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Abstract
Solvent-producing clostridial strains were used extensively during the first part of this
century for the industrial production of acetone and butanol and in the last two decades have
again become the focus of investigation due to their potential applications in biotechnology.
A starch-fermenting Clostridium species, isolated and patented during World War I and later
named Clostridium acetobutylicum, was the first successful industrial strain to be used for
the large-scale production of solvents. From the mid-1930's onwards, when molasses
became abundant, the acetone-butanol (AB) fermentation process in most countries was
switched from utilizing starch-based substrates to this Jess expensive sugar-based substrate.
This in turn Jed to the isolation and patenting of numerous solvent-producing clostridia
capable of fermenting molasses, each of which was given a novel species name. However,
the majority of these saccharolytic solvent-producing clostridial strains were never
scientifically recognized as legitimate species and once the industrial AB fermentation
process declined these names fell into disuse. At present the majority of the industrial
solvent-producing clostridia held in culture collections around the world tend to be classified
as C. acetobutylicum or C. beijerinckii. In recent years however, there has been the
growing awareness that there is a considerable degree of heterogeneity amongst strains
currently classified as C. acetobutylicum. This has highlighted the need for a reexamination and re-assessment of the taxonomic and phylogenetic relationships of this
industrially important group of bacteria.
In this study, 72 solvent-producing clostridial strains, the majority of which are
currently classified as C. acetobutylicum, were examined by using a combination of
biotyping and DNA fingerprint analysis. The biotyping procedures included rifampin
susceptibility testing, bacteriocin typing, and bacteriophage typing. DNA fingerprinting was
achieved by digesting genomic bacterial DNA with infrequently cutting restriction
endonucleases and resolving the resulting fragments by pulsed-field gel electrophoresis
(PFGE). Based on the results obtained from these two approaches the 72 strains could be
divided into 17 distinct groups. There was a high degree of correlation between the biotypes
and DNA fingerprints within each group indicating that the strains were similar both
phenotypically and genotypically. The DNA fingerprints obtained for strains belonging to
the same group exhibited high levels of similarity but differed markedly between the 17
groups.
To establish the relationships of the different groups, the partial 16S rRNA gene
sequence, corresponding to positions 830-1383 (Escherichia coli numbering), of a prototype
strain from each group was determined. This was achieved by polymerase chain reaction
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(PCR) amplification and direct sequencing of the resultant PCR product using primers
designed in this study. DNA sequence analysis of this segment of the 16S rRNA gene
provided a relatively quick and reliable method of comparing the prototype strains. The
results obtained of a comparative analysis of the partial 16S rRNA gene sequences, indicated
that the 17 biotype and DNA fingerprint groups could be assembled into four taxonomic
groups (taxonomic groups I-IV). In order to establish more definitive phylogenetic
positions for the four taxonomic groups of solvent-producing clostridia, the complete 16S
rRNA gene sequences were determined for the strains ATCC 824T, NCP 262, Nl-4, and
NCIMB 8052 which represented the taxonomic groups I, II, III, and IV, respectively. The
phylogenetic analysis of the complete 16S rRNA gene sequences revealed that amylolytic
strains belonging to taxonomic group I were only distantly related to the saccharolytic strains
belonging to taxonomic groups II, III, and IV (levels of sequence similarity, 90%- 90.5%).
The NCIMB 8052 strain (taxonomic group IV), formerly catalogued as being equivalent to
the C. acetobutylicum type strain ATCC 824T (taxonomic group I), was found to belong to a
different species based on 16S rRNA gene sequence analysis. The NCIMB 8052 strain
exhibited 100% level of 16S rRNA gene sequence similarity with the type strain of
C. beijerinckii. The strains belonging to taxonomic groups II, III, and IV were much more
closely related (levels of sequence similarity, 98.2%- 98.9%). Based on the 16S rRNA
gene sequences alone it was not possible to determine whether these three taxonomic groups
of saccharolytic solvent-producing clostridia constituted three separate species or were three
subgroups belonging to a single species since they exhibited sequence similarities higher
than 97%. However, during the course of this study the results obtained by Johnson and
Chen (1995) from genomic DNA-DNA hybridization studies of solvent-producing
clostridia, established that the three taxonomic groups II, III, and IV were all separate
species of saccharolytic solvent-producing clostridia. Their analysis also supports the
finding that taxonomic group I consisted of a collection of distantly related amylolytic strains
originally designated C. acetobutylicum. The outcome of this study and that of other
researchers has indicated that all of the saccharolytic strains presently classified as
C. acetobutylicum will need to be reclassified. The names "C. saccharo-butyl-acetonicumliquefaciens, " "C. saccharoperbuty/acetonicum, " and C. beijerinckii are proposed for the
three saccharolytic solvent-producing Clostridium species on the basis of prior usage.
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Introduction
Part A. The acetone-butanol (AB) fermentation
1.1

The significance of the AB fermentation

The production of acetone and butanol by means of solvent-producing Clostridium species
was one of the first large-scale industrial fermentation processes to be developed and during
the beginning of this century it was ranked second in importance to the ethanol fermentation
(Rose, 1961; Spivey, 1978). The AB fermentation first attained importance during World
War I for the production of acetone, a solvent required in the manufacture of explosives, and
the fermentation process flourished as a major source of solvents until after the Second
World War. However, by the 1960's the fermentation process was no longer able to
compete economically with the petrochemical synthesis of these solvents and this led to the
abandonment of the process in the United States, England, and Japan (Jones and Woods,
1986). The process did however continue in South Africa until 1982 and the process
continues to be used in China (Jones and Woods, 1986). Interest in the AB fermentation
was rekindled in the 1970's when the oil crisis occurred and society was confronted with the
finite nature of fossil fuels (Haggstrom, 1985). The problem of disposing agricultural and
industrial wastes in recent times has resulted in a renewed interest in this fermentation
process to convert these wastes into solvents. During the last two decades much of the
research which has been undertaken has been aimed at improving the AB fermentation
process and to gain a better understanding of the biochemical pathways, physiology, and
genetics of the clostridia involved in solvent production. In addition, research has been
focussed on improving the bacterial strains involved in solvent production by mutation or by
genetically manipulating the organism using genetic transfer systems (Jones and Woods,
1986; Young et al., 1989). To develop a more efficient and competitive fermentation
process the use of continuous fermentations, immobilized cell systems, and alternative
methods of solvent recovery have been investigated (Jones and Woods, 1986; Maddox,
1989).
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1.2

History of the industrial AB fermentation

Around the turn of the century the demand for natural rubber increased drastically, and this
created considerable interest in the possibility of manufacturing the rubber synthetically
(McCutchan and Hickey, 1954; Prescott and Dunn, 1940). In England, in 1910, the firm of
Strange and Graham, Ltd. contracted Professor Perkin and his assistant Weizmann of
Manchester University, as well as Professor Fernbach and his assistant, Schoen of the
Pasteur Institute to carry out research on synthetic rubber and the raw materials from which
rubber might be made (Prescott and Dunn, 1940; Wynkoop, 1943). It was considered that
butanol or isoamyl alcohol would provide suitable starting materials for the production of
butadiene and isoprene, which in turn could be polymerized to synthetic rubber (McCutchan
and Hickey, 1954; Ross, 1961). The need for these starting materials initiated an
investigation into the possibility of producing these higher alcohols by microbial
fermentation (McCutchan and Hickey, 1954; Ross, 1961).
In 1911, Fernbach isolated a solvent-producing bacillus referred to as the "FB"
strain, that was able to ferment potatoes, but not cereals, and produced butanol as well as
acetone (Gabriel, 1928; Gabriel and Crawford, 1930; Prescott and Dunn, 1940). This
organism was patented by Fernbach and Strange in 1912 (British patent 21,073) for the
production of acetone and higher alcohols (Gabriel, 1928).
Weizmann in 1912 broke his connections with the firm of Strange and Graham, Ltd.
but continued independently to attempt to isolate commercially viable solvent-producing
bacteria (McCutchan and Hickey, 1954; Prescott and Dunn, 1940; Ross, 1961; Wynkoop,
1943). Two years later he isolated an organism, designated the "BY" strain, capable of
producing higher concentrations and yields of solvents than Fern bach's organism from a
variety of substrates including corn (McCutchan and Hickey, 1954).
During 1913 and 1914 the Strange and Graham, Ltd. firm established fermentation
plants at Rainham and King's Lynn for the production of solvents from potatoes using
Fernbach's bacillus (Prescott and Dunn, 1940). With the outbreak of World War I the
demand for acetone became critical because of its use in the manufacture of cordite
(McCutchan and Hickey, 1954). Faced with an emergency, the firm of Strange and
Graham, Ltd. were contracted in 1915 to supply acetone to the British Government (Gabriel,
1928; Prescott and Dunn, 1940). However, the amount of acetone produced from potatoes
at the King's Lynn plant was not sufficient to meet the demands (Prescott and Dunn, 1940;
Ross, 1961). Weizmann had continued his research at the Manchester University with the
intention of publishing a paper on his research (Gabriel, 1928). However, it became
apparent that his discoveries in the production of acetone could be of benefit to England
(Gabriel, 1928). Weizmann's process was demonstrated to the head of the Chemical
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Department of Nobel's Explosive Company, who advised him to apply for a patent (Gabriel,
1928). As a result the British Patent 4,845 and later the U.S. Patent I ,315,585 were issued
to Weizmann in March 1915 and September 1919, respectively (Weizmann, 1915;
Weizmann, 1919). Weizmann was provided with the facilities and assistance to develop his
process on an industrial scale (Weizmann, 1949).
In 1916, the British Government took possession of the King's Lynn plant under
"The Defence of the Realm Act" and the existing process was substituted with the new
Weizmann process using maize as a substrate (Ross, 1961). However, a shortage of grain
forced the Government to transfer the fermentation process to a part of the British Empire
where the raw materials were readily available. Consequently, Gooderham and Wort's
Distillery in Toronto, Canada was purchased and adapted to run the Weizmann process and
the fermentation process began operating in August 1916 (Gabriel, 1928).
Shortly after the United States entered the war, the Allied War Board decided to
establish a plant in the Midwest com belt in Indiana to produce solvents (Hastings, 1978).
Two plants at Terre Haute were acquired from the Commercial Distillery and the Majestic
Distillery (Gabriel, 1928). Production had hardly begun when the war came to an end in
November 1918, resulting in the closure of both plants (Gabriel, 1928; Hastings, 1978).
During the war the requirement for acetone resulted in the accumulation of butanol as
an unwanted by-product, which was stored in large tanks (Hastings, 1978; Ross, 1961).
After the war, intensive efforts were made to salvage this waste product (Gabriel and
Crawford, 1930; McCutchan and Hickey, 1954). At this stage the automobile industry was
growing rapidly and in need of quick-drying laquers (Gabriel and Crawford, 1930). The
discovery that butyl acetate, made from butanol, was an ideal solvent for the nitrocellulose
laquers resulted in the re-establishment of the fermentation on a commercial scale (Gabriel
and Crawford, 1930).
At the end of the war, a group of American businessmen foresaw the industrial
potential of solvents produced by the Weizmann process and formed the Commercial
Solvents Corporation of Maryland (Jones and Woods, 1986; Kelly, 1936). This company
bought the two plants at Terre Haute from the Allied War Board at an auction in late 1919
(Gabriel and Crawford, 1930; Jones and Woods, 1986; Kelly, 1936). The Commercial
Solvents Corporation obtained the exclusive use of U.S. Patent 1,315,585 issued to
Weizmann in 1919 and arranged to pay Weizmann on a royalty basis (Gabriel, 1928; Kelly,
1936).
By 1923 the demand for butanol escalated and the number offermenters at the Terre
Haute plant was increased to a total of 52 fermenters (Gabriel, 1928). The same year
bacteriological problems were encountered, later to be diagnosed as a bacteriophage infection

