
butanol, n�butanol)—is of particular interest. Due to
its high energy density, low vapor pressure, good mis�
cibility with gasoline and ethanol, and high octane
number (table 1), butanol is considered as a promising
fuel for combustion engines.

It is suggested that in the future butanol may par�
tially replace gasoline and diesel, and this will not
require changes in existing engines and fuel supply and
distribution systems [1, 2].

Butanol is currently used for dye, nitro enamel,
plastificator, butyl acetate, phenol formaldehyde
resin, and oil additive manufacturing, and it is also a
solvent; butanol is an extracting agent for fats. On a
commercial scale, butanol is produced by chemical
synthesis from propylene or acetaldehyde; the most
promising alternative to this is microbiological synthe�
sis, which allows one to generate butanol from renew�
able carbon feedstock.

The ability of anaerobic bacteria to synthesise
butanol was described by Pasteur in 1862 [3]. The first
industrial process for manufacturing solvents by fer�
menting starch and other carbohydrates was developed
by Fernbach and Strange in 1912 [4]. In 1912–1914,
Weizmann isolated several bacterial strains that pro�
duced acetone and butanol. The most efficient of
them (BY) was used to develop an industrial process
for solvent production [5, 6]. Later, the BY strain was

thoroughly characterised by McCoy et al. and was
renamed as Clostridium acetobutylicum [7].

By the middle of the last century, the output of
Weizmann’s solvent manufacturing process from
starch�containing feedstock was the second highest
after the output of ethanol production by yeasts. Ace�
tone� and butanol�producing plants were set up in the
United States (the Terre Haute and Peoria plants),
Japan, India, Taiwan, Australia, and South Africa (the
Germiston plant). The history of acetone and butanol
production in capitalist countries is described in detail
elsewhere [8].

In the Soviet Union, industrial production of ace�
tone and butanol was set up in 1929–1934; it was based
on the technology developed by V.N. Shaposhnikov
and colleagues and was developing independently
from Western countries [9–11]. The growth stages of
acetone and butanol producing bacteria were studied,
the theory of a two–phase fermentation process was
offered, and it was shown that the fermentation pro�
cess is dependent on the environmental conditions:
sterility, temperature, pH, nitrogen nutrition, fermen�
tation products, redox potential, and other factors. In
addition, methods were developed for active spore
production and microbiological control of the pro�
duction process, as well as a semi�continuous (battery)
fermentation technique using C. acetobutylicum
strains isolated by F.M. Chistyakov (1928–1929). The
advantages of these strains were resistance to bacte�
riophage infections and high productivity at 37°. Eight
acetone�butanol plants were built in the Soviet Union;
the biggest among them were the Dokshukinskii and
Efremovskii plants. Wheat and rye flour and potato
starch were used as feedstock. The Dokshukinskii
plant used mashes (fermentation media) consisting of
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flour (30%) and a mixture of molasses, and hydrolyz�
ates of corn stubs and sunflower shells (>70%) [9–11].

In Western countries, potato, corn, molasses, cas�
sava (a type of manioc), and wheat starch (a side prod�
uct of gluten production) were used as substrates for
industrial fermentation. Using Clostridium beijerinckii
NRRL B592 strain for the fermentation of partially
hydrolyzed potato starch produced during potato
growth and processing was economically beneficial
[12–14]. Cheese whey [15–19], wood or other plant�
based feedstock hydrolyzates [14, 20–24], agricultural
wastes [25], palm oil and apple paste wastes [27], and
soy molasses [28] can also be used as substrates.

The development of petro�chemical industry and
the rise in prices on traditional fermentation substrates
led to a decrease (and even total termination) in sol�
vent production worldwide [29]. However, in the
Soviet Union, acetone–butanol plants operated until
the 1980s. In Egypt, solvent production based on the
Soviet technology existed until 2008.

At present, biobutanol production is only success�
ful in the People’s Republic of China: there are 16
plants in the country that are either functioning or
being developed. The estimated output of the largest
plant (Ji�An Biochemical Co. Ltd) is 150000 tons per
year. The second largest plant in Guangxi (Guinping
Jinyuan Alcohol Industry Co. Ltd) with an estimated
output of 100000 tons per year is using the bacterial
fermentation process, the prototype of which was
developed and introduced in the Soviet Union. Corn
and cassava starch are used as substrates in Chinese
plants [30]. Apart from China, a plant with an output
of 10000 tons per year, using sugar cane juice as a fer�
mentation substrate, is functioning in Brazil (David
Jones, personal communication).

Due to a revival of the interest in biobutanol pro�
duction fuel and biotechnological companies, and sci�
entific organizations combine their efforts to investi�
gate the physiology, genetics, and metabolism of
butanol�producing clostridia. Attempts to set up an
efficient process of butanol biosynthesis, predomi�
nantly from renewable carbohydrate�based feedstock,
are made by the BP and Dupont (the Butamax demon�
stration plant) companies, by the Chinese company
Cathey Industrial Biothec (the estimated output of this
plant, which is still being constructed, is 200000 tons per
year) [30], and by the American company Cobalt Bio�
fuels (a pilot plant with a productivity of 7.7 tons per
year and a projected plant with an estimated output of
5000 tons per year), (personal communication,
S.M. Burns�Guydish, 2010). Butyl Fuel LCC (United
States) developed and patented a two�stage butanol
production process, including the production of
butyric acid; Green Biologics (Great Britain) devel�
oped strains that can tolerate a 4% concentration of
butanol in media. The companies Tetra Vitae Bio�
science (United States), Arbor Fuel Inc. (United
States), Butalco (Switzerland), and Metabolic
Explorer (France) are involved in developing an effi�
cient process of biobutanol production from lignocel�
luloses. A technology of butanol production through
the fermentation of wood hydrolyzate by immobilized
C. acetobutylicum cells is being developed at the Aalto
University (Finland) [31]. In Russia, a large�scale
biobutanol production from wood hydrolyzates is
planned at the Tulunskii hydrolysis factory based on
the technology developed by ZAO Biosintezbelok.

The main purpose of this review was a comparative
characterization of the currently existing butanol�pro�

Table 1. Comparative characteristics of different automobile fuel types [1]

Fuel Ethanol n�Butanol Isobutanol Gasoline Diesel Biodiesel

heating value, mJ/l; 21 29 29 32 39 37

vapor pressure, kPa 7.58 0.53 1.17 0.7–207 <0.07 <0.07

vapor pressure of a mixture 
with gasoline, kPa

138* 44.1* 46.9* 53.8–103.4 – –

average octane number 116 87 110 90 – –

cetane number – – – – 45 49–58

freezing temperature, °C –114.5 –89.5 –108 <–60 (–30)–(–9.9) 7.5–16

hygroscopicity high low low low very low very low

 compatibility with modern 
infrastructure (see text)

– + + + + �

* 10% alcohol + 90% gasoline; “–” – absent.
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ducing microbial strains (both natural and obtained by
selection and genetic modification).

BACTERIA OF THE GENUS CLOSTRIDIUM 
ARE NATURAL BUTANOL PRODUCERS

Traditionally, for industrial fermentative butanol
production, anaerobic solventogenic (i.e., producing
solvents—butanol, ethanol, and acetone/isopropanol)
bacteria of the Clostridium genus were used, which are
C. acetobutylicum, C. beijerinckii, C. saccharobutylicum,
C. saccharoperbutylacetonicum, and C. aurantibutyri�
cum. All industrial clostridia are mesophilic bacteria.
The metabolic products of C. acetobutylicum,
C. beijerinckii, C. saccharobutylicum, and C. saccharop�
erbutylacetonicum are CO2, H2, acetic and butyric acids,
acetone, butanol and ethanol. C. aurantibutyricum and
some strains of C. beijerinckii are able to convert acetone
into isopropanol [32]. Unlike C. botulinum and C. tet�
ani, solventogenic clostridia do not produce life�threat�
ening toxins and are harmless for humans, animals, and
plants [33].

Apart from the ones listed above, there are other spe�
cies of solventogenic clostridia that have never been used
in industry. The C. pasteurianum and C. ljungdahli pro�
duce insignificant amounts of butanol; the C. puniceum
and C. tetanomorphum bacteria produce butanol in
equimolar amounts with other compounds—acetone
and ethanol, respectively. In addition, a small amount
of butanol is produced by Thermoanaerobacterium

thermosaccharolyticum, previously known as Clostrid�
ium thermosaccharolyticum [34–36]. The butanol� and
isopropanol�producing strain Clostridium toanum
Baba [37], used for large�scale production in Taiwan
in 1942–1958, is not currently included in any inter�
national collection [14].