4

(Gabriel, 1928). Extensive research was carried out in the research department at Terre
Haute to overcome the problem, however the need to restore normal production and the
increasing demand for butanol hastened the decision to build a new plant in a new locality
(Kelly, 1936). Commercial Solvents Corporation acquired the Majestic Distillery in Peoria,
Illinois with the idea that any further bacteriological problems encountered were less likely to
happen at both places at the same time (Kelly, 1936). The Peoria plant was put into
operation in December 1923 and by the end of 1927 the capacity of this plant had trebled to a
total number of 96 fermenters (Gabriel, 1928; Kelly, 1936).
In 1923, the firm of Strange and Graham, Ltd. resumed the production of acetone
and butanol at their plant at King's Lynn using the Weizmann culture (Ross, 1961). A year
later Commercial Solvents Corporation prosecuted Strange and Graham, Ltd. at the High
Court of Justice in London for infringement of British Patent 4,845 (Ross, 1961). This was
the first patent litigation in Great Britain which involved a biochemical process (Ross,
1961 ). In 1926, the patent was judged to be valid and infringed upon and as a consequence
Strange and Graham, Ltd. went into liquidation and their works were later bought by
Distillers Company Ltd. (Ross, 1961).
By the beginning of the 1930's, efforts were made by Commercial Solvents
Corporation to find solvent-producing strains which would ferment sugar (Hastings, 1978).
The reason for this search was that there was an abundant supply of blackstrap and high-test
molasses available from cane sugar-producing areas in particular the West Indies and at a
price competitive with starch (Hastings, 1978). Consequently, by 1933 Commercial
Solvents Corporation began trial fermentations utilizing sugar-fermenting strains (Kelly,
1936). The first industrial strain utilized was the C.S.C. No.8 strain which fermented 6%
sugar and gave concentrations of nearly 2% solvents (Hastings, 1971; Kelly, 1936). This
was the first of a long line of improved saccharolytic strains which were introduced during
the 1930's (Hastings, 1978).
In 1935, Commercial Solvents Corporation in conjunction with Distillers Company
Ltd., decided to erect a plant in England at Bromborough, across the river Mersey from
Liverpool (Hastings, 1971). Harbour facilities were available at Port Sunlight for the large
tankers carrying the molasses and the cost of transporting the molasses by sea was less than
the route over land to the plants at Indiana and Illinois (Hastings, 1971). By the end of 1935
the new plant, Commercial Solvents (Great Britain) Ltd., began producing solvents using a
saccharolytic strain developed in the research laboratories at Terre Haute (Hastings, 1971).
In 1936, the W eizmann patent expired and new AB fermentation plants were built in
Philadelphia, Pennsylvania and Baltimore, Maryland (Walton and Martin, 1979). From
1936 the production of acetone and butanol, using molasses as a substrate, progressed
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rapidly and numerous new strains were isolated and patented by many of the large
companies including Commercial Solvents Corporation of Maryland, Publicker Industries
Incorporated of Pennsylvania, and U.S. Industrial Chemicals Company of West Virginia
(Beesch, I 952). Fermentation plants were also established in a number of other countries
including Japan, India, Puerto Rico, Australia, and South Africa (Spivey, I978; Walton and
Martin, 1979). In Japan the AB fermentation continued throughout World War II, and the
production of solvents only ceased during the early 1960's (Ogata and Hongo, 1979).
However, research on the fermentation process continued for a number of years after that.
In South Africa, a plant belonging to National Maize Products (NMP) Ltd. was
established in the maize-growing region of Germiston in 1937 for the production of acetone
and butanol from this substrate. The plant was erected using French technology and at the
time provided NMP with one of the most up-to-date fermentation and distillation facilities in
the world. In 1940, the company changed its name to the more appropriate name National
Chemical Products (NCP) Ltd. From 1944 onwards, NCP converted its AB fermentation
process from using maize as a substrate to utilizing blackstrap molasses. By this time NCP
had established links to Commercial Solvents Corporation which supplied them with
saccharolytic solvent-producing clostridial strains. In 1946, Distillers Company Ltd. of
London took a substantial shareholding of NCP and links were established to Commercial
Solvents (Great Britain) Ltd. which appears to have been a subsidiary of Distillers Company
Ltd. In 1965, Distillers Company Ltd. transferred all shares in NCP to Distillers Chemical
and Plastics Ltd. and this company became known as British Petroleum (BP) Chemicals
(United Kingdom). Two years later Sentrachem of South Africa acquired all of the BP
Chemicals shares in NCP to ensure that control remained in South African hands and NCP
became a founder member of the Sentrachem Group (National Chemical Products (NCP)
Ltd, 1939-1983).
Fermentation plants were also set-up in Formosa (Taiwan) in I 943 and I944 for the
industrial production of butanol, isopropanol, and acetone using the substrates sugar cane,
sugar syrup, raw sugars, and blacks trap molasses (Prescott and Dunn, l959b; Rose, 1961 ).
The production of acetone and butanol from blackstrap molasses was also carried out on a
pilot or commercial scale in Egypt, Pakistan, and India (Abou-Zeid et al., 1978; Qadeer et

al., 1980; Soni et al., 1982).
Although molasses-based fermentations proved to be more economical from a
commercial standpoint, the rise of the petroleum industry after the Second World War
resulted in the demise of the fermentation process in the western world by the beginning of
the 1960's. The AB fermentation process however was continued at the NCP plant in South
Africa until the beginning of the 1980's, due to an abundant supply of cheap blackstrap
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molasses, coal for distillation, and the unavailability of petroleum. China is one of the
remaining countries still engaged in the production of these solvents and there is an estimated
26 AB fermentation plants operational (J. S. Chiao, personal communication).

1.3

The physiology of the AB fermentation

A wide variety of hexose sugars, including mono-, di-, tri-, and polysaccharides can be
metabolized by solvent-producing Clostridium species via a complex set of biochemical
pathways to produce a variety of acids and solvents, as well as the gases carbon dioxide and
hydrogen (Jones and Woods, 1989). In a batch culture, the fermentation process consists of
two distinct physiological phases. The initial acidogenic phase corresponds to the
logarithmic growth phase of the culture over a period of approximately 18 h during which
carbohydrates are catabolized to produce acetate, butyrate, carbon dioxide, and hydrogen
and the pH of the medium decreases (Jones and Woods, 1986). As the culture enters
stationary growth phase, the pH of the medium reaches breakpoint and metabolism is
switched from the acidogenic phase to the solventogenic phase. The solventogenic phase
coincides with the reassimilation of the acids, acetate and butyrate to the solvents acetone,
butanol, and ethanol resulting in an increase in the pH of the culture medium (Jones and
Woods, 1986). Concomitantly, the continued consumption of carbohydrates during the
solventogenic phase is linked to a decrease in hydrogen production. A summary of the
biochemical pathways utilized by solvent-producing clostridia is given in Fig. 1.1.

1.4

The industrial AB fermentation process

The production of solvents on an industrial scale using either maize or molasses as the
substrate was carried out as a batch or fed batch fermentation process in the United States,
Great Britain, South Africa, and Japan, whereas a semi-continuous or cascade type of
fermentation process was employed in Eastern Europe and China (Dyr et al., 1958;
Yarovenko, 1964; J. S. Chiao, personal communication). The batch fermentation process
could essentially be divided into four steps: the preparation of mash fermentation substrate;
the build-up of microbial cultures; the fermentation; and the distillation (Prescott and Dunn,
1940). When corn was used as the raw material, particles of dust and iron were removed by
passing the grain over a magnetic separator (Beesch, 1952; Prescott and Dunn, 1959a). If it
was economically feasible, the grain was treated to remove the germ from which corn oil
was recovered (Beesch, 1952). The corn was then ground in either roller or hammer mills
to a fine meal before being mixed with water and steam to a final concentration of 8-10%
corn (Beesch, 1952; Prescott and Dunn, 1959a). No further additions to the mash were
necessary since the mash contained sufficient nitrogenous nutrients to support growth of the
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bacterium (Rose, 1961 ). The corn mash was then cooked with agitation under pressure, at a
temperature of 121 'C for 1 h. The starch was rendered soluble and the entire mash was
sterilized (Beesch, 1952). In the case of the molasses fermentation process either
blackstrap, beet, or invert (high-test) molasses were used as the source for sugar (Beesch,
1952). However, both blackstrap and invert molasses were deficient in nitrogen and
phosphate and therefore needed to be supplemented with ammonium sulphate (generally
added within the first 18-24 h of fermentation), calcium carbonate (a buffering agent), and
super phosphate (Casida, 1968). The molasses was then mixed with water and steam to
give a concentration of 5-7% sugar. As with the com mash, the molasses mash was cooked
and sterilized. In either case the cooked mash was then passed aseptically through coolers,
which reduced the temperature to 37'C for the com mash, or 30-32'C for the molasses
mash, before being pumped into fermenters of 60,000-500,000 gallon capacity (Beesch,
1952; Prescott and Dunn, 1959a). The fermenters were filled to 90-95% capacity under a
blanket of carbon dioxide, and sterile carbon dioxide was often bubbled through before and
after inoculation to facilitate mixing (Jones and Woods, 1986).
Bacterial cultures were kept as spores in sterile sand or soil. At the start of a
fermentation a few grains of the spore-impregnated sand was added to a test tube containing
a few ml of either the com mash or potato/glucose medium depending on which fermentation
process was being employed (Beesch, 1952; Beesch, 1953; Spivey, 1978). To produce a
more vigorous culture, the inoculated mash was "heat-shocked" usually at lOO'C for 1-2
min. This increased the speed of germination of the spores and at the same time eliminated
any vegetative cells or weak spores present (Beesch, 1952; Beesch, 1953). The culture was
then incubated for 24 h before being transferred aseptically into larger volumes of sterile
mash (Beesch, 1952; Beesch, 1953). The inoculum was built-up by transferring the culture
into increasing amounts of mash until it was added into the final fermenter (Beesch, 1952;
Beesch, 1953). Each step of this complex build-up of inocula was carefully monitored
because it was crucial to the final outcome of the fermentation.
Fermentations using maize mash were run at 34-39'C, with the optimum being
37'C, for 50-60 hand produced yields of 25-26% based on dry-weight com equivalen t
(Beesch, 1953; Jones and Woods, 1986). The pH at the beginning of the fermentation was
usually 6.0-6.5 and at the end 4.2-4.4 (Beesch, 1953).
The AB fermentation of sugars using saccharolytic bacteria was run at a lower
temperature between 29-35'C (optimum 31-32'C) and solvent yields based on fermentable
sugar were between 29-33% (Beesch, 1952; Jones and Woods, 1986). The starting pH was
typically between 5.5-6.5 and the final pH approximately 5.2-6.2 (Beesch, 1952).
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The completely fermented medium was called "beer" and this was held in a "beer
well," prior to distillation and fractionation (McCutchan and Hickey, 1954). The initial beer
was distilled by batch distillation or later by a continuous distillation to strip off all of the
solvents, and this distillate contained 20-30% solvents (Rose, 1961 ). Batches of this
distillate were then fractionally distilled to produce pure acetone and butanol, and a residual
mixture of solvents which consisted primarily of ethanol (Rose, 1961 ).
The stillage or slop which remained was found to be high in nutritional value,
containing large amounts of bacterial protein and B-vitamins. A process was developed to
concentrate the stillage from the distillate which was evaporated and dried for subsequent use
in animal feeds (Beesch, 1952; McCutchan and Hickey, 1954). The stillage or slop from
preceding AB fermentations could also be added to the initial fermentation medium to the
extent of 30-40% of the total volume of the medium. The method of using stillage in
making-up the mash was referred to as "slopping back" and was used for technical and
economical reasons (McCutchan and Hickey, 1954). The stillage added nutrients to media
which were nutritionally deficient and therefore lowered the requirement for supplementary
nutrients. In addition, the large volumes of stillage used in "slopping back" reduced the
amount of stillage which had to be disposed (McCutchan and Hickey, 1954).
The carbon dioxide and hydrogen produced during the fermentation was initially
allowed to go to waste. Subsequently, these gases were utilized in a number of ways. Most
companies used the carbon dioxide for the production of dry ice or bottled the gas (Gabriel
and Crawford, 1930). In addition, Commercial Solvents Corporation developed a process
for the conversion of carbon dioxide and hydrogen into synthetic methanol, and they were
the first company in the United States to sell synthetic methanol (Kelly, 1936). Some
companies also used the hydrogen for hydrogenation of low-melting edible oils, however in
most cases it was not economical to recover the hydrogen and instead it was burnt off
(Hastings, 1971; Robson and Jones, 1982).

1.5

The origin and development of industrial produc tion strains

The first AB fermentation process established on an industrial scale was that developed by
the firm of Strange and Graham, Ltd. utilizing potatoes as a substrate, and the organism
employed was the bacillus isolated by Fembach designated the "FB" strain. However, their
fermentation process was soon superseded by the process developed by Weizman n in which
starch was utilized as the substrate. The organism isolated by Weizmann, which he called
the "BY" strain, was the original commercial production strain used by Commercial Solvents
Corporation. Scientifically, this strain became known as "Bacillus granulobacter
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pectinovorum " 1 but this was later changed to Clostridium acetobutylicum (McCoy et al.,
1926; Weyer and Rettger, 1927).
One of the first problems tackled by the extensive research department at Commercial
Solvents Corporation, Terre Haute was the development of bacteriophage-resistant cultures
as a consequence of the major phage infection which occurred at the plant during 1923
(Gabriel, 1928; Kelly, 1936). Procedures were developed to prepare immune cultures and a
patent was lodged by Legg in which he described the preparation of immunized
C. acetobutylicum cultures by serial transfer of the susceptible bacterium in the presence of
small amounts of bacteriophage (Legg, 1928). Subsequent patents were filed by Legg and
Walton ( 1938) and McCoy (1946) in which immunized saccharolytic strains of solventproducing clostridia were prepared by similar procedures.
Another area of research developed by Commercial Solvents Corporation was the
on-going isolation and development of new strains of solvent-producing clostridia for use on
maize mash. Numerous strains of C. acetobutylicum were isolated from natural sources
some of which were characterized by different fermentations of carbohydrates, different
ratios of solvents, and visual characteristics of the fermentation (Beesch, 1953). However,
none of these strains proved to be superior to the original Weizmann strain which produced a
yield of 28-30% solvents from 3.8% starch (Hastings, 1971 ).
At the beginning of the 1930's there was a surplus of molasses available from the
sugar industry and attempts were made to convert the AB fermentation process from starchbased to sugar-based. However, it was found that the starch-fermenting Weizmann strains
produced low yields and concentrations of solvents from molasses (Hildebrandt and Erb,
1939). A systematic survey of the extensive culture strain collection maintained by the
research department at the Terre Haute plant revealed that most of the strains were capable of
fermenting molasses to varying degrees with some even capable of completely fermenting
the sucrose in molasses (Hastings, 1978). Consequently, a culture designated as C.S.C.
No. 8 was selected, and by 1933 Commercial Solvents Corporation began the production of
solvents utilizing this molasses-fermenting strain (Kelly, 1936).
From 1936 to 1940, Commercial Solvents Corporation filed a number of U.S.
patents covering the industrial production of acetone and butanol utilizing new strains of
saccharolytic solvent-producing clostridia (Table 1.1). Various names were assigned to
these isolates and their morphological, cultural, physiological, and biochemical reactions
were described according to the descriptive chart of the Society of American Bacteriologists.
Only names of bacteria included in the "Approved Lists of Bacterial Names" (Skerman et al., 1980) and
those which have been validly published in the International Journal of Systematic Bacteriology have
standing in the nomenclature. Names which have no standing in the nomenclature are enclosed in double
quotation marks.
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TABLE 1.1 Patented strains of saccharolytic solvent-producing bacteria held by various
companies
U.S. Patent

Species name

Commercial Solvents Corporation
"C. saccharo-acetobutylicum-beta" and "gamma"
2,050,219
"C. inverto-acetobutylicum"
2,063,448
"C. saccharo-acetobutylicum"
2,089,522
"C. saccharo-acetobutylicum-alpha"
2,110,109
"C. propyl butylicum-alpha"
2,132,039
"C. saccharo-butyl-acetonicum-liquefaciens"
2, 139,108
"C. saccharo-butyl-acetonicum-liquefaciens2,139,111
2,195,629

gamma" and "delta"
"C. granulobacter acetobutylicum"

Patentee/Reference
Arzberger (1936)
Legg and Stiles (1936)
Woodruff et al. (1937)
McCoy (1938)
MUller ( 1938)
Arzberger (1938)
Camarius and McCutchan
(1938)
Mtiller ( 1940)

Eastern Alcohol Corporation
"B. saccharobutylicum-beta"
1,725,083

Izsak (1929)

DuPont de Nemours and Company
"C. saccharobutylicum-gamma"
I ,908,361

Izsak and Funk (1933)

A.O. Smith Corporation
"C. saccharobutyl-acetonicum"
I ,992,921
"C. saccharobutyl-isopropyl-acetonicum"
2,096,377
"C. saccharobutyl-isopropyl-acetonicum-beta"
2,219,426

Loughlin (1935)
Loughlin (1937)
Loughlin (1940)

U.S. Industrial Alcohol Company (U.S. Industrial Chemicals)
2,017,572
2,169,246

"C. viscifaciens"
"C. celerifactor"

Lummus Company
"B. tetlyl" ("C. terylium")
2,113,472

Sherman and Erb (1935)
Hildebrandt and Erb (1939)

Arroyo (1938)

Hall
2,147,487

"B. butacone"

Hall (1939)

Wisconsin Alumni Research Foundation
"C. madisonii"
2,398,837

McCoy (1946)

Publicker Industries Incorporate d
"C. amylo-saccharo butyl-propylicum"
2,420,998
"C. saccharo acetoperbutylicum"
2,439,791

Beesch and Legg (1947)
Beesch (1948)

Sanraku Distiller's Company Incorporate d
"C. saccharoperbutylacetonicum"
2,945,786

Hongo (1960)
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In some cases other distinguishing characteristics were also listed (Beesch, 1952). The first
of these, patented by Arzberger in 1936, was named "C. saccharo-acetobutylicum"
(U.S. Patent 2,050,219). Further patents covering variants of this organism were patented
by Woodruff et al. in 1937 (U.S. Patent 2,089,522) and McCoy in 1938 (U.S. Patent
2,110,1 09) (Table 1.1 ). These strains produced solvent yields of 30%, based on the total
sugar, by fermenting molasses mashes which contained either sucrose or invert sugar (ie.
sugar which had been inverted with acids or enzymes) (McCutchan and Hickey, 1954).
However, the actual rate of fermentation was slow, requiring about 72 h and the organisms
were also susceptible to bacteriophage infection (McCutchan and Hickey, 1954). Strains of
"C. saccharo-acetobutylicum" appearto have been used from around 1935 as the main
production strains for the fermentation of molasses by both Commercial Solvents
Corporation in the United States and at the newly opened plant in Great Britain until it was
superseded by a superior saccharolytic clostridial strain (McCutchan and Hickey, 1954). A
culture of the prototype strain of "C. saccharo-acetobutylicum" used by Commercial
Solvents Corporation was deposited in the Northern Regional Research Laboratory (NRRL)
culture collection in 1945 by McCoy (Wisconsin strain A-8, NRRL B591).
Two additional solvent-producing clostridia, which were able to utilize only invert
sucrose, were also patented by Commercial Solvents Corporation (Table 1.1 ). The first of
these was named "C. inverto-acetobutylicum" and produced butanol and acetone (U.S.
Patent 2,063,448). The second organism, patented by Muller in 1938, was "C. propyl
butylicum- alpha" which produced butanol and isopropanol (U.S. Patent 2, 132,039).
Neither of these strains appear to have been used commercially.
In 1938, patents were issued to Arzberger (U.S. Patent 2,139,108) and to Carnarius
and McCutcha n (U.S. Patent 2, 139, Ill) on the butanol-acetone process in which three new
cultures were employed (McCutchan and Hickey, 1954). They were named "C. saccharobutyl-acetonicum-liquefaciens" and the gamma and delta variants (McCutchan and Hickey,
1954) (Table 1.1). These cultures were claimed to be superior because they could produce
consistent yields of 27-33% total solvents based on sugar, compared to yields not
consistently above 25-26% which were obtained from "C. saccharo-acetobutylicum" strains
(Arzberger, 1938). In addition, the time it took for the fermentation to be completed was
only 36-48 h (McCutchan and Hickey, 1954). The difference among the three strains of

"C. saccharo-butyl-acetonicum-liquefaciens" was based on their solvent ratios (McCutchan
and Hickey, 1954). The butanol produced varied according to the culture from 55-74% of
total solvents, and the acetone ranged from 22-40% (McCutchan and Hickey, 1954). Once
discovered, these strains of "C. saccharo-butyl-acetonicum-liquefaciens" became the main
production strains utilized by both Commercial Solvents Corporation and Commercial
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Solvents (Great Britain) Ltd. for practically all of their AB fermentation with molasses
(McCutchan and Hickey, 1954).
In 1940, a patent was issued to Muller on behalf of Commercial Solvents
Corporation for a process which employed an organism called "C. granulobacter

acetobutylicum" (U.S. Patent 2,195,629) (Table 1.1). The organism was described as
being able to produce solvents from starch as well as from sugar when vegetable protein,
calcium carbonate, and ammonium salt were added (Muller, 1940).
From 1929 patents were issued to companies, other than Commercial Solvents
Corporation, which had an interest in the commercial production of butanol by fermentation.
These included North American companies such as Eastern Alcohol Corporation, DuPont de
Nemours and Company, A.O. Smith Corporation, U.S. Industrial Alcohol Company,
Wisconsin Alumni Research Foundation, Lummus Company, Publicker Industries
Incorporated, and the Sanraku Distiller's Company Incorporated in Japan (Table 1.1).
Some U.S. patents describing new saccharolytic solvent-produ cing clostridia were issued to
individuals with no stated company affiliations (Table 1.1 ).
The various saccharolytic strains which were patented by the different companies can
be grouped into five distinct physiological groups according to whether they required
inversion of the sucrose in molasses or not, the type of nitrogen source they required, and
the nature and ratio of the solvents they produced (Table 1.2).
In 1935, Sherman and Erb, assignors to U.S. Industrial Alcohol Company
(Table 1.1), were issued U.S. Patent 2,017,572 which described "C. viscifaciens," a
clostridial strain capable of utilizing only invert molasses to produce mainly butanol and
isopropanol, and some acetone (Table 1.2). A strain exhibiting similar characteristic s,
named "C. amylo-saccharo butyl-propylicum" was patented in 1947 by Beesch and Legg on
behalf of Publicker Industries Incorporated (U.S. Patent 2,420,998) (Table 1.1 and 1.2).
These two strains would appear to have resembled other solvent-produ cing clostridia such as

"Bacillus saccharobutylicum-beta" (U.S. Patent 1,725,083), "C. saccharobutyl-isopropylacetonicum" (U.S. Patent 2,096,377), and "C. propyl butylicum-alpha" (U.S. Patent
2,132,039) (Table 1.2).
A second group of solvent-producing clostridial strains included those which also
required inverted molasses as a substrate and produced butanol, acetone, and some ethanol
but no isopropanol (Table 1.2). These were "C. inverto-acetobutylicum" (U.S. Patent
2,063,448), "C. celerifactor" (U.S. Patent 2,169,246), "C. saccharo-acetoperbutylicum"
(U.S. Patent 2,439,791), and "B. tetryl," later renamed "C. terylium" (U.S. Patent
2,113,472) which was employed industrially in Puerto Rico (McCutchan and Hickey,
1954).
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TABLE 1.2 Patented strains of saccharolytic solvent-producing bacteria grouped according
to physiological types
U.S. Patent