Morphology and Life Cycle of Solventogenic Clostridia 

Like all other members of the genus Clostridium,
solventogenic bacteria are obligate anaerobes and are
able to form endospores [38]. Their vegetative cells
have the shape of straight or slightly curved rods with
rounded ends (either single or forming pairs and short
chains). At the end of the exponential growth phase,
cells start to accumulate granulose and form an extra�
cellular capsule, which leads to a change from rod�
shaped to cigar� or clostridium�shaped [39]. Morpho�
logical changes are usually associated with a metabolic
switch from acid synthesis to neutral product synthe�
sis—acetone and alcohols. Young vegetative forms of
clostridia move using peritrichous flagella. In an old
culture, cells lose their mobility and begin spore for�
mation. The forming spores are oval or spherically
shaped. The diameter of these spores is usually larger
than that of a vegetative cell; therefore, if a forming
spore is located in the middle, the cell becomes spin�
dle�shaped, whereas, if spores are located terminally,
the cell acquires the shape of a drumstick [32]. The
clostridia life cycle is illustrated in Fig.1.

organic acid synthesis
(acetic and butyricacids)

differentiation and
granule formation

vegetative cells

cellular growth
and division

spore maturation sugars

beginning of
sporulation

termina
spores

solvents
(acetone, butanol, and ethanol)

spore growth

spore

Fig. 1. Clostridia life cycle (from [40]) (schematic representation).
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Difficulties in the Identification of Solventogenic 
Clostridia 

An intraspecies classification of solventognenic
clostridia based on phenotypical and biochemical
characteristics can often be difficult due to the similar�
ity of the bacteria with each other in this group. Some
of the criteria, generally accepted for bacteria, are not
applicable in the case of solventogenic bacteria [14].
For example, the membrane lipid content [14] and
fermentation products of clostridia can change,
depending on the cell stage and growth conditions.
Therefore, molecular genetics methods, such as 16S
rRNA analysis [42] and DNA hybridization [43], are
necessary for a proper species identification. Since
some clostridial species share more than 97% homol�
ogy in 16S rDNA, a comparative analysis of the struc�
ture genes makes sense.

In 2001 a reclassification of more than 40 industrial
strains, presented in the ATCC, DSM, NCP, and
NCIMB collections, was performed using molecular
genetic methods. As a result, the investigated strains
were divided into four species: C. acetobutylicum,
C. beijerinckii, C. saccharobutylicum, and C. saccha�
roperbutylacetonicum [44]. The names C. kaneboi
(100% identical to C. acetobutylicum ATCC 824T),
C. butanologenum (identical to C. beijerinckii), C. madiso�
nii, C. saccharoacetobutylicum, C. acetonigenum, and
several others are no longer used.

Due to the imperfection of the earlier classifica�
tion, some of the data published prior to 2001 require
a critical approach. For example, according to the first
edition of Bergey’s Manual of Systematic Bacteriology,
C. acetobutylicum is unable to hydrolyze gelatine and
to ferment amygdalin and raffinose [38]. This fact not
only contradicts the formal description of C. acetobu�
tylicum [7], but also the patent by Weizmann [5]. How�
ever, Keis et al., the founders of the molecular genetic
classification of solventogenic clostridia, have estab�
lished that all strains that were classified as the C. ace�
tobutylicum species are able to hydrolyze gelatine and
ferment amygdalin and raffinose, which also agrees
with the data by McCoy and Weizmann [5, 7, 44].

The discrepancies in earlier descriptions of C. ace�
tobutylicum are also due to the fact that some other sol�
ventogenic strains were mistakenly referred to this spe�
cies. For example, the industrial strain C. acetobutyli�
cum P262, used for solvent production until 1980,
according to its molecular genetic and biochemical
characteristics, was later separated into a different spe�
cies—Clostridium saccharobutylicum. Among other
strains that were referred to the C. saccharobutylicum
species by Keis et al. [44], there were industrial strains,
patented in 1937–1938 by the Commercial Solvent
Corporation under the name of Clostridium saccharo�
butyl�acetonicum�liquefaciens [45–47]; they were
considered to be members of the C. acetobutylicum
species until 2001.

Characterization of the Main Species 
of Solventogenic Clostridia 

The characteristics of the four main species of sol�
ventogenic clostridia are presented in Table 2.

All strains of the industrial clostridia, investigated
by Keis et al., hydrolyzed aesculin and utilized arabi�
nose, xylose, glucose, mannose, cellobiose, lactose,
maltose, sucrose, methyl�glucopyranoside, raffinose,
salicin, amygdalin, starch, and dextrin; they did not
produce indole, urease, and catalase; they were also
unable to efficiently hydrolyze microcrystalline cellu�
lose [44].

Strains of the C. acetobutylicum species have been
investigated most [7, 38, 44, 48]. These saccharolytic
bacteria can be isolated from soil, sediments, intes�
tines of some types of molluscs, and from cattle, as well
as dog and human faeces [38]. C. acetobutylicum spe�
cies are Gram�positive, although they can be Gram�
negative in aging cultures. They are obligate anaerobes
and their vegetative cells can survive in the presence of
oxygen for several hours, whereas their endospores can
survive for several decades [50]. C. acetobutylicum are
able to fix nitrogen from the atmosphere [38], to
reduce nitrites into ammonia; they do not form nitrites
from nitrates; they form H2S from thiosulfates and sul�
phites. C. acetobutylicum grow at a temperature of 20–
47° (the optimum temperature is 37°) [48]. A theoret�
ical mass balance of glucose fermentation by these
bacteria is presented in Table 3. 

Traditionally, the substrates used for C. acetobutyli�
cum were sodden viscous mashes of wheat, and rye and
corn flour or crushed grains, which did not require pH
or anaerobiosis maintenance and already contained
necessary vitamins and microelements. According to
Weizmann [5], a periodic fermentation of 8.0–10.0%
corn mash by a C. acetobutylicum strain was carried out at
34–39° for 40–60 h. The final concentration of solvents
was 12–20 g/l with the ratio butanol : acetone : ethanol
being equal to 6 : 3 : 1. In some cases, the ratio of sol�
vents could vary, depending on the strain, substrate,
and cultivation conditions, and could be, for example,
76.1 : 17.9 : 6.0, 75.6 : 22 .4 : 2.0, or 60 : 38 : 2 [6, 8, 51,
52]. The yield of solvents calculated as a mass equiva�
lent of dry substrate was 25–26% [8]. The efficiency of
the periodic fermentation process by solvents was
0.35–0.50 g/l per hour.

A battery fermentation technique with a C. aceto�
butylicum strain has been developed and used at the
Dokshukinskii plant since 1961. In a 54�h cycle, 30–
36 h were required to load the batteries; a mature cul�
ture fed to rectification moving from the tail fermenter
to the head one (a new cycle was starting from the
opposite end of the battery). The process could con�
tinue without infection of the mash for up to 25 days.
The yield of solvents calculated for an average starch
was ~37–38% when fermenting flour mashes and
~36% for mixtures of flour with hydrolyzates. The
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Table 2. Phenotypic and biochemical characteristics of four industrial species of clostridia [44]

Species
Characteristics

C. acetobutylicm C. beijerinckii C. saccharoperbutyl�
acetonicum C. saccharobutylicum

type strain ATCC 824, (=DSM 
792, JCM 1419, LMG 
5710, VKM B�1787)

DSM 791 
(=NCIMB 8052)

N1�4 
(=ATCC 13564)

NCP 262T 
(=DSM 13864 T, 
ATCC BAA�117T), 
NRRL B�643

Phenotypic characteristics
number of character�
ized strains [44]

7 16 2 4

vegetative forms straight rods, single, 
or forming pairs; do 
not form chains; size: 
0.5–0.9 
× 1.6–6.4 µm

straight rods, single,
form pairs or short 
chains; size: 
0.5–1.7 × 1.7–0.8 µm

short and long rods, 
single, sometimes 
form pairs; size: 
0.4–0.8 × 3.1–6.2 µm

short and long rods; aver�
age size 1.4 × 6.3 µm . The 
cell length varies within 
a range of 3.8–10 µm

endospores oval, subterminal  oval, eccentric or subter�
minal

oval, 
0.8–1.5 × 1.6–2.2 µm

oval, 1.1 × 1.8 × 1.7–3.9 
µm, terminal or subter�
minal, and up to 15% 
bipolar

colonies colonies on blood 
agar 1–5 mm in 
diameter, flat or 
dome�shaped, granu�
lar, translucent, with 
irregular margins

colonies on blood agar 1–
5 mm in diameter, round 
or irregular�shaped, may 
have irregular margins, 
translucent, grey, smooth 
and glistening

colonies on CBM* 
agar 2–3 mm in 
diameter, round 
domed, white, have 
smooth surfaces and 
undulated margins.