Species name

Invert sugars (butanol 65-80%; acetone 2-20%; isopropanol 10-35%)
"B. saccharobutylicum-beta"
1,725,083
"C. viscifaciens"
2,017,572
"C. saccharobutyl-isopropyl-acetonicum"
2,096,377
"C. propyl butylicum-alpha"
2,132,039
"C. amylo-saccharo butyl-propylicum"
2,420,998
Invert sugars (butanol 60-76%; acetone 18-38%;
"C. inverto-acetobutvlicum"
2,063,448
"B. tetryl" ("C. te1yiium")
2,113,472
"C. celerifactor"
2,169,246
"C. saccharo-acetoperbutylicum"
2,439,791

ethanol 2-7%)

Molasses (butanol 60-85%; acetone 15-40%; isopropanol 0.1-4%)
"C. saccharobutylicum-gamma"
1,908,361
"C. saccharobutyl-isopropyl-acetonicum-beta"
2,219,426
Molasses (butanol 64-64%; acetone 28-36%)
"C. saccharobutyl-acetonicum"
1,992,921
"B. butacone"
2,147,487
Molasses (butanol 58-76%; acetone 17-36%; ethanol 1-10%)
"C. saccharo-acetobutylicum-beta" and "gamma"
2,050,219
"C. saccharo-acetobutylicum"
2,089,522
"C. saccharo-acetobutylicum-alpha"
2,11 0,109
"C. saccharo-butyl-acetonicum-liquefaciens"
2, 13 9, 108
"C. saccharo-butyl-acetonicum-liquefaciens-gamma" and "delta"
2, 139,111
"C. granulobacter acetobutylicum"
2, 19 5,629
"C. madisonii"
2,398,837
"C. saccharoperbutylacetonicum"
2,945,786
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Strains which were capable of producing butanol, acetone, and isopropanol from
molasses without requiring the sucrose to be inverted, were "C. saccharobutylicum-gamma"
(U.S. Patent 1,908,361) patented by Izsak and Funk, and "C. saccharobutyl-isopropyl-

acetonicum-b eta" patented by Loughlin (U.S. Patent 2,219,426) (Table 1.2).
In 1939, Hall patented "B. butacone" (U.S. Patent 2,147,487) which was
characterized by extremely heat-resistant spores and capable of fermenting starch or
molasses in the presence of animal or plant protein (Hildebrandt and Erb, 1939; McCutchan
and Hickey, 1954). "B. butacone" produced only butanol and acetone and in this it
resembled "C. saccharobutyl-acetonicum" (U.S. Patent 1,992,921) patented two years
earlier by Loughlin (Table 1.2).
Another group of solvent-producing clostridial strains were those capable of
fermenting high concentrations of molasses to produce butanol, acetone, and ethanol. This
group included "C. saccharo-acetobutylicum" and "C. saccharo-butyl-acetonicumliquefaciens" strains and their variants, and "C. granulobacter acetobutylicum" all patented
by Commercial Solvents Corporation as well as "C. madisonii" patented by McCoy on
behalf of Wisconsin Alumni Research Foundation (U.S. Patent 2,398,837) (Table 1.1 and
1.2). "C. madisonii" appears to have been utilized for the industrial production of solvents
in Puerto Rico (Ogata and Hongo, 1979), and seems to be very similar to the "C. saccharo-

acetobutylicum" strain patented earlier by McCoy as assignor to Commercial Solvents
Corporation. One other molasses-fermenting strain belonging to this group was
"C. saccharoperbutylacetonicwn, "patented by Hongo in 1960 (U.S. Patent 2,945,786) and
utilized commercially by Sanraku Distiller's Company Incorporated in Japan (Table 1.1 and
1.2). Besides "C. saccharoperbutylacetonicum," two other solvent-produ cing clostridial
strains were isolated in Japan but no patents were filed. One was identified as "C. kaneboi"
and the other as "C. butanologenum." The former strain was described as being capable of
fermenting both starch and cane-sugar media with good solvent yields (McCutchan and
Hickey, 1954; Nakahama and Harada, 1949) and the latter isolate, "C. butanologenum,"
was able to produce the solvents butanol and isopropanol (Asai and Haruda, 1943).
Similarly, a strain named "C. toanum" utilized in Formosa (Taiwan) was reported to produce
acetone, isopropanol, and butanol from the raw materials sugar cane, sugar syrup, raw
sugars, and blackstrap molasses (Baba, 1943) but no patent was filed.
In South Africa, NCP formerly known as National Maize Products (NMP) Ltd.
employed the Melle strain supplied by Usines de Melle, France for the production of acetone
and butanol from maize. With the switch to molasses in 1944, NCP obtained and utilized
saccharolytic solvent-producing clostridial strains from Commercial Solvents Corporation
and Commercial Solvents (Great Britain) Ltd., and by the end of 1945 NCP began
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producing their own stock cultures from the strains supplied by these two companies.
Consequently, NCP effectively operated their AB fermentation utilizing NCP cultures
developed at their plant (National Chemical Products (NCP) Ltd, 1939-1983). None of the
strains developed at NCP were ever patented.
One other solvent-producing Clostridium species which should be mentioned is
C. beijerinckii historically known as "C. butylicum" (George et al., 1983). This
Clostridium species, which was never patented, was best known for its ability to produce
isopropanol, however it does not appear to have been used on a commercial scale.

1. 6

Early comparative studies of solvent-produ cing clostridial
strains

The earliest systematic study of solvent-producing clostridial strains was published by
McCoy et al. ( 1926). These researchers investigated the phenotypic characteristics of 11
strains by applying tests of the descriptive chart of the Society of American Bacteriologists
and other methods helpful in distinguishing one strain from another. Seven of the strains
were obtained from the Commercial Solvents Corporation of Terre Haute, Indiana and
included the Weizmann strain and other isolates dating from 1915-1923 (Table 1.3). The
other four strains were isolated at the Department of Agricultural Bacteriology, University of
Wisconsin, between 1920 and 1923. The authors concluded that the small phenotypic
variations which occurred in the 11 strains did not justify separating these organisms into
different types and they recommended that all 11 strains should be grouped in a single
species and named C. acetobutylicum (McCoy et al., 1926).
A year later, Weyer and Rettger published the results of a similar study in which they
compared the phenotypic characteristics and serological relationships of six different solventproducing clostridial strains (Weyer and Rettger, 1927) (Table 1.3). Their study included
two strains acquired from unspecified sources. One was obtained from another laboratory
and was described as a highly developed acetone and butyl alcohol producer. The second
strain had been isolated in 1919 from barley grown in Pennsylvania and may have been
obtained from Commercial Solvents Corporation. The remaining four strains were isolated
in their laboratory from various sources between 1924 and 1925. These authors also
concluded that all of their strains belonged to a single clearly defined species and they
proposed that this species should be called C. acetobutylicum, Weizmann (Weyer and
Rettger, 1927). They selected a strain which was isolated from Connecticut garden soil in
1924, as the type strain of the species, and this strain was deposited in the ATCC as

C. acetobutylicum ATCC 824T (T = type strain).

TABLE 1.3 Clostridium acetobutylicwn strains included in early comparative studies
Reference
McCoy et a!. ( 1926)

Code Date

CSC, Weizmann strain

Fred strain (Wisconsin)
CSC, Speakman strain
Carroll strain (Wisconsin)
Mulvania strain (Wisconsin)

50 1915 Corn
55 1920 Molasses
60 1923 Corn mash
65 1918 Unknown (used at Melle, France)
70 1922 Unknown
100 1923 Garden soil
105 1919 Barley
150 1920 Lake Mendota mud
180 1923 Barley (repurified)
200 1923 Field soil
300 1923 Potato

Weizmann strain?
esc strain
Weyer/Rettger
Weyer/Rettger
Weyer/Rettger
Weyer/Rettger

St
So
K
M
B

esc
esc

CSC, BF strain
CSC, Pike-Smythe strain
Carroll strain (Wisconsin)

esc

Weyer and Rettger (1927)

McCoy and McClung (1935)

Origin

Source and/or strain designationa

Weizmann strain (ex Andrewes)
Hall strain no. 462
Thaysen strain (Weizmann strain)
Donker/Kluyver strain
Weyer strain
Andrewes, X 160 strain
Andrewes, Bakonyi strain
Granulobacter
CSC, strain No. I
CSC, strain No. 2
McCoy strain (Wisconsin)

s

WI?
H
T
D

w

1919
1924
1924
1924
1925

1914 Original Weizmann culture
Industrial (= ATCC 3625)
Used in war(= ATCC 4259)
Unknown (= ATCC 862)
1924 Connecticut garden soil(= ATCC 824T)

A

B
Grii 1926

c

u
M

Unknown (from another laboratory)
Barley (original solvent culture)
Connecticut garden soil (= ATCC 824T)
Putrefying clam
Corn meal
Barley

1931
1931
1931

Unknown
Unknown
Unknown
Industrial
Industrial
Corn

a CSC, Commercial Solvents Corporation

-...]
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In a follow-up study, McCoy and McClung (1935) investigated the serological
relationships of 22 strains of C. acetobutylicum and related species utilizing serological
agglutination reactions. In this survey McCoy and McClung included the previous 11
strains used in the study of McCoy et al. (1926), as well as an additional!! strains obtained
from various sources (Table 1.3). Amongst the additional strains was a culture of the
original Weizmann strain, prepared and preserved as a sealed spore stock by Weizmann in
1914. Other significant strains included were the Hall (ATCC 3625) and Thaysen (ATCC
4259) strains which were also of industrial origin, the Weyer and Rettger ATCC 824 type
strain, and the Donker/Kluyver strain (ATCC 862) (Table 1.3). The findings of this study
again revealed that on the basis of serological test results no subdivision could be identified
within the group of strains tested. The 22 strains were cross-tested with 19 other
heterologous strains including "B. butylicus" Fitz, the Fernbach bacillus, and strains of
"C. butylicum" and C. beijerinckii, and no significant cross-reactions were found (McCoy
and McClung, 1935).
In all three studies the authors concluded that the strains which were tested belonged
to a closely related assemblage of microorganisms which could be grouped together in a
single species. These organisms, typified by the type culture and Weizmann industrial
strains, were selected for their ability to produce high solvent yields on starch-based
substrates, such as maize.
Although, the companies engaged in the industrial production of solvents carried out
detailed bacteriological characterization of their patented strains, there were no comparative
scientific studies carried out on the many saccharolytic strains isolated and developed for
their ability to produce solvents from molasses. There was only a brief mention in U.S.
patent 2,398,837 filed by McCoy describing "C. madisonii," that this organism was
compared by serological agglutination to her earlier patented strain "C. saccharo-

acetobutylicum-alpha" (U.S. patent 2,110, 109) and many other butyl and butyric organisms
of McCoy's collection and it was found to be antigenically different by agglutination and
agglutinin absorbtion tests (McCoy, 1946).
In another patent issued to Hongo describing "C. saccharoperbutylacetonicum," the
patentee compared his bacterium to other solvent-producing Clostridium species described in
patents and in the fifth and seventh editions of Bergey's Manual (Hongo, 1960). Hongo
pointed out the distinct differences that existed between his newly isolated organism and
those described in the literature, and reasoned that his bacterium was a new species.
Subsequently, Hongo and Murata (1965) investigated the host ranges of twelve
bacteriophages of "C. saccharoperbutylacetonicum" using various species of the genus
Clostridium, including butanol-producing bacteria of the saccharo-type and Weizmann type,
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butyric acid-producing bacteria, isopropanol-producing bacteria, and other bacteria. None
of the "C. saccharoperbuty/acetonicum" phages attacked any of the bacteria tested except for
"C. saccharoperbuty/acetonicum," suggesting that the phages were highly species-specific to
the bacterium (Hongo and Murata, 1965). Bacteriophages of "C. madisonii" (Sylvester,
1943) and C. acetobutylicum (Kinoshita and Teramoto, 1955) have also been reported to
have narrow host ranges and to infect only some strains of the same species with the same
fermentation ability (Hongo and Murata, 1965). This would suggest that bacteriophage
typing may be a useful method in differentiating between strains of solvent-producing

Clostridium species.
Bacteriocin typing has been another method largely employed in typing pathogenic
clostridia such as C. pe1jringens. Hongo eta/. (1968b) investigated the activity spectrum of
four bacteriocins produced by non-pathogenic Clostridium species and found that they had a
broad host range capable of affecting all of the species of Clostridium tested as well as
species of the genus Bacillus. In conjunction with bacteriophage typing, bacteriocin typing
may be a further useful method in typing solvent-producing clostridia.