colonies on CBM agar 
2–3 mm in diameter, 
domed, creamy yellow, 
with a smooth surface, 
round�shaped with irreg�
ular margins

 Biochemical characteristics
sensitivity to rifampi�
cin, 
10–100 ng/disk

+ (–)** – +

riboflavin synthesis + – – –
ability to hydrolyze 
gelatine

+ (–) + +

ability to utilize sub�
strates:
ribose – (+/–) – C
glycerol C C – –
D�arabitol – (+) + –/+
L�arabitol; – (+) + –/+
dulcitol – (+) (+/–) –
inositol – + (+/–) +
mannitol + + + –/+
sorbitol (+/–) + (+/–) –
melezitose (–) + + –
melibiose (–) (+) + +
ramnose – (C) C –
threhalose (–) + + +
turanose (C) + + +
glycogen + (+) + +
inulin (+/–) + + +/–
pectin + + + –

Notes: * CBM is clostridium basal medium [49].
** Extent of the characteristic: “+“, –  positive reaction; “ – “, negative reaction; C, weak reaction; (+), the majority of the strains have

a positive reaction; (–), the majority of the strains have a negative reaction; (C), the majority of the strains have a weak reac�
tion; –/+, the reaction of the strains is sometimes positive; +/–, the reaction of a strain is sometime negative; (+/–), 40–60% of the
strains show positive reactions
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butanol yield in both cases was ~21– 22 or ~57% of the
total amount of solvents [9].

C. saccharobutylicum strains (Table 2) were used for
solvent production from corn substrates and various
types of molasses, containing 6.0–7.5% of ferment�
able sugars, with the addition of ammonium salts or
organic nitrogen. The most well�know strains are
NRRL B�643 (supposedly, Commercial Solvents Co)
and NCP 262 (National Chemical Products (NCP)
Plant, Germiston, Republic of South Africa) [53]. The
process was carried out at 29–33° for 29–33 h. The
final pH in the culture was 5.2–6.4; the solvent yield
was 27–33%, and the total concentration of solvents
was 17–21 g/l, out of which 55–74% was butanol.
Corn substrates usually required longer fermentation
with a lower yield of solvents [54]. From all known
clostridia strains, C. saccharobutylicum NCP 262 has
the best characteristics for cheese whey fermentation.
This strain not only utilized lactose, but also lactate
(up to 7 g/l), from the fermentation medium, which is
possibly the reason for its high productivity (0.31 and
0.7 g/L per hour for periodic and continuous fermen�
tations, respectively) [19, 55].

Some of the C. saccharobutylicum and C. acetobu�
tylicum strains are able to synthesise bacteriocins. Bac�
teriocin from the C. saccharobutylicum NCP 262T,
produced at the end of the exponential growth phase,
inhibits the growth of C. saccharobutylicum and C. fels�
ineum and does not affect the growth of Achromo�
bacter, Escherichia coli, Serratia marcescens, Salmo�
nella typhimurium, and Bacteroides fragilis [56]. A sim�
ilar bacteriocin from C. acetobutylicum ATCC 824
inhibits the growth of C. butyricum and Bacillaceae,
and does not affect Corynebacterium glutamicum,

E. coli, Proteus mirabilis, Aerobacter aerogenes, and
Zymomonas mobilis [57].

C. beijerinckii strains (Table 2) were isolated from
soil and fermented plants [38, 44, 48, 58, 59]. A distin�
guishing characteristic of C. beijerinckii is its ability to
form a clot when cultivated on milk after 24 h of
growth. C. beijerinckii fixes atmospheric nitrogen and
does not form nitrites from nitrates. Its optimal growth
temperature is 30°. When C. beijerinckii NCP265 and
NCP270 were used for solvent production in South
Africa [44, 60], the process was carried out in a fer�
menter with a volume of 90000 l and molasses was
used as a substrate; initial pH was adjusted to 5.8–6.0
with ammonium and stabilized with calcium carbon�
ate. The production cycle required 48 h, out of which
30–34 h was required for fermentation. 5850 kg of fer�
mentable sugars of molasses were converted into, 1053 kg
of butanol (18% of fermentable sugars or ~11.7 g/l),
526 kg of acetone (9%), 175 kg of ethanol (3%),
2900 kg of CO2 (50%), and 117 kg of H2. The total con�
centration of solvents was ~19.5 g/l [60].

C. beijerinckii cells were immobilized for the first
time in order to organize an continuous solvent pro�
duction process from whey permeate; this increased
the productivity 16 times, compared to traditional fer�
mentation by not immobilized cells [16, 17].

The C. saccharoperbutylacetonicum species (Table 2)
was first described in 1960 [61]. The status of the spe�
cies was confirmed in 1995 by the results of an analysis
of 16S rDNA [53] and DNA�hybridization [62]. The
strain C. saccharoperbutylacetonicum N1�4 and its
derivatives N1�4 (HMT) and N1�504 are placed in the
ATCC collection under the numbers 13564, 27021T,
and 27022, respectively. Unlike C. beijerinckii, C. sac�
charoperbutylacetonicum cells hydrolyze gelatine and
do not form a clot in milk during the first 48 h of
growth. C. saccharoperbutylacetonicum does not pro�
duce riboflavin [62] and does not hydrolyze coagu�
lated albumin (or hydrolyze in insignificant amounts).
The N1–4 strain (unlike the N1–504 strain) ferments
sorbitol, dulcite, and inositol. C. saccharoperbutylace�
tonicum does not reduce nitrates to nitrites, but it syn�
thesise ammonium from nitrites. Hydrogen sulfide is
mainly produced via reduction of thiosulfates and in
small amounts via reduction of sulphites; however, it is
not produced at all when C. saccharoperbutylacetoni�
cum is cultivated on peptone�containing media [44].
The species poorly sporulates when cultivated on the
majority of available laboratory media. The optimal
temperature for the solvent biosynthesis is 25–35°;
optimal pH is 5.6–6.7.

In industrial production, C. saccharoperbutylace�
tonicum was used for solvent production from various
sugar� and starch�containing substrates (including
molasses with the addition of ammonium salts or
organic nitrogen). Fermentation on molasses (4–6%
of utilizable sugars) was carried out for 48–72 h at 25–
35°. At the end of the fermentation process, pH
reached 5.5–8.0; the solvent yield was 27–34%, and

 
Table 3. Mass balance of glucose fermentation by C. aceto�
butylicum, mole of products per mole of fermenting glucose
(from [8])

Products Total 
fermentation

Acid 
production 

phase

Solvent 
production 

phase

H2 1.35 2.5 1.4

CO2 2.21 2.0 2.3

acetate 0.14 0.5 _*

butyrate 0.04 0.75 –

acetone 0.22 – 0.3

butanol 0.56 – 0.65

ethanol 0.07 – 0.1

solvent yield, % 32 – 36.7

* Products are not produced.
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the final concentration was 15–19 g/l (the amount of
butanol was 73–85%). More time was required for the
fermentation of flour compared to molasses, whereas
the yield and concentration of solvents were signifi�
cantly lower [54].

During batch fermentation of 7.2% (m/v) glucose
[36], C. puniceum bacteria produce butanol and ace�
tone at a ratio of 10 : 1 (179 and 16.8 mM, respec�
tively); they are also able to ferment starch.
C. puniceum are pectinolytic bacteria, producing a
pink�coloured pigment [63], which differs from the
pink–lavender pigment of C. beijerinckii NRRL B592.
According to the data of a 16S rDNA analysis,
C. puniceum is phylogenetically close to C. beijerinckii.

C. pasteurianum bacteria produce acetone
(90 mM), butanol (135 mM), and small amounts of
ethanol on synthetic mineral media, containing 12.5%
(m/v) of glucose [64]. On media containing 3.5%
(m/v) of glucose or less, they only produce small
amounts of butanol and acetone [64–66]. One of the
C. pasteurianum isolates produces acetone and butanol
when cultivated on 3% inulin [67]. When cultivated on
glycerol, C. pasteurianum produces butanol, 1,3�pro�
panediol, and ethanol [66, 68, 69]. C. aurantibutyricum

produces butanol, isopropanol, and acetone from glu�
cose [65]. Differences between C. aurantibutyricum,
C. beijerinckii and C. butyricum were identified by
DNA hybridization [70].

Metabolism of Acetone–Butanol Fermentation 

All known solventogenic clostridia share similar
metabolism. During the fermentation, solvents (ace�
tone, ethanol, and butanol) and gases (H2 and CO2)
are produced. The fermentation process is two�staged.
During the first stage, acids are produced. Accumula�
tion of butyric acid in the medium and decrease of pH
are signals leading to a switch in intracellular meta�
bolic pathways, starting active solvent production [32,
66, 71–73]; this is induced at the gene transcription
level via the genes coding the enzymes of correspond�
ing metabolic pathways [74]. However, the molecular
mechanism of transcription regulation is not com�
pletely clear and is currently under investigation [75–
78]. Metabolic pathways of solventogenesis by C. ace�
tobutylicum are presented in Fig. 2.

At present, the genomes of C. acetobutylicum
ATCC824 [80] and C. beijerinckii NCIMB 8052 are
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sequenced which made the identification and local�
ization of solventogenesis�responsible genes signifi�
cantly easier. The genome of C. acetobutylicum con�
sists of a circular 3941�kb (kilobase) chromosome
(AE001437 GenBank) and a 192�kb megaplasmid
(AE001438 GenBank). The chromosome includes the
genes of thiolase thl GenBank CAC 2873, butanol
dehydrogenases bdhA and bdhB (CAC 3299 and CAC
3298), phosphotransacetylase eutD (CAC 1742), ace�
tate kinase askA (CAC 1743), butyrate kinase buk
(CAC 3075), phosphotransbutyrylase ptb (CAC 3076),
and bcs�operone: hbd, etfA, etfB, bcd, and crt (CAC
2708, CAC 2709, CAC 2710, CAC 2711, and CAC
2712). A megaplasmid contains sol�operon genes,
including the bifunctional aldehyde/alcohol dehydro�
genase genes aad/adhE(adhel) (CAP 0162) and sub�
units of the CoA�transferase ctfA and ctfB genes
(CAP 0163) and ctfB (CAP 1064). It also contains the
genes of acetoacetate decarboxylase adc (CAP 0165),
bifunctional aldehyde/alcohol dehydrogenase adhe
(CAC 2873), and thiolase thil (CAP 0078) and sporu�
lation genes. The plasmid is unstable and only main�
tains in cells during the sporulation stage [80].

The genome of Clostridium beijerinckii NCIMB
8052 consists of a circular chromosome of approxi�
mately 6700 kb in length (CP000721, GenBank).

The genome of C. saccharobutylicum NCP 262
consists of a circular chromosome of approximately
5300 kb in length. Although the complete genome
sequence of C. saccharobutylicum has not been pub�
lished yet, the genes for certain groups of enzymes
responsible for the synthesis of acids and solvents have

been identified and cloned for the NCP 262 and Ox29
strains. Some of the solventogenesis genes have also
been identified for C. saccharoperbutylacetonicum
N1–4 [81, 82]. The genomic organization of several
genes responsible for solventogenesis in four clostridia
species is presented in Fig. 3.

Strain Degeneration Phenomenon
in Solventogenic Clostridia

Solventogenic clostridia lose their productivity
over time if the cells are maintained in the vegetative
state for a prolonged period of time [83, 84]. Strain
degeneration is a result of genetic changes and is not
the same as the loss of ability to produce solvents under
unfavourable cultivation conditions [85]. Degenera�
tion is also different from the loss of the solvent pro�
duction ability due to a megaplasmid loss—a phe�
nomenon only common for C. acetobutylicum.
Asporogenous mutations are susceptible to degenera�
tion during continuous cultivation [86]. Thus the
maintenance of cells in the vegetative state via repas�
saging or continuous cultivation leads to an accumula�
tion of degenerated cells within the culture, while the
density of the culture and the rate of metabolism
decrease [87]. Compared to normal cells, degenerated
C. beijerinckii and C. saccharobutylicum cells are
longer and thinner, and they form larger colonies with
less regular shapes [86, 88, 89]. The development of
mutants with a reduced level of degeneration along with
an identification of the Spo0A factor as a main regulator
of the solvent production initiation should promote the
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Fig. 3. Organization of the genes responsible for solventogenesis in four clostridia species (from [82]): (a) sol� and adc�operons
(1, C. saccharobutylicum Ox29; 2, C. beijerinckii NCIMB 8052; 3, C. saccharoperbutylacetonicum N 1–4; and 4, C. acetobutylicum
ATCC 824); (b) bcs� and adhA�operons (1, C. saccharobutylicum Ox29; 2, C. beijerinckii NCIMB 8052; and 3, C. acetobutylicum
ATCC 824). See the text for the names of the enzyme�encoding genes.
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elucidating mechanisms of degeneration and a meta�
bolic shift. Occasionally, some of the degenerated cells
can spontaneously return to their original condition.
Degeneration is more prominent in C. beijerinckii strains
compared to C. acetobutylicum [86].

Glycosyl Hydrolases of Solventogenic Clostridia 

Almost all clostridia that are able to efficiently
hydrolyse crystalline cellulose form cellulosomes for
this purpose—multienzyme extracellular protein
complexes, consisting of endo� and exoglucanases and
cellulose�binding proteins, joined by scaffolding mol�
ecules [90]. Genes encoding at least 11 cellulosome
proteins were identified in the genome of C. acetobu�
tylicum ATCC 824 [80]. However, functional cellulo�
somes, as well as an ability to efficiently hydrolyze
microcrystalline cellulose, have not been found in sol�
ventogenic clostridia. Inducible activity of endogluca�
nase and cellobiase has been reported in the strains C.
acetobutylicum NRRL B527 and ATCC 824 [91] and
C. beijerinckii NCP270 [92], and high hemicellulase
activity has been detected in several C. acetobutylicum
and C. saccharobutylicum strains [82, 93]. The genes
encoding endoglucanase and xylanase were cloned
from C. saccharobutylicum NCP 262 [94, 95]. Solven�
togenic clostridia can grow on xylan and pentoses [38,
44, 96], producing moderate amounts of solvents [21].
Arabinose is an excellent substrate for solvent produc�
tion by the C. beijerinckii NRRL B592 strain; however,
it is not very suitable for C. acetobutylicum NRRL
B527 (ATCC 824) or C. beijerinckii NRRL B593 [21].
The genes supposedly encoding the enzymes of xylan
degradation form an operone located on the mega�
plasmid of C. acetobutylicum ATCC 824 [80].
Although the main substrate for industrial solvent pro�
duction is starch, the amylolytic system of clostridia is
not fully investigated [96, 97]. It is known that C. ace�
tobutylicum ATCC 824 produces several amylolytic
enzymes [98, 99]; the genes of some amylases are
identified [80].

Most Active Butanol Producers

The choice of a strain for industrial production
depends on a number of factors: feedstock, fermenta�
tion method (periodic, continuous, or battery), tech�
nology of solvent separation, required composition
and ratio of the end metabolic products, requirement
for additional minerals and vitamins, resistance to
bacteriophage and contamination with lactic acid
bacteria [100, 101]. In most cases, strains with the
required characteristics were isolated from the nature;
however, recently several attempts have been made to
create new butanol�synthesizing bacterial strains via
mutagenesis or genetic engineering. A classical
approach to improving the properties of solventogenic
clostridia is still mutagenesis (irradiation with UV
light, exposure to alkylating agents, and insertion of

transposons) with consequent selection [14]. At
present, the best producers of butanol, obtained by
mutagenesis (selection), are C. beijerinckii BA 101 and
C. acetobutylicum VKPM B10290. The first one has an
increased amylolytic activity and produces 18.6 g/l of
butanol (251 mM), 8.6 g/l of acetone (148 mM), and
0.3 g/l of ethanol (6.5 mM) in 48.5 h on 6% glucose.
Under the same conditions, the wild strain C. beijer�
inckii NCIMB 8052 produces 9.2 g/l of butanol
(124 mM), 4.4 g/l of acetone (75 mM), and 0.9 g/l of
ethanol (19 mM). The weight fraction of butanol in
the BA 101 strain is 18% from the total amount of sol�
vents; the mass yield of butanol to a mole of glucose is
33%. The productivity of the BA 101 strain during
continuous fermentation is 1.74 g/l/h compared to
1.17 g/l/h for the parent NCIMB 8052 strain [102].