1. 7

Present status of solvent-produ cing clostridial strains

For a period of 30 years after the Second World War, little research was carried out on the
AB fermentation. Only towards the end of the 1970's, when the potential of the solventproducing clostridia for application in biotechnology began to be re-investigated, was there
renewed interest in this group of bacteria.
Many of the original patented strains appear to have been lost but a few have
survived in culture collections around the world (Table 1.4). In addition, spore stocks of
some 40 production strains utilized between 1945 and 1982 have been maintained by NCP
in South Africa. About half of the C. acetobutylicum and C. beijerinckii strains in the
culture collections today seem to have originally come from McCoy's culture collection, who
in turn obtained some of the strains from other researchers (Table 1.4). Scientifically, most
of the patented strains were never recognized as legitimate species and once the industrial
fermentation declined these names which had been applied in such a haphazard manner were
no longer used. Instead, the majority of solvent-producing clostridial strains now tend to be
classified as C. acetobutylicum or C. beijerinckii. For example, "C. saccharo-

acetobutylicum" described by McCoy in U.S. patent 2,11 0, I 09 and deposited with the
NRRL culture collection under accession number B591, is now called C. acetobutylicum.
Similarly, "C. saccharoperbutylacetonicum" described by Hongo (1960), was renamed as
C. acetobutylicum by Reysett et a/. (1987) because the former species name was not validly
published. Consequently, in more recent publications this bacterium and its derivatives have
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TABLE1.4 Culture collection strains of solvent-producing clostridiaa
ATCC

DSM

NCJMB NRRL McCoy Origin

c. acetobutylicum
824
[862jC
3625
4259
8529
10132
35702
39057
39058
39236
43084

792
1737
1731
1738
1739

1732
1733
4685

80S2b
619

B527
B528
B529
B530

8049

B594

2951
6441

w
D
H
T
48
A-14

B-3

6442
6443
6444
6445
B591
B597
B643
B596

B-5
B-10
A-13
A-14
A-8
A-72

Weyer/Rettger
Donker/Kluyver
Hall
Thaysen (Weizmann strain)
Lin/Blaschek (derived from ATCC 824)
Institut Franqais du Petro1e (IFP)/Kayser
IFP (derived from ATCC 39057)
CPC International Inc. (derived from ATCC 4259)
F.O. Benassi (Argentina)
Thaysen (Weizmann strain)
Fred
Afschar (Brazil)

Commercial Solvents Corporation
Commercial Solvents Corporation

A-38

c. beijerinckii
858
6014
6015
11914
14823
14949
14950
17791
17795
17778, 25752

1820

11373

van der Toom/Donker
79
75
Bhat!Barker
79

53

9503
9504

791

9362
9579
9580
9581
12404

A-67

B466
B592
B593

39-90
A-39
A-21

Ng!Vaughn
NgNaughn
McClung
McClung
Smith
Goudkov/Sharpe
Goudkov/Sharpe
Goudkov/Sharpe
Mayhew
Reid
Fembach
Fembach

"C. sacclzaroperbutylacetonicu m"
[13564]
27021
12606
27022
12605
2152

Hongo (N1-4)
Ogata (N1-4[HMT]; derived from N1-4)
Ogata/Hongo (N1-504)

"C. kaneboi"
17792

Nakahama/Harada

a The information in the table is based on information contained in the catalogues published by the American Type Culture
Collection (ATCC), National Collection of Industrial and Marine Bacteria (NCIMB), and Deutsche Sammlung von
Mikroorganismen (DSM). History of the Northern Regional Research Laboratory (NRRL) strains was from L. K. Nakamura
(Midwest Area National Center for Agriculture Utilization Research, U.S. Department of Agriculture).
b NCIMB 8052 has been shown to be different (Wilkinson and Young, 1993).
c deaccessioned strains.
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become known as C. acetobutylicum (Azeddoug et al., 1992; Podvin et al., 1988; Truffaut
et al., 1989; Wilkinson and Young, 1993). However, the culture collections in which

strains of "C. saccharoperbutylacetonicum" are deposited have retained the invalid species
name, but in quotation marks.
Not all strains lodged in the different culture collections have received the same
amount of attention. The majority of work has been carried out using the type strain of
C. acetobutylicum, namely ATCC 824T. This strain, which was never used in the industry

was isolated from Connecticut garden soil in 1924. Weyer and Rettger (1927) who
characterized the strain opted to select it, rather than the Weizmann strain, as the type strain
for the species. This strain has been utilized by investigators working in the United States,
Canada, and Sweden as well as by some of the groups working in France and Germany.
Other research groups in Germany have utilized the DSM 792T strain which is the
equivalent type culture strain lodged with the Deutsche Sammlung von Mikroorganismen
(DSM). A third culture of the type strain, NCIMB 8052, was lodged with the National
Collection of Industrial and Marine Bacteria (NCIMB) in Scotland and this culture has been
utilized by research groups working in Britain.
The C. acetobutylicum ATCC 4259 strain and the equivalent DSM 1731,
NCIMB 619, and NRRL B530 strains all appear to have been derived from the original
Weizmann industrial strain (McCoy and McClung, 1935). These strains have been used in
preference to the type strain by a number of research groups working in the United States,
France, and Germany. An asporogenous mutant (ATCC 39236), derived from this strain,
has been patented by workers at the Moffett Technical Center CPC International (Marlatt and
Datta, 1986).
More recently, a number of new strains of C. acetobutylicum were isolated and
characterized in France as part of a program started at the beginning of the 1980's to produce
butanol and isopropanol as blending agents to enable methanol to be added to petrol as a fuel
extender. The aims of this program were to investigate the feasibility of producing solvents
using Jerusalem artichokes or agricultural wastes as fermentation substrates.
C. acetobutylicum IFP 903 (ATCC 39057) was isolated from soil by enrichment culture on

Jerusalem artichokes by Kayser at the Institut National Agronomique, Paris, France. A
butanol-resistant mutant of this strain IFP 904 (= ATCC 39058) was developed at the
Institut Fran~ais du Petrole (IFP) (Hermann et al., 1985).
The C. acetobutylicum NCP 262 strain, which was one of the NCP production
strains, has been studied extensively by groups working in South Africa and New Zealand.
However, this strain has never been deposited in a culture collection.
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Solvent-producing strains classified as C. beijerinckii have received less attention but
research has been carried out with the strains NRRL B592 and NRRL B593 in the United
States and the Netherlands. The type strain of the species is ATCC 25752T (= DSM 79JT =
NCIMB 9362T).
The "C. saccharoperbutylacetonicum" Nl-4 strain isolated and patented by Hongo
( 1960) was deposited in the ATCC under accession number ATCC 13564. This strain is no
longer available from the culture collection. However, variants of this strain are available as
ATCC 27021 and ATCC 27022, where the former is the lysogenic strain of ATCC 13564
harbouring the temperate phage HMT, and the latter is the indicator strain N 1-504 which is
sensitive to phage HM7. "C. saccharoperbutylacetonicum" strains have been the subject of
studies by groups working in Japan and France.
Two other solvent-producing clostridial strains isolated in Japan have also been
deposited in culture collections. "C. kaneboi" was lodged in the ATCC under accession
number ATCC 17792 and "C. butanologenum" was deposited in the Institute of Applied
Microbiology (IAM) culture collection in Tokyo, Japan as IAM 19015. "C. toanum"
utilized in Formosa (Taiwan) does not appear to have been lodged in any culture collection.
None of these latter three solvent-producing clostridial strains have been used in recent
research studies.

1. 8

Significa nt differenc es amongst strains of solvent- producin g
clostrid ia

As a result of the extensive research performed over the last decade, it has become apparent
that a number of the most commonly studied solvent-producing clostridial strains such as
ATCC 824T, DSM 792T, NCIMB 8052, DSM 1731, NCP 262, and Nl-4081 or Nl-4082
(derivatives of Nl-4) differ substantially in their physiological and genetic characteristics and
that these organisms do not appear to constitute a homologous group.

1.8.1

Physiolog ical difference s
Woolley and Morris (1990) reported on the differences they observed in C. acetobutyli cum
strains of ATCC 824T, DSM 1731, NCIMB 8052, and NCP 262 based on colony
morphology, microscopic appearance, carbohydrate fermentation, and pH range that the
strains could tolerate. They found that ATCC 824T and DSM 1731 were nearly
indistinguishable based on these physiological characteristics whereas NCIMB 8052,
supposedly the equivalent strain to ATCC 824T, differed markedly to ATCC 824T and
DSM 1731. NCIMB 8052 was not identical to NCP 262 either, since the former strain
fermented sorbitol, D- and L-arabitol, and 2-ketogluconate, whilst NCP 262 fermented
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inositol and melibiose but was unable to utilize

~-gentiobiose,

gluconate, and inulin

(Woolley and Morris, 1990). Neither ATCC 824T nor DSM 1731 were able to grow at pH
values greater than 7 .0, whereas a pH range of 5.5-8.8 supported the growth of NCIMB
8052 and NCP 262. NCIMB 8052 was reported to produce good yields of solvents at pH
7.0 (Holt et al., 1984; Woolley and Morris, 1990). By contrast, ATCC 824T, DSM 792T,
and DSM 1731 were maximally solventogenic at pH 4.3 (Bah! et al., 1982; Nishio et al.,
1983; Woolley and Morris, 1990). C. acetobutylicum NCP 262 produced high solvent
yields within the pH range of 5.0-6.5 (Jones and Woods, 1986).