C. acetobutylicum VKPM B10290 cultivated on
starch produces up to 20 g/l of butanol, which is 53.5%
of the total amount of solvents. The mass yield of
butanol to a mole of glucose equivalent from starch is
32.3% [103].

Metabolic Engineering of Solventogenic Clostridia

In the last few years, the development of methods
and approaches to the genetic modification of solven�
togenic clostridia has received a lot of attention [96,
104]. As a result, a large set of tools for targeted genetic
modification of clostridia has been developed for cre�
ating strains with higher levels of solvent synthesis,
improved selectivity, and higher resistance to butanol
[105]. Cloning, expression, and gene inactivation
methods are widely used to change the metabolic
pathways of solventogenesis. In particular, a ClosTron
system was developed for the rapid and specific dis�
ruption of clostridial genes by insertion of group II
introns from Lactococcus lactis [106]. An inactivation
of the pta gene (phosphotransacetylase) in C. acetobu�
tylicum led to a decrease in the phosphotransacetylase
and acetate kinase activity, which significantly
reduced the production of acetate. An inactivation of
the buk gene led to a decrease in the butyrate kinase
activity, a reduction in butyrate production, and an
increase in butanol, acetone, and ethanol production
up to 16.7 g/l (225 mM), 4.4 g/l (76 mM), and 2.6 g/l
(57 mM), respectively [107, 108].

A superexpression of the gene cluster adc, ctfA, and
ctfB, responsible for acetone synthesis, in C. acetobu�
tylicum led to an increase in butanol and acetone pro�
duction up to 13.2 and 8.6 g/l, respectively, which is 37
and 90% higher than in the wild strain [109].

One of the best genetic modifications of C. aceto�
butylicum ATCC 824 was an inactivation of the solR
gene combined with a superexpression of the aad gene
(aldehyde/alcohol dehydrogenase). The obtained
strain synthesised 17.6 g/l of butanol (238 mM),
8.2 g/l of acetone (141 mM), and 2.2 g/l of ethanol
(48 mM), which is 51, 66, and 194% higher, respec�
tively, than in the type strain [110, 111].
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An increase in the level of selectivity for butanol
biosynthesis can make the process of purification
more efficient and economical. The combined use of
ctfB�asRNA (antisense RNA to the ctfB gene, encod�
ing a subunit of CoA�transferase) and superexpression
of the aad gene in C. acetobutylicum allowed for an
increase in the ratio of butanol to acetone from 1.83 ±
0.05 to 4.89 ± 0.29, although the synthesis of butanol
decreased from 10.2 to 9.8 g/l [112].

A strategy for the use of antisense RNA to the buk
and ptb genes was used to decrease the butyrate titer
and to increase the butanol titer in C. acetobutylicum
[113]. However, despite the expectations, the strain
transformed with buk�asRNA synthesised a third
more butyrate (111 mM), as well as butanol (154 mM
or 11.4 g/l), compared to the wild strain (81 mM
butyrate and 113 mM or 8.4 g/l of butanol). The strain
transformed with ptb�asRNA synthesised 2.1 g/l of
butanol, and no significant uptake of butyrate was
observed during the stationary growth  phase [73].

Superexpression of the aad gene in the mutant
C. acetobutylicum M5, not showing butyraldehyde
dehydrogenase, acetoacetate decarboxylase, and
CoA�transferase activity and not synthesising acetone
and butanol, led to the restoration of butanol (to
11.1 g/l at pH 5.75), but not acetone production [79,
114]. An additional superexpression of the thiolase
gene (thl) led to a decrease in acetate and ethanol
titers, although the butanol level also decreased (to 0.8
and 5.7 g/l, respectively, at pH 5.5 and 6.0) [79].
Apparently, the level of solvent synthesis is strongly
related to the intracellular level of NADH, an excess of
which is necessary for an increase in butanol titers and
a decrease in acetone titers during fermentation.

Superexpression of the groESL gene in C. acetobu�
tylicum, which encodes the class I heat shock protein,
led to an increase in the C. acetobutylicum resistance to
butanol [115].

In attempts to increase butanol production, an
emphasis was placed on increasing the amount of
enzymes involved in butanol biosynthesis. However,
this approach does not give a significant increase in
productivity [73]. It might be due to the fact that the
anaerobic metabolism of C. acetobutylicum is accom�
panied by only a small output of energy, whereas pro�
tein biosynthesis is an energy�consuming process and
can lead to serious disruptions of total metabolism
[116]. An alternative solution for constructing
butanol�producing strains with certain characteristics
could be an improvement of enzyme qualities via
genetic engineering methods, using rational design
and targeted evolution (laboratory evolution) as
approaches. An example of successful laboratory evo�
lution is the construction of highly active alkane
hydrolase, the turnover rate of which was increased
20 times compared to the wild type enzyme [117].

Construction of Butanol�Producing Strains Based
on Other Microorganisms 

Despite the numerous attempts to improve solven�
togenic clostridia, so far it has not been possible to
overcome the difficulties related to the slow growth
speed, production of solvent mixture, and the two�
phased nature of the fermentation process. These are
the main restrictions in creating a highly efficient
strain, ensuring the profitability of n�butanol produc�
tion in the current economic conditions. At present,
the world’s leading research centers and biotechnolog�
ical companies are exploring ways to develop butanol
producers from other microorganisms via cloning the
required complex of genes encoding the metabolic
pathways of butanol biosynthesis. The main criteria in
the choice of a recipient microorganism are sufficient
understanding of the metabolism and genome of this
strain, an availability of genetic engineering tools,
increased butanol resistance of the recipient, a wide
range of utilising substrates, and metabolism intensity.
The first attempts of a butanol synthesis gene transfer
into microorganisms, such as E. coli (butanol produc�
tion 0.55–1.2 g/l) [118, 119], Saccharomyces cerevi�
siae (2.5 mg/l) [120], Lactobacillus brevis (300 mg/l)
[121], Pseudomonas putida (580 mg/l), and Bacillus
subtilis (120 mg/l) [122], were not particularly suc�
cessful. The small yield of butanol during heterologous
synthesis demonstrates the low efficiency of the
clostridia metabolic pathway functioning within other
microorganisms. Recombinant strains with high levels
of ethanol (50 g/l) [123, 124], isobutanol (20–50 g/l)
[125, 126], and isopropanol (40–140 g/l) [127] pro�
duction were created when using appropriate meta�
bolic pathways. In all these cases, the driving force,
directing the metabolic flux to the end product, was
the presence of an irreversible reaction of decarboxy�
lation in a synthetic chain. However, when cloning a
clostridium CoA�dependent pathway of n�butanol
synthesis into a heterologous organism, a significant
driving force directing the carbon flow to butanol does
not develop. Another possible reason for the low pro�
duction level of butanol in heterologous organisms is
the low functioning efficiency of the Bcd/EtfAB
clostridium enzyme complex, which performs the
conversion of crotonyl�CoA to butyryl�CoA.

A significant achievement on the way to the cre�
ation of recombinant butanol�producing microorgan�
isms was the development of an E. coli strain, contain�
ing a chimerical pathway of butanol synthesis, com�
bined form reactions, encoded by the genes of three
different organisms. For this procedure, the following
genes were used: phaA and phaB from Ralstonia eutro�
phus, encoding thiolase and hydroxybutyryl�CoA
dehydrogenase; crt from C. acetobutylicum, encoding
crotonase; and ccr from Streptomyces collinus, encod�
ing crotonyl�CoA reductase, which, unlike the
butyryl�CoA dehydrase enzyme complex Bcd/EtfAB
from C. acetobutylicum, reveals a high activity when
expressed in E.coli. For converting butyryl�CoA to
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butanol, the butyraldehyde/butanol dehydrogenase
AdhE2 from C. acetobutylicum possessing high affinity
to C4�substrates was selected. The phaA, phaB, and crt
genes were localized under the control of a relatively
weak arabinose promoter to avoid their superexpres�
sion and to compensate for the high activity of the
encoded proteins. The ccr and adhE2 genes were
placed under the control of a strong promoter—
T7lac—aiming to increase the expression of key
enzymes, determining the driving force of the carbon
flow towards butanol synthesis. To produce an excess
of acetyl�CoA and NADH, the level of expression of
the aceEF�lpd operone was increased, which led to a
threefold increase in the pyruvate dehydrogenase
activity. The E. coli strain constructed with all of the
above modifications produced 4.65 ± 0.72 g/l of
butanol with 28% yield calculated to glucose [128].

However, the best result was achieved by expressing
the thiolase (atoB) and formate dehydrogenase (fdh)
genes from E. coli; hbd, crt, and adhE2 from C. aceto�
butylicum; and enoyl�Coa reductase (ter) from Tre�
ponema denticola in an E. coli strain, containing dele�
tions in the aldehyde/alcohol dehydrogenase (adhE),
lactate dehydrogenase (ldhA), fumarate reductase (frd),
and phosphotransacetylase (pta) genes. Under anaerobic
conditions, the butanol synthesis level by this strain
reached 15 g/l in flasks and 30 g/l in a fermenter, and
butanol reached 88 and 70%, respectively. The produc�
tivity of the strain by butanol was 0.2 g/l/hour, which is
comparable with and even surpasses the performance
of some natural butanol producers [129].

Thus, recent achievements in the developments of
recombinant butanol producers on the platform of
Clostridia or other microorganisms open the way for
efficient production of the new generation biofuels.

ACKNOWLEDGEMENTS

The review has been funded by the Ministry of
Education and Science of the Russian Federation
(EurAsES program, contract ¹16.M04.12.0017). We
are most grateful to Dr. W.H. Schwarz, TUM, for his
invaluable advice and helpful discussions.

REFERENCES

1. Li, H., Cann, A.F., and Liao, J.C., Annu. Rev. Chem.
Biomol. Eng., 2010, vol. 1, pp. 19–36.

2. Antoni, D., Zverlov, V.V., and Schwarz, W.H., Appl.
Microbiol. Biotechnol., 2007, vol. 77, pp. 23–35.

3. Pasteur, L., Bull. Soc. Chim. Paris, 1862, vol. 5, pp. 52–53.
4. Fernbach, A. and Strange, E.H., US Patent

no. 1044368, 1912.
5. Weizmann, C., US Patent no. 1315585, 1919.
6. Gabriel, C.L., Ind. Eng. Chem., 1928, vol. 20,

pp. 1063–1067.
7. McCoy, E., Fred, E.B., Peterson, W.H., and

Hastings, E.G., J. Infect. Dis., 1926, vol. 39, pp. 457–
483.

8. Jones, D.T. and Woods, D.R., Microbiol. Rev., 1986,
vol. 50, pp. 484–524.

9. Yarovenko, V.L., Nakhmanovich, B.M., Shcheblykin, N.P.,
and Senkevich, V.V., Nepreryvnoe brozhenie v atseto�
butilovom proizvodstve (Continuous Fermentation in
Acetobutyl Production), Nal’chik: Kabardino�Balkar.
Knizh. Izd., 1963.

10. Logotkin, I.S., Tekhnologiya atsetono�butilovogo proiz�
vodstva (Acetobutyl Production Technology), Mos�
cow: Pishchepromizdat, 1958.

11. Zverlov, V.V., Berezina, O.A., Velikodvorskaya, G.A.,
and Schwarz, W.H., Appl. Microbiol. Biotechnol., 2006,
vol. 71, pp. 587–597.

12. Nimcevic, D., Schuster, M., and Gapes, J.R., Appl.
Microbiol. Biotechnol., 1998, vol. 50, pp. 426–428.

13. Nimkevic, D. and Gapes, J.R., J. Mol. Microbiol. Bio�
technol., 2000, vol. 2, pp. 15–20.

14. Rogers, P., Chen, J.�S., and Zidwick, M.J., in The
Prokaryotes, A. Handbook on the Biology of Bacteria,
3rd ed., Dworkin, M., Falkow, S., Rosenberg, E.,
Schleifer, K.�H., and Stackebrandt, E., New York:
Springer Science+Business Media, 2006, Vol. 1,
pp. 672–755.

15. Maddox, I.S., Biotechnol. Lett., 1980, vol. 2, pp. 493–
498.

16. Schoutens, G.H., Nieuwenhuizen, M.C.H., and Kos�
sen, N.W.F., Appl. Microbiol. Biotechnol., 1984, vol. 19,
pp. 203–206.

17. Schoutens, G.H., Nieuwenhuizen, M.C.H., and Kos�
sen, N.W.F., Appl. Microbiol. Biotechnol., 1985, vol. 21,
pp. 282–286.

18. Stevens, D., Alam, S., and Bajpai, R., J. Ind. Micro�
biol., 1988, vol. 3, pp. 15–19.

19. Ennis, B.M. and Maddox, I.S., Biotechnol. Lett., 1985,
vol. 7, pp. 601–606.

20. Compere, A.L. and Griffith, W.L., Dev. Ind. Micro�
biol., 1979, vol. 20, pp. 509–517.

21. Compere, A.L., Griffith, W.L., and Googin, J.M.,
Dev. Ind. Microbiol., 1985, vol. 26, pp. 535–554.

22. Fond, O., Engasser, J.�M., Matta�El�Amouri, G., and
Petitdemange, H., Biotechnol. Bioengin., 1986, vol. 28,
pp. 160–166.

23. Fond, O., Engasser, J.�M., Matta�El�Amouri, G., and
Petitdemange, H., Biotechnol. Bioengin., 1986, vol. 28,
pp. 167–175.

24. Lemmel, S., Datta, R., and Frankiewicz, J.R., Enz.
Microbiol. Technol., 1986, vol. 8, pp. 217–221.

25. Jesse, T.W., Ezeji, T.C., Qureshi, N., and
Blaschek, H.P., J. Ind. Microbiol. Biotechnol., 2002,
vol. 29, pp. 117–123.

26. Somrutai, W., Takagi, M., and Yoshida, T., J. Ferment.
Bioengin., 1996, vol. 81, pp. 543–547.

27. Voget, C.E., Mignone, C.F., and Ertola, R.J., Biotech�
nol. Lett., 1985, vol. 7, pp. 43–46.

28. Qureshi, N., Lolas, A., and Blaschek, H.P., J. Indust.
Microbiol. Biotechnol., 2001, vol. 26, pp. 290–295.

29. Lopez�Contreras, A.M., Utilization of Lignocellulosic
Substrates by Solvent�Producing Clostridia, PhD The�
sis, Wageningen, Netherlands: Wageningen University,
2003.



636

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 48  No. 7  2012

BEREZINA et al.

30. Ni, Y., and Sun, Z., Appl. Microbiol. Biotechnol., 2009,
vol. 83, pp. 415–423.

31. Rakkolainen, M., Iakovlev, M., Terasvuori, A.�L.,
Sklavounos, E., Jurgens, G., Granstrom, T.B., and Van
Heiningen, A., Cellulose Chem. Technol., 2010, vol. 44,
pp. 139–154.

32. Gusev, M.V. and Mineeva, L.A., Mikrobiologiya
(Microbiology), Moscow: Izd. Mosk. Gos. Univ.,
1985.

33. Gill, D.M., Bacterial Toxins: A Table of Lethal
Amounts, Microbiol. Rev., 1982, vol. 46, pp. 86–94.

34. Gottwald, M., Hippe, H., and Gottschalk, G., Appl.
Environ. Microbiol., 1984, vol. 48, pp. 573–576.

35. Holt, R.A., Cairns, A.J., and Morris, J.G., Appl.
Microbiol. Biotechnol., 1988, vol. 27, pp. 319–324.

36. Freier�Schroeder, D., Wiegel, J., and Gottschalk, G.,
Biotechnol. Lett., 1989, vol. 11, pp. 831–836.

37. Prescott, S.C. and Dunn, C.G., The Butanol�Isopro�
panol Fermentation. Industrial Microbiology, 3rd ed.,
New York: McGraw�Hill, 1959.

38. Cato, E.P., George, W.L., and Finegold, S.M., in
Bergey’s Manual of Systematic Bacteriology,
Sneath, H.A., Mair, N.S., and Sharpe, M.E., Holt, J.G.,
Eds., Baltimore,: MD: Williams and Wilkins, 1986,
Vol. 2, pp. 1141–1200.

39. Jones, D.T., Van Der Westhuizen, A., Long, S.,
Allcock, E.R., Reid, S.J., and Woods, D.R., Appl.
Environ. Microbiol., 1982, vol. 43, pp. 1434–1439.