1.8.2

Genotypic differences

Nearly all of the structural genes which encode for enzymes involved in acid and solvent
production have been cloned and sequenced in C. acetobutylicum ATCC 824T as have some
of the corresponding genes from NCP 262, DSM 792T, and NCIMB 8052. Walter et al.
(1993) sequenced the genes encoding the C. acetobutylicum ATCC 824T butyrate synthesis
pathway enzymes, phosphotransbutyrylase (PTB) and butyrate kinase (BK). They
compared their sequences to the sequences obtained by Oultram et al. (1993) for the
corresponding genes of NCIMB 8052 and found that the ptb genes of both strains shared
only 68.8% amino acid identity and the buk genes only 64.3% identity. In addition, the
length of the intergenic region between the two genes in the strains was different. The
ATCC 824T genes ptb and buk were separated by 44 bp whereas there were 144 bp
separating the equivalent genes ofNCIMB 8052 (Walter et al., 1993), further indicating that
ATCC 824T and NCIMB 8052 were not the same. By contrast, ATCC 824T and DSM
792T have been reported to have identical sequences for the genes encoding the solventforming enzymes acetoacetate decarboxylase, acetoacetate:acetate butyrate coenzyme A
transferase, and the putative aldehyde/alcohol dehydrogenases (Chen, 1995; Fischer et al.,
1993; Gerischer and Diirre, 1990; Petersen et al., 1993).
The strains C. acetobutylicum ATCC 824T, NCIMB 8052, NCP 262, and

"C. saccharoperbutylacetonicum" Nl-4082 also have a different restriction system.
Plasmids prepared from Escherichia coli cannot transform ATCC 824T or NCP 262 unless
the plasmids are methylated (Mermelstein and Papoutsakis, 1993; Mermelstein et al., 1992;
Williams et al., 1990). On the other hand, NCIMB 8052 and N1-4082 do not have the
restriction system because they can be readily transformed by shuttle vectors prepared in
E. coli without prior methylation (Azeddoug et al., 1992; Lee et al., 1992; Richards et al.,
1988).
The development of pulsed-field gel electrophoresis (PFGE), which allows large
fragments of DNA to be resolved, has become a powerful tool in the differentiation and
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identification of bacterial strains. Wilkinson and Young (1993) used this technique to
analyze the genomic DNA fingerprints and minimum sizes of the genomes of
C. acetobutylicum ATCC 824T, NCIMB 8052, DSM 1731, NCP 262, and Nl-4081.
Based on these results, the five strains of solvent-producing clostridia were grouped into
three groups. The one group consisted of the two strains ATCC 824T and DSM 1731.
These two strains had nearly identical restriction enzyme profiles except that DSM 1731
lacked a 500 kb Smai fragment and consequently this strain had a genome size of about
3.5 Mb compared to the 4Mb genome of ATCC 824T The second group consisted of
NCIMB 8052 and Nl-4081, with both strains exhibiting identical DNA fingerprints and an
estimated genome size of 6.5 Mb. The third group consisted of NCP 262 which had a
different restriction enzyme profile to the other four strains and a genome size of only
2.85 Mb (Wilkinson and Young, 1993). This study confirmed that the strains ATCC 824T
and NCIMB 8052 were not identical and based on the large variation of genome sizes, it
became evident that the species C. acetobutylicwn was comprised of a heterogeneous
collection of strains (Wilkinson andYoung, 1993).
Collins et al. (1992), in determining the taxonomic position of a psychrophilic
Clostridium, sequenced amongst others the 16S rRNA gene of C. acetobutylicum NCIMB
8052. NCIMB 8052 was reported to be closely related to the type strain of C. beijerinckii
NCIMB 9362T exhibiting sequence similarity of 99.3%. This result did not agree with two
earlier studies where C. acetobutylicum ATCC 824T was only distantly related to the species
C. beijerinckii based on DNA-DNA homology and rRNA homology (Cummins and
Johnson, 1971; Johnson and Francis, 1975). Hence, there is good evidence to suggest that
C. acetobutylicum ATCC 824T and NCIMB 8052 are different species.
Taking into account all the findings described above, it has become apparent that
there exists a lot of confusion and discrepancy regarding the solvent-producing clostridial
strains. This has emphasized the need to establish the taxonomic and phylogenetic
relationships of this industrially important group of bacteria so that comprehensive and
comparative studies can be carried out.
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Part B. Taxonomy and phylogeny
1.9

Introduction

Bacterial taxonomy consists of classification, nomenclature, and identification (Ludwig and
Schleifer, 1994). Classification is the orderly arrangement of bacteria with similar
phenotypic and genotypic characteristics into taxonomic groups (Krieg, 1994).
Nomenclature is the naming of bacteria according to the International Code of Nomenclature
of Bacteria (Lapage et al., 1975), and identification is the process of comparing a new isolate
to other isolates already classified to determine its identity (Krieg, 1994).

1.9.1

Early attempts of establishing a bacterial classification system
In the late I SOD's and early 1900's microbiologists were aware of the evolutionary

relationships which existed amongst plants and animals and they focussed their attention
towards determining the natural (evolutionary) relationships among bacteria, as botanists and
zoologists had attempted to do in determining metazoan genealogies (Woese, 1987).
Bacteriologists debated upon which criterion to base a natural system, as well as the
appropriate assumptions to make regarding bacterial evolution (Woese, 1992). Cohn (1872)
proposed the grouping of bacteria according to their morphology, and this was supported by
Buchanan (1925) and Kluyver and van Niel (1936). However, morphology the criterion on
which the phylogenetic classification of plants and animals was based, proved to be of
limited value in establishing the phylogenetic relationships of bacteria which exhibited simple
morphologies (W oese, 1987). In addition, fossil evidence of microbial life had yet to be
discovered (Woese, 1992).
Orla-Jensen (1909) proposed another phylogenetic bacterial classification system
which was based on physiology. Although, Kluyver and van Niel (1936) and van Niel
(1946) acknowledged Orla-Jensen's contribution to systematics, they cautioned that the
physiological and biochemical properties of bacteria was not appropriate for the development
of a natural classification system (Woese, 1992). However, by the 1950's and 60's the
physiological approach had become widely accepted as the basis for bacterial identification.
Consequently, the standard method of classifying bacteria required that they be
phenotypically characterized as thoroughly as possible and then arranged according to the
intuitive assessment of the taxonomist (Staley and Krieg, 1989). This resulted in
classifications which were inaccurate, however many of the proposed groupings have
remained (Staley and Krieg, 1989). The reason for this is that the researcher usually had a
thorough knowledge of the organisms with which they worked, and their classifications
were based on an abundance of data (Staley and Krieg, 1989). In addition, some of the
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characteristics which were given more weight in classification were often highly correlated
with other characteristics (Staley and Krieg, 1989). However, in some cases less important
characteristics were mistakenly given great taxonomic weight and this resulted in erroneous
arrangements (Staley and Krieg, 1989). Consequently, in an attempt to provide a more
objective method of classification, numerical taxonomy was developed where equal weight
was given to any individual characteristic (Staley and Krieg, !989). Numerical taxonomy
developed in the late 1950's in conjunction with the growth of computing power (Sneath,
1989). Its aim was to provide a consistent set of methods for the classification of organisms
(Sneath, 1989). The principles of numerical taxonomy, based on the concept of Adansonian
taxonomy, were that maximum information content should be achieved that is, as many
phenotypic properties as possible should be studied for the strains, the tests should be
weighted equally, and taxa should be defined on the basis of overall similarity (Colwell and
Austin, 1981 ).
Eventually, most microbial taxonomists came to accept that the construction of a
phylogenetic classification scheme for bacteria was not feasible and van Niel (1955)
proposed a determinative classification system, the purpose of which was specifically to
identify bacteria (Woese, 1987). In support with this trend, the editors of the eighth edition
of Bergey's Manual abandoned any attempts at a phylogenetic approach and instead
provided groupings of organisms under vernacular headings for purposes of recognition and
identification (Buchanan and Gibbons, 1974). Hence, the scheme adopted in Bergey's
Manual of Determinative Bacteriology became a purely practical and artificial classification
(Staley and Krieg, 1989).
The standard physiological procedures described in Bergey's Manual are suitable for
identifying bacteria at the genus and species level, however in general these methods are not
discriminatory enough to provide distinction below the species level. In certain areas of
microbiology, such as medical and food microbiology and epidemiological studies, it
became necessary to develop methods for the purpose of distinguishing between different
strains belonging to a bacterial species. The classical methods developed were serotyping,
bacteriophage typing, and bacteriocin typing. Historically, toxicity and pathogenicity were
also established as important criteria in the classification and identification of pathogenic
clostridia. This led to some unusual classifications and nomenclature, in particular with the
species C. botulinum where seven toxin types (types A-G) of the species were differentiated
on the basis of their antigenically distinct neurotoxins they produced (Cato and Stackebrandt,
1989). Bacteriocins and bacteriophages have been isolated from Clostridium species,
however no bacteriophage typing scheme has been established for any members of the
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genus, and a bacteriocin typing scheme has only been developed for differentiating

C. pe1jringens strains (Cato and Stackebrandt, 1989; Mahony, 1974; Mahony, 1979).
1.9.2

Chemotaxonomy and nucleic acids in classification

At the time when the editors of Bergey's Manual moved away from attempting to establish a
complete hierarchy of bacterial relationships, important advances were being made using
chemical and molecular taxonomic procedures (Goodfellow and Minnikin, 1985).
Chemotaxonomy is the study in which information gained from the chemical analyses of
whole organisms or cell fractions is used for classification and identification, and may reflect
evolutionary trends (Goodfellow and Minnikin, 1985). Chemotaxonomic methods, such as
determination of cell wall and lipid composition, protein composition, and the composition
of the complete bacterial cell have been used to establish relationships at all levels within the
taxonomic hierarchy (Table 1.5). However, one must bear in mind that the chemical
composition of microorganisms can change with environmental fluctuations, and cultures
must therefore be grown under standard conditions and to the same growth stage. For
different groups of bacteria certain chemotaxonomic approaches have proven to be valuable
in classification, however the only cell components whose composition is minimally affected
by environmental changes are nucleic acids. For this reason DNA and RNA studies have
become the primary means of elucidating the phylogenetic relationships of bacteria. The
rationale for this has been the realization that at the molecular level bacteria are just as
complex, just as stable, and just as easily and clearly defined as eukaryotes (Woese, 1992).
Johnson (1989) outlined several advantages to be gained by basing classifications on
genomic relatedness and these included:
i) A more unifying concept of a bacterial species is possible.
ii) Classifications based on genomic relatedness tend to be stable and can therefore
accommodate new information.
iii) Reliable identification schemes can be prepared once organisms have been classified on
the basis of genomic relatedness.
iv) Data can be obtained which may help understand how the various bacterial groups have
evolved and how they can be classified according to their ancestral relationships.
Many molecular techniques are now available in bacterial taxonomy which can be
used to establish genealogical relationships amongst bacteria (Table 1.5). Amongst the first
technique to be used was the determination of a bacterium's DNA base composition (mol%
G+C). DNA base composition is an exclusionary determinant in the classification of
bacteria in that two strains which differ by more than 5 mol% should not be assigned to the
same species. However, a similar DNA base composition does not necessarily imply that
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TABLE 1.5 Analyses of different cell components and the taxonomic level at which they
are useful (adapted from Austin and Priest, 1986)
Cell component
Genomic DNA

Analysis
Base composition (mol% G+C)
DNA-DNA reassociation

Taxonomic level
Genus
Species

ribosomal RNA

rRNA cistron similarities
16S rRNA oligonucleotide cataloguing
Nucleotide sequencing

Genus and above
Genus and above
Genus and species

Proteins

Amino acid sequencing
Serological comparisons
Electrophoretic patterns
Enzyme patterns

Genus
Genus
Genus
Genus

Cell walls

Peptidoglycan type
Polysaccharides
Teichoic acids

Genus and species
Genus and species
Genus and species

Membranes

Fatty acids
Polar lipids
Mycolic acids
Isoprenoid qui nones

Genus
Genus
Genus
Genus

and above
and species
and species
and species

and species
and species
and species
and species

Metabolic products Fatty acids

Genus and species

Complete cell

Species and subspecies
Species and subspecies

Pyrolysis-gas liquid chromatography
Pyrolysis-mass spectrometry
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two strains are closely related. This is because the mol% G+C values do not take into
account the linear arrangement of the nucleotides in the DNA (Johnson, 1989; Schleifer and
Stackebrandt, 1983).
The extent to which single-stranded DNA fragments from one bacterial strain
reassociate with single-stranded DNA from another strain is now used routinely as a
measure of the degree of relatedness of bacteria, especially when investigating the
relationships within and between bacterial species (Stackebrandt, 1992). This comparison
of nucleotide sequences by DNA-DNA reassociation is a widely accepted method of
estimating the percentage of complementary bases present in two different genomes.
Although, the development of new sequencing strategies and techniques have opened the
way of sequencing entire genomes of bacteria (Burland et al., 1995; Fleischmann et al.,
1995; Fraser et al., 1995). In theory therefore, whole genome sequences of bacteria may
eventually be compared. At present the sequencing of entire genomes is an enormously
time-consuming and expensive task, and therefore one can only speculate whether sequence
comparisons of whole genomes will become practical in molecular genetic studies.
Ribosomal RNA and the genes coding for rRNA (ie. rDNA genes) have become the
most widely used molecules in phylogenetic and taxonomic studies. There are three rRNA
molecules in prokaryotes which have the sizes 5S, 16S, and 23S. Ribosomal RNAs have
turned out to be excellent molecules for discerning evolutionary relationships among living
organisms because they are universally distributed, functionally constant, appear to change
in sequence very slowly, and are moderately well conserved across broad phylogenetic
distances. The first method to be established was that which measured the extent of binding
between rRNA and rDNA cistrons. This method made a major contribution towards
unravelling the relationships between major prokaryotic groups (Stackebrandt, 1992).
However, major breakthroughs in determining the evolution and phylogeny of bacteria came
with the introduction of rRNA gene sequencing techniques. Initially, the 16S rRNA
oligonucleotide cataloguing method served as the most exacting way of detecting
phylogenetic relationships amongst prokaryotes (Fox and Stackebrandt, 1987; Fox et al.,
1980). However, the method was superseded with the introduction of DNA cloning and
sequencing protocols. The 16S rRNA molecule contains several regions of highly
conserved sequence useful for obtaining proper sequence alignments, yet it contains
sufficient sequence variability in other regions of the molecule to serve as an excellent
phylogenetic chronometer. This is also true for the 23S rRNA molecule but due to its larger
size (3000 bases versus 1500 bases for the 16S rRNA molecule) there are fewer 23S rRNA
gene sequences available in the Ribosomal Database on which comparative sequence
analysis can be based. The 5S rRNA has also been used for phylogenetic measurements,
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however its small size (approximately 120 bases) limits the information obtainable from this
molecule.

1.9.3

Reconciliation of approaches to bacterial taxonomy
Bacterial taxonomy, which began as a largely intuitive and pragmatic science, has become
increasingly more objective with the development and application of new molecular
taxonomic methods. These developments have led to new insights into bacterial phylogeny
and they provide the foundation for a phylogeny-based classification system. However, the
new opportunities offered by molecular analysis do not imply that the task of classification
will be an easy one or that the results will be without controversy (Stackebrandt, 1992).
Indeed, there is no common opinion as to the type of classification that should be
established. One proposal is to utilize two classification systems, one being the traditional
type for practical purposes, the other a purely phylogenetic one. A second suggestion is to
establish a classification system based purely on molecular analyses, whereas another
proposition is that for an integrated classification system in which the ranks of the
phylogenetically defined groups are delineated by phenotypic data (Stackebrandt, 1992).
The editors of Bergey's Manual of Systematic Bacteriology recognize the contribution
molecular approaches have had to bacterial taxonomy, however they have opted to largely
retain the traditional taxonomic groupings, the reason being that the phylogenetic information
available is still rudimentary for many groups of bacteria, and it is not clear how molecular
sequencing studies will affect the nomenclatural aspects of taxonomy (Staley and Krieg,
1989). The editors of The Prokaryotes have decided to take the bold step of organizing the
second edition along phylogenetic lines (Woese, 1992).

1.10

Taxonomy and phylogeny of the genus Clostridium

Gram-positive, endospore-forming bacteria are ubiquitous in nature and they can be divided
into two major groups based on their ability to grow aerobically or anaerobically. The
former are assigned to the genus Bacillus and the latter to the genus Clostridium. The genus
Clostridium was first proposed by Prazmowski (1880). Since then over 100 bacterial
species have been recognized as belonging to the genus Clostridium and it is one of the
largest and most heterogeneous genera of the prokaryotes (Hippe et al., 1992). This is not
surprising since there are only few requirements to be met in order for a bacterium to be
classified as a Clostridium species. These requirements are: to be a Gram-positive rod; able
to form endospores; to be an obligate anaerobe; and unable to carry out dissimilatory
sulphate reduction.
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The early stipulation that clostridia be Gram-positive remains, but many Gramvariable species are now accepted. In many species Gram-positive cells can only be
observed in young cultures and in some species only Gram-negative cells are observed.
However, under the electron microscope these cells are seen to have single-layered cell walls
typical of Gram-positive bacteria (Cato and Stackebrandt, 1989). There are no limitations on
the shape of the rods. They may be curved or straight, thick or thin, and long or short (Cato
and Stackebrandt, 1989).
The second criterion differentiates the clostridia from all organisms unable to form
endospores. However, this criterion is dependent on culture age and the media used, and
some species may not sporulate under the conditions applied (Hippe et al., 1992).
The requirement to be classified as an obligate anaerobe separates the clostridia from
the genus Bacillus. However, some Bacillus species are facultative anaerobes and some

Clostridium species are capable of growing in the presence of oxygen, although they are not
able to produce spores under these conditions (Cato and Stackebrandt, 1989; Hippe et al.,
1992). The reverse is true for the facultative anaerobic species of Bacillus (Hippe et al.,
1992). The fourth criterion was proposed in order to separate the clostridia from the genus
Desulfotomaculum which includes the spore-forming, sulphate-reducing bacteria (Hippe et

al., 1992).
The genus Clostridium exhibits a wide range of phenotypes with respect to their
metabolic properties. Some species are saccharolytic, some proteolytic, some both, and
some neither. In addition, their DNA base composition ranges from 21-54 mol% (Hippe et
al., 1992).
To date chemotaxonomic methods have only had a small impact on the establishment
of the classification of the clostridia. One of the reasons being that the majority of studies
using chemotaxonomic methods have been unsystematic because they have been restricted to
selected species or groups and they were not extended or applied to other or newly described
species (Hippe et al., 1992).
The earliest and most extensive phylogenetic study of the genus Clostridium was that
carried out by Johnson and Francis (1975). Competition experiments using tritium-labelled
23S rRNA were employed which demonstrated the considerable diversity that exists within
the genus Clostridium. Fifty-six species of Clostridium were examined and on the basis of
rRNA cistron similarity the majority of strains with a low G+C content of 22-33 mol% fell
into three rRNA homology groups (group I, II, and III) (Table 1.6). Group I was
subdivided into 10 subgroups based on whether they exhibited a high homology (greater
than 50%) with a particular reference species or a similar pattern of homologies to all of the
reference species (Johnson and Francis, 1975) (Table 1.6). Subgroup I-A contained the

TABLE 1.6 Ribosomal RNA homology groups of Clostridium species and types from
Johnson and Francis (1975)
Group I
Subgroup I-A

Subgroup I-K
C. malenominatum

C. butyricum

C. subte1minale

C. pseudotetanicum

C. histolyticum

C. beijerinckii

C. botulinum type G
C. limosum

C. botulinum types B, E, F (nonproteolytic)
Subgroup I-B
C. aurantibutyricum
Group II
C. paraputrificum
C. lituseburense
C. parapeifringens
Subgroup I-C
C. peifringens types A-D
C. plagarum
Subgroup I-D
C. perenne

C. tertium
C. ghoni
C. sordellii
C. bifermentans
C. tetani
C. cellobioparum

C. camis

C. rectum

C. sartagofonnum

C. cochlearium

C. chauvoei
C. septicum

C. glycolicum
C. mangenoti

C. scatologenes
Subgroup I-E
C.fallax

Subgroup I-F
C. sporogenes
C. botulinum types A, B, F (proteolytic)
C. putrificum
Subgroup I-G

Group III
C. ramosum
C. propionicum
C. sticklandii
C. sporosphaeroides
C. aminovalericum
C. thennosaccharolyticum

C. oceanicum
C. cadaveris
Subgroup I-H
C. botulinum types C, D

C. haemolyticum
C. novyi types A-C
Subgroup I-J
C. lentoputrescens
C. pasteurianum
C. acetobutylicum
C. tyrobutyricum

Group IV

C.
C.
C.
C.
C.

innocuum
sphenoides
indo/is
barkeri
oroticum
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type species of the genus Clostridium, namely C. butyricum. Group II contained eleven
species and appeared relatively homogeneous with respect to its homology to the 23S rRNA
of C. lituseburense. The six species assigned to group III had little or no rRNA cistron
similarity to the reference strains of group I and group II or with C. ramosum the reference
strain of group III (Table 1.6). Five clostridial species with high G+C content
(41-45 mol%) fell into a fourth group (Johnson and Francis, 1975) (Table 1.6).
This genealogical heterogeneity amongst the clostridia was subsequently confirmed
by 16S rRNA oligonucleotide cataloguing studies (Ludwig et al., 1988; Tanner et al., 1982;
Tanner et al., 1981; Woese, 1987) which also indicated that the clostridia, together with
bacilli and other non-sporing genera (eg. peptococci, peptostreptococci, eubacterium) form
one subdivision (the low G+C subdivision) out of four subdivisions within the phylum of
Gram-positive eubacteria (Woese, 1987). The low G+C Gram-positive subdivision formed
a phylogenetically deep (SAB [similarity coefficient] values equal or below 0.35), and
therefore presumably ancient cluster (Fox et al., 1980; Woese, 1987). Combining the
phylogenetic data obtained from 16S rRNA oligonucleotide cataloguing and cellular rRNA
homology values, a possible hierarchical stmcture for the Gram-positive, low G+C bacteria
was proposed by Fox and Stackebrandt ( 1987) and updated by Cato and Stackebrandt
( 1989) (Fig. I .2). In their dendrogram, clostridia along with their non-sporeforming
relatives, were distributed in six independent and deep-branching sub lines (sub lines I to VI)
(Fig. 1.2). Some of these sub lines appeared to be phylogenetically homogeneous but
others were rather heterogeneous. Cato and Stackebrandt (1989) proposed that the genus
Clostridium should be retained only for those clostridial species within subline I containing
the type species C. butyricum, corresponding to homology group I of Johnson and Francis
(1975) (Table 1.6), whereas all other species forming sublines II to VI should lose their
status as members of Clostridium and each would therefore require new taxonomic
consideration.
It is now generally accepted that direct sequencing of rRNA or rRNA genes provides
far greater precision for constmcting phylogenetic trees (Collins et al., 1994; Lawson et al.,

1993). Researchers at the Institute for Food Research, Reading, United Kingdom, have
embarked on a comprehensive program to sequence a large number of clostridial species as
part of a systematic phylogenetic evaluation of the genus Clostridium. Lawson et al. ( 1993)
published the results of a comparative 16S rRNA gene sequence analysis which included
nearly 90 species of clostridia and non-sporeforming relatives. This study confirmed that
the clostridia form a phylogenetic diverse group of organisms and are in need of taxonomic
restmcturing (Lawson et al., 1993). In a follow-up study, Collins et al. (1994) extended
their study to include a further thirty-four I 6S rRNA gene sequences of named and unnamed
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FIGURE 1.2 Phylogenetic relationships of clostridia and relatives derived from 16S rRNA
catalogues (Cato and Stackebrandt, 1989). SAB =similarity coefficient.

35

clostridial strains and they presented a possible hierarchical structure for the clostridia and
their close relatives. In both studies, the proposal was supported that the genus Clostridium
should be retained only for homology group I of Johnson and Francis ( 1975), which is the
equivalent to Cluster I of Collins et al. (1994) (Fig. 1.3), and embraces the type species
C. butyricum.