40. Schuster, K.C., Urlaub, E., and Gapes, J.R., J. Micro�
biol. Methods, 2000, vol. 42, pp. 29–38.

41. Lepage, C., Feyolle, F., Hermann, M., and Vande�
casteele, J.�P., J. Gen. Microbiol., 1987, vol. 133,
pp. 103–110.

42. Collins, M.D., Lawson, P.A., Willems, A.,
Cordoba, J.J., Fernandez�Garayzabal, J., Garcia, P.,
Cai, J., Hippe, H., and Farrow, J.A.E., Int. J. Syst.
Bacteriol., 1994, vol. 44, pp. 812–826.

43. Staskebrandt, E. and Goebel, B.M., Int. J. Syst. Bacte�
riol., 1994, vol. 44, pp. 846–849.

44. Keis, S., Shaheen, R., and Jones, D.T., Int. J. Syst.
Evol. Microbiol., 2001, vol. 51, pp. 2095–2103.

45. Jones, D.T., and Keis, S., FEMS Microbiol. Rev., 1995,
vol. 17, pp. 223–232.

46. Arzberger, C.F., US Patent No. 2139108, 1938.
47. Carnarius, E.H. and McCutchan, W.N., US Patent

No. 2139111, 1938.
48. Rainey, F.A., Hollen, B.J., Small, A., and Genus, I., in

Bergey’s Manual of Systematic Bacteriology, 2nd ed.,
Vos, P., Garrity, G.M., Jones, D., Krieg, N.R., Lud�
wig, W., and Rainey, F.A., Schleifer, K.�H., and Whit�
man, W.B., Eds., Dordrecht: Springer Verlag, 2009,
vol. 3, pp. 738–828.

49. Brien, R.W., and Morris, J.G., J. Gen. Microbiol.,
1971, vol. 68, pp. 307–318.

50. Gottschalk, G. and Bahl, H., Basic Life Sci., 1981,
vol. 18, pp. 463–471.

51. Walton, M.T. and Martin, J.L., in Microbial Technol�
ogy, 2nd ed., Peppler, H.J. and Perlman, D., Eds.,
New York: Academic Press, 1979, Vol. 1, pp. 187–209.

52. McCutchan, W.N. and Hickey, R.J., in Industrial fer�
mentations, Underkofler, L.A. and Hichey, R.J., Eds.,

New York: Chemical Publishing, 1954, Vol. 1,
pp. 347–388.

53. Keis, S., Bennett, C.F., Ward, V.K., and Jones, D.T.,
Int. J. Syst. Bacteriol., 1995, vol. 45, pp. 693–705.

54. Shaheen, R., Shirley, M., and Jones, D.T., J. Mol.
Microbiol. Biotechnol., 2000, vol. 2, pp. 115–124.

55. Maddox, I.S., Qureshi, N., and Roberts�Thomson, K.,
Pichia stipitis, Proc. Biochem., 1995, vol. 30, pp. 209–
215.

56. Barber, J.M., Robb, F.T., Webster, J.R., and
Woods, D.R., Appl. Environ. Microbiol., 1979, vol. 37,
pp. 433–437.

57. Soucaille, P. and Goma, G., Curr. Microbiol., 1986,
vol. 13, pp. 163–169.

58. Smith, L.D.S., Hobbs, G., and Genus, I., in Bergey’s
Manual of Determinative Bacteriology, 8th ed., Bucha�
nan, R.E. and Giggons, N.E., Eds., Baltimore: Will�
iams and Wilkins, 1974, pp. 551–572.

59. Holdeman, L.V., Cato, E.P., and Moore, W.E.C.,
Anaerobe Laboratory Manual, 4th ed., Blacksburg, VA:
Virginia Polytechnic Institute and State University,
1977.

60. Spivey, M.J., Pichia stipitis, Proc. Biochem., 1978,
vol. 13, pp. 2–25.

61. Hongo, M., US Patent No. 2945786, 1960.
62. Johnson, J.L., Toth, J., Santiwatanakul, S., and

Chen, J.�S., Int. J. Syst. Bacteriol., 1997, vol. 47,
pp. 420–424.

63. Lund, B.M., Brocklehurst, T.F., and Wyatt, G.M.,
J. Gen. Microbiol., 1981, vol. 122, pp. 17–26.

64. Harris, J., Mulder, R., Kell, D.B., Walter, R.P., and
Morris, J.G., Biotechnol. Lett., 1986, vol. 8, pp. 889–
892.

65. George, H.A., Johnson, J.L., Moore, W.E.C., Holde�
man, L.V., and Chen, J.�S., Appl. Environ. Microbiol.,
1983, vol. 45, pp. 1160–1163.

66. Dabrock, B., Bahl, H., and Gottschalk, G., Appl.
Environ. Microbiol., 1992, vol. 58, pp. 1233–1239.

67. Oiwa, H., Naganuma, M., and Ohnuma, S.�I., Agric.
Biol. Chem., 1987, vol. 51, pp. 2819–2820.

68. Nakas, J.P., Schaedle, M., Parkinson, C.M.,
Coonley, C.E., and Tanenbaum, S.W., Appl. Environ.
Microbiol., 1983, vol. 46, pp. 1017–1023.

69. Heyndrickx, M., De Vos, P., Vancanneyt, M., and De
Ley, J., Appl. Microbiol. Biotechnol., 1991, vol. 34,
pp. 637–642.

70. Cummins, C., and Johnson, J.L., J. Gen. Microbiol.,
1971, vol. 67, pp. 33–46.

71. Vasconcelosi, I., Girbal, L., and Soucaille, P., J. Bac�
teriol., 1994, vol. 176, pp. 1443–1450.

72. Yan, R.T., Zhu, C.X., Golemboski, C., and Chen, J.S.,
Appl. Environ. Microbiol., 1988, vol. 54, pp. 642–648.

73. Zheng, Y.N., Li, L.Z., Xian, M., Ma, Y.J., Yang, J.M.,
Xu, X., and He, D.Z., J. Ind. Microbiol. Biotechnol.,
2009, vol. 36, pp. 1127–1138.

74. Dürre, P., Bohringer, M., Nakotte, S., Schaffer, S.,
Thormann, K., and Zickner, B., J. Molec. Microbiol.
Biotechnol., 2002, vol. 4, pp. 295–300.

75. Dürre, P., Fischer, R. J., Kuhn, A., Lorenz, K.,
Schreiber, W., Sturzenhofecker, B., Ullmann, S., Win�



APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 48  No. 7  2012

MICROBIAL PRODUCERS OF BUTANOL 637

zer, K., and Sauer, U., FEMS Microbiol. Rev., 1995,
vol. 17, pp. 251–262.

76. Dürre, P., Appl. Microbiol. Biotechnol., 1998, vol. 49,
pp. 639–648.

77. Ravagnani, A., Jennert, K.C.B., Steiner, E., Grun�
berg, R., Jefferies, J.R., Wilkinson, S.R., Young, D.I.,
Tidswell, E.C., Brown, D.P., Youngman, P.,
Morris, J.G., and Young, M., Mol. Microbiol., 2000,
vol. 37, pp. 1172–1185.

78. Thormann, K., Feustel, L., Lorenz, K., Nakotte, S.,
and Du, P., J. Bacteriol., 2002, vol. 184, pp. 1966–
1973.

79. Sillers, R., Chow, A., Tracy, A.B., and Papoutsakis, E.T.,
Metab. Eng., 2008, vol. 10, pp. 321–332.

80. Nolling, J., Breton, G., Omelchenko, M.V.,
Markarova, K.S., Zeng, Q., Gibson, R., Lee, H.M.,
DuBois, J., Qiu, D., Hitti, J., Wolf, Y.I., Tatusov, R.L.,
Sabathe, F., Doucette�Stamm, L., Soucaille, P., Daly, M.J.,
Bennett, G.N., Koonin, E.V., and Smith, D.R.,
J. Bacteriol., 2001, vol. 183, pp. 4823–4838.

81. Keis, S., Sullivan, J.T., and Jones, D.T., Microbiology,
2001, vol. 147, pp. 1909–1922.

82. Berezina, O.V., Brandt, A., Yarotsky, S.,
Schwarz, W.H., and Zverlov, V.V., Syst. Appl. Micro�
biol., 2009, vol. 32, pp. 449–459.

83. McCoy, E. and Fred, E.B., J. Bacteriol., 1941, vol. 41,
pp. 90–91.

84. Kutzenok, A. and Aschner, M., J. Bacteriol., 1952,
vol. 64, pp. 829–836.

85. Maddox, I.S., Steiner, E., Hirsch, S., Wessner, S.,
Gutierrez, N.A., Gapes, J.R., and Schuster, K.C.,
J. Molec. Microbiol. Biotechnol., 2000, vol. 2, pp. 95–
100.

86. Stephens, G.M., Holt, R.A., Gottschal, J.C., and
Morris, J.G., J. Appl. Bacteriaol, 1985, vol. 59,
pp. 597–605.

87. Woolley, R.C., and Morris, J.G., J. Appl. Bacteriol.,
1990, vol. 69, pp. 718–728.

88. Adler, H.I. and Crow, W., Appl. Environ. Microbiol.,
1987, vol. 53, pp. 2496–2499.

89. Schuster, K.C., Goodacre, R., Gapes, J.R., and
Young, M., J. Ind. Microbiol. Biotechnol., 2001,
vol. 27, pp. 314–321.

90. Zverlov, V.V. and Schwarz, W.H., in Incredible Anaer�
obes: From Physiology to Genomics to Fuels, Wiegel, J.,
Maier, R.J., and Adams, M.W.W., Eds., New York:
Annals of the New York Academy of Sciences, 2008,
vol. 1125, pp. 298–307.

91. Lee, S.F., Forsberg, C.W., and Gibbins, L.N., Appl.
Environ. Microbiol., 1985, vol. 50, pp. 220–228.

92. Allcock, E.R. and Woods, D.R., Appl. Environ. Micro�
biol., 1981, vol. 41, pp. 539–541.

93. Berezina, O.V., Sineokii, S.P., Velikodvorskaya, G.A.,
Schwarz, W., and Zverlov, V.V., Appl. Biochem. Micro�
biol., 2008, vol. 44, pp. 49–55.

94. Zappe, H., Jones, D.T., and Woods, D.R., J. Gen.
Microbiol., 1986, vol. 132, pp. 1367–1372.

95. Zappe, H., Jones, W.A., Jones, D.T., and Woods, D.R.,
Appl. Enrivon. Microbiol., 1988, vol. 54, pp. 1289–
1292.

96. Mitchell, W.J., Adv. Microb. Physiol., 1998, vol. 39,
pp. 31–130.

97. Dürre, P. and Bahl, H., in Products of Primary Metab�
olism, 2nd ed., Roehr, M., Ed., Weinheim, Germany:
VCH Publisher, 1996, Vol. 6, pp. 229–268.

98. Paquet, V., Croux, C., Goma, G., and Soucaille, P.,
Appl. Environ. Microbiol., 1991, vol. 57, pp. 212–218.

99. Verhasselt, P., Poncelet, F., Vits, K., Van Gool, A., and
Vanderleyden, J., FEMS Microbiol. Letts., 1989,
vol. 59, pp. 135–140.

100. Hastings, J.H.J., in Economic Microbiology, Vol. 2: Pri�
mary Products of Metabolism, Rose, A.H., Ed., New
York: Academic Press, 1978, pp. 31–45.

101. Thauer, R.K., Kaufer, B., Zahringer, M., and Junger�
mann, K., Eur. J. Biochem., 1974, vol. 42, pp. 447–
452.

102. Formanek, J. Enhanced Butanol Production by
Clostridium beijerinckii BA 101 Grown in Semidefined
P2 Medium Conta1ining 6 Percent Maltodextrin or
Glucose / J. Formanek, R. Mackie, H.P. Blaschek //
Appl. Environ. Microbiol. 1997. V. 63. P. 2306–2310.

103. Sushkova, V.I., Berezina, O.V., and Yarotskii, S.V., in
Tez. Konf. Vyatskogo Universiteta–2011 (Abstr. Conf.
Vyatka University–2011), Kirov: Izd. Vyat. Gos.
Univ., 2011.

104. Young, M., Minton, N.P., and Staudenbauer, W.L.,
FEMS Microbiol. Rev., 1989, vol. 63, pp. 301–326.

105. Lee, S.Y., Park, J.H., Jang, S.H., Nielsen, L.K.,
Kim, J., and Jung, K.S., Biotechnol. Bioeng., 2008,
vol. 101, pp. 209–228.

106. Heap, J.T., Pennington, O.J., Cartman, S.T.,
Carter, G.P., and Minton, N.P., J. Microbiol. Methods,
2007, vol. 70, pp. 452–464.

107. Green, E.M., Boynton, Z.L., Harris, L.M.,
Rudolph, F.B., Papoutsakis, E.T., and Bennett, G.N.,
Microbiology, 1996, vol. 142, pp. 2079–2086.

108. Harris, L.M., Biotechnol. Bioeng., 2000, vol. 67, pp. 1–11.
109. Mermelstein, L.D., Papoutsakis, E.T., Petersen, D.J.,

and Bennett, G.N., Biotechnol. Bioeng., 1993, vol. 42,
pp. 1053–1060.

110. Harris, L.M., Blank, L., Desai, R.P., Welker, N.E.,
and Papoutsakis, E.T., J. Ind. Microbiol. Biotechnol.,
2001, vol. 27, pp. 322–328.

111. Nair, R.V., Green, E.M., Watson, D.E., Bennett, G.N.,
and Papoutskis, E.T., J. Bacteriol., 1999, vol. 181,
pp. 319–330.

112. Tummala, S.B., Junne, S.G., and Papoutsakis, E.T.,
J. Bacteriol., 2003, vol. 185, pp. 3644–3653.

113. Desai, R.P. and Papoutsakis, E.T., Appl. Environ.
Microbiol., 1999, vol. 65, pp. 936–945.

114. Nair, R.V., and Papoutsakis, E.T., J. Bacteriol., 1994,
vol. 176, pp. 5843–5846.

115. Tomas, C.A., Welker, N.E., and Papoutsakis, E.T.,
Appl. Environ. Microbiol., 2003, vol. 69, pp. 4951–
4965.

116. Oh, M.K. and Liao, J.C., Metab. Eng, 2000, vol. 2,
pp. 201–209.

117. Glieder, A., Farinas, E.T., and Arnold, F.H., Nat. Bio�
technol., 2002, vol. 20, pp. 1135–1139.

118. Atsumi, S., Cann, A.F., Connor, M.R., Shen, C.R.,
Smith, K.M., Brynildsen, M.P., Chou, K.J., Hanai, T.,



638

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 48  No. 7  2012

BEREZINA et al.

and Liao, J.C., Metab. Eng., 2008, vol. 10, pp. 305–
311.

119. Inui, M., Suda, M., Kimura, S., Yasuda, K.,
Suzuki, H., Toda, H., Yamamoto, S., Okino, S.,
Suzuki, N., and Yukawa, H., Appl. Microbiol. Biotech�
nol., 2008, vol. 77, pp. 1305–1316.

120. Steen, E.J., Chan, R., Prasad, N., Nyers, S.,
Petzold, C.J., Redding, A., Ouellet, M., and
Keasling, J.D., Microb. Cell. Fact., 2008, vol. 7, p. 36.

121. Berezina, O.V., Zakharova, N.V., Brandt, A.,
Yarotsky, S.V., Schwarz, W.H., and Zverlov, V.V., Appl.
Microbiol. Biotechnol., 2010, vol. 87, pp. 635–646.

122. Nielsen, D.R., Leonard, E., Yoon, S.H., Tseng, H.C.,
Yuan, C., and Prather, K.L., Metab. Eng., 2009,
vol. 11, pp. 262–273.

123. Jarboe, L.R., Grabar, T.B., Yomano, L.P., Shan�
mugan, K.T., and Ingram, L.O., Adv. Biochem. Eng.
Biotechnol., 2007, vol. 108, pp. 237–261.

124. York, S.W. and Ingram, L.O., Biotechnol. Lett., 1996,
vol. 18, pp. 683–688.

125. Atsumi, S., Hanai, T., and Liao, J.C., Nature, 2008,
vol. 451, pp. 86–89.

126. Baez, A., Cho, K.M., and Liao, J.C., Appl. Microbiol.
Biotechnol., 2011, vol. 90, pp. 1681–1690.

127. Inokuma, K., Liao, J.C., Okamoto, M., and Hanai, T.,
J. Biosci. Bioeng., 2010, vol. 110, pp. 696–701.

128. Bond�Watts, B.B., Bellerose, R.J., and Chang, M.C.Y.,
Nat. Chem. Biol., 2011, vol. 7, pp. 222–227.

129. Shen, C.R., Lan, E.I., Dekishima, Y., Baez, A.,
Cho, K.M., and Liao, J.C., Appl. Enrivon. Microbiol.,
2011, vol. 77, pp. 2905–2915. 