1.11

Taxonomic relationships of solvent-producing clostridia

A number of clostridial species are capable of producing butyric acid as their major end
product of carbohydrate fermentation and this property has been used as a distinguishing
feature for the type species of the genus, C. butyricum and for a number of other groups of
non-pathogenic clostridia (Cummins and Johnson, 1971). McCoy et al. (I 926; I 930)
subdivided the butyric acid-producing clostridia into two groups based on whether they
produced mainly butyric and acetic acids, or chiefly the solvents butanol and acetone. The
first group was referred to as the "butyric" organisms and the second as the "butyl"
organisms. The ability to produce solvents is associated with a shift from the production of
acetate and butyrate, to the uptake and reutilization of these acids to produce acetone and
butanol (Jones and Woods, 1989). Other phenotypic characteristics which were used, to
differentiate between the species of the butyric acid-producing clostridia, were the formation
of an iodiphilic substance, gelatin liquefaction, fermentation of lactose and lactate, nitrate
reduction, and nitrogen fixation (Cummins and Johnson, 1971). However, these
characteristics were found to vary considerably, as did the formation of solvents, and hence
they were not considered reliable taxonomic criteria.
There have been few taxonomic studies carried out on the solvent-producing
clostridia despite their important role in industrial fermentations. In 1971, Cummins and
Johnson analyzed the cell wall composition, nutritional requirements, DNA-DNA
homologies, and DNA base composition as part of a study to characterize C. butyricum
more accurately and to distinguish this species from other phenotypically similar butyric
acid-producing clostridia, including C. acetobutylicwn and C. beijerinckii (Cummins and
Johnson, 1971). Based on the wall sugar composition and DNA homology results, the
C. butyricum strains could be placed into two groups. The one group (homology group I)
contained C. butyricwn strains which contained only glucose as a wall sugar and had
72- I 00% homology with two C. butyricwn reference strains from that group. The other
group (homology group II) consisted of C. butyricum strains with glucose and galactose
wall sugars and a DNA homology of77-98% with the reference C. butyricum strain from
that group. Besides C. butyricum strains falling into homology group I, strains designated
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FIGURE 1.3 Dendrogram showing the interrelationships of clostridial species and relatives
within Cluster I (Collins et al., 1994). Cluster I, the designation given by
Collins et al. (1994), is equivalent to rRNA homology group I of Johnson and
Francis (1975). Bar= 1% sequence divergence.
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C. multifennentans and C. fa/lax were also placed into this group, and Cummins and
Johnson (1971) proposed that all these strains should be reclassified as species of
C. butyricum. Similarly, strains of homology group II which consisted of strains named
C. beijerinckii, C. rubrum, C. amylolyticum, C. lacto-acetophilum, C. aurantibutyricum,
and other strains of C. multifermentans were proposed to be named C. beijerinckii, a name
which reflected the homology group as a whole, and since then these strains in both groups
have been reclassified accordingly. Other species included in this study, such as
C. acetobutylicum, C. pasteurianum, C. tyrobutyricum, and C. felsineum did not exhibit a
high level of homology with either of the two homology groups (Cummins and Johnson,
1971 ).
In agreement with Cummins and Johnson's study, Johnston and Goldfine (1983)
found that 19 strains of butyric acid-producing clostridia included in Cummins and
Johnson's study, could also be distinguished by their lipid composition. Ethanolamine was
found as the major nitrogenous lipid polar head-group moiety in the phospholipids of

C. butyricum, while strains of C. beijerinckii had N-methylethanolamine and ethanolamine
in their phospholipid head-groups. C. acetobutylicwn, which fell outside of Cummins and
Johnson's two homology groups had ethanolamine as the major phospholipid base but it
could be distinguished from either C. butyricum or C. beijerinckii by its acyl and alk-1-enyl
chain composition (Johnston and Goldfine, 1983).
In 1975, Johnson and Francis used DNA-rRNA pairing methods to determine the
phylogenetic relationships of a large number of clostridial species (Johnson and Francis,
1975). In accord with their earlier study, strains found to be highly related by DNA-DNA
hybridization were also indistinguishable by DNA-rRNA pairing. As mentioned previously,
the majority of the strains with a low DNA G+C content fell into three groups. The species
in homology group I were divided into ten subgroups (subgroups I-A to I-K) on the basis of
having high homology with a particular reference species or a similar pattern of homologies
to all the reference organisms (Table 1.6). The subgroups were placed in descending order
of homology to the reference strain of the type species of the genus (ie. C. butyricum).

C. butyricum and C. beijerinckii were assigned to subgroup I-A with rRNA homology
values ranging from 88-92% which suggested that they were phylogenetically closely
related. By contrast, C. acetobutylicum was placed into subgroup I-J and exhibited only
49% rRNA homology with the type species of the genus, indicating that it was only
remotely related to C. butyricum and C. beijerinckii (Johnson and Francis, 1975) (Table
1.6). This result does not agree with the outcome of a recent study by Collins et al. ( 1992).
In their study, comparative 16S rRNA gene sequence analysis of C. butyricum,

C. beijerinckii, and C. acetobutylicum showed that C. acetobutylicum was more closely
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related to C. beijerinckii (approximately 99% homology), than C. beijerinckii was to
C. butyricum (approximately 98% homology) (Fig. 1.3). This finding has highlighted the
need to analyze other strains of solvent-producing clostridia, which have been classified as
C. acetobutylicum, to establish the phylogenetic relationships of this industrially important
group of bacteria.
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1.12

Aim of the thesis

As a result of the expiry of the Weizmann patent and the conversion of the AB fermentation
to using molasses, a succession of new saccharolytic, solvent-produ cing strains with
different phenotypic characteristics were isolated, developed, and patented. For the purpose
of obtaining a patent, each new strain was assigned a novel species name, but the
nomenclature adopted was not systematic and was applied in a haphazard manner (Ryden,
1958). Scientifically, most of the strains were never recognized as legitimate species, and
after the industrial fermentation went into decline these names were no longer used. Instead,
the various solvent-produ cing strains now tend to be classified as C. acetobutylicum or
C. beijerinckii. However, with the indication that the species C. acetobutylicum could
consist of a heterogeneous group of strains, it has become apparent that the various
industrial strains of solvent-producing clostridia need to be re-examined and their taxonomic
relationships reassessed.
Many of the original patented strains appear to have been lost, however a number
have survived in culture collections around the world. In addition, spore stocks of
production strains utilized by National Chemical Products (NCP) Ltd. have been maintained
by this company. Hence, the aim of this study was to elucidate the taxonomic and
phylogenetic relationships of solvent-producing clostridial strains deposited in different
culture collections and industrial strains obtained from NCP. The techniques employed in
the present study included biotyping, DNA fingerprint analysis, and 16S rRNA gene
sequencing. Initially, the study concentrated on the solvent-producing strains currently
classified as C. acetobutylicwn, however the results obtained from this initial survey led to
the expansion of the study to include other strains of solvent-producing bacteria, in particular
C. beijerinckii strains.
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2
Materials and Methods
2.1

Bacterial strains

The C. acetobutylicum, C. beijerinckii, "C. butanologenum," "C. kaneboi,"
"C. madisonii, " and "C. saccharoperbutylacetonicum" strains used in this study are listed
in Table 2. J. The DSM strains were kindly supplied by P. Dtirre, the NRRL strains were a
gift from the NRRL, and the C. acetobutylicwn strains NCIMB 6441, NCIMB 6442,
NCIMB 6443, NCIMB 6444, and all the NCIMB C. beijerinckii strains were obtained gratis
from the NCIMB. ATCC also donated their C. beijerinckii strains and "C. kaneboi" strain.
"C. saccharoperbutylacetonicum" Nl-4 and N1-504 were provided by H.-W. Ackermann

and "C. madisonii" 4J9 and 214 were supplied by P. Rogers. "C. butanologenum" lAM
19015 was supplied by the respective culture collection, and a collection of industrial strains
were provided by NCP. The remainder of the strains were purchased from the culture
collections.

2.2

Preparation of anaerobic culture media

Pre-reduced, oxygen-free culture media was prepared using the following method. Oxygen
in the media was driven off by steaming the media for 10-15 min. After dispensing 10 ml
aliquots of the warm media into hun gate tubes, the tubes were transferred into an anaerobic
glove box (Forma Scientific Inc.) supplied with an atmosphere of 85% N2: 10% H2:5% C02
(v/v/v). The hun gate tubes were capped after 2 h or where applicable when the anaerobic
indicator resazurin changed from pink to yellow.
Media containing agar was autoclaved before pouring the plates aerobically. The
agar plates were then transferred into the anaerobic glovebox and aJlowed to pre-reduce
overnight.
All stock solutions were made in distilled water and stored at 4 °C. To prevent
oxidation of the FeS04.?H20 stock solution two drops of concentrated HCl per 100 ml
were added. The NaHC03 and cysteine HCl stock solutions were sterilized by autoclaving.
All media and solutions were sterilized by autoclaving at 121 oC at 105 kPa for
20 min unless stated otherwise.
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TABLE 2.1 Bacterial strains

Culture collection strains
C. acetobutylicum
C. acetobutylicum

Culture collection strains contd.
ATCC 824T

C. beijerinckii

NCIMB 9579

ATCC 3625

NCIMB 9580
NCIMB 9581

ATCC 8529

C. beijerinckii
C. beijerinckii
C. beijerinckii

C. acetobutylicum
C. acetobutylicum
C. acetobutylicum

ATCC4259
ATCC 10132

C. beijerinckii

NCIMB 11373
NCIMB 12404

C. acetobutylicum
C. acetobutylicum

ATCC39058

C. acetobutylicum

NRRLB527T

ATCC39236

C. acetobutylicum

NRRLB528

C. acetobutylicum

ATCC43084

C. acetobutylicum

NRRLB529

C. beijerinckii
C. beijerinckii

ATCC6014

C. acetobutylicum

NRRLB530

ATCC6015

C. acetobutylicum

NRRLB591

C. beijerinckii
C. beijerinckii

ATCC 11914

C. acetobutylicum

NRRLB594

ATCC 14823

NRRLB596

C. beijerinckii

ATCC 17791

C. acetobutylicum
C. acetobutylicum

NRRLB597

C. beijerinckii

ATCC 17795

C. acetobutylicum

NRRLB643

"C. kaneboi"

ATCC 17792

C. beijerinckii
C. beijerinckii

NRRLB466
NRRLB592

C. beijerinckii

NRRLB593

''C. saccharoperbutylacetonicwn '' ATCC 13564

"C. saccharoperbutylacetonicwn" ATCC 27021
"C. saccharoperbutylacetonicum" ATCC27022
DSM792T

C. acetobutylicum
C. acetobutylicum
C. acetobutylicum

DSM 1731

C. acetobutylicum

DSM 1733

C. acetobutylicum

DSM 1737

C. acetobutylicum

DSM 1738

C. acetobutylicwn

DSM 1739

"C. butanologenum "

IAM 19015

C. acetobutylicum
C. acetobutylicum
C. acetobutylicum
C. acetobutylicum

C. acetobutylicum

NCIMB 619

C. acetobutylicum

NCP 263

C. acetobutylicum

NCIMB 2951

C. acetobutylicum

NCP 264

C. acetobutylicum

NCIMB 6441

C. acetobutylicum

NCP 265

C. acetobutylicum

NCIMB 6442

C. acetobutylicum

NCP 268

C. acetobutylicum

NCIMB 6443

C. acetobutylicum

NCP 270

C. acetobutylicum

NCIMB6444

C. acetobutylicum

NCP 271

C. acetobutylicum

NCIMB 6445

C. acetobutylicum

NCIMB 8049

Other strains

C. acetobutylicum

NCIMB 8052

"C. madisonii"

214

C. acetobutylicum

NCIMB 8653

"C. madisonii"

419

C. beijerinckii

NCIMB 9362T

C. beijerinckii

NCIMB 9503

"C. saccharoperbutylacetonicum ". N1-4
"C. saccharoperbutylacetonicum" N!-504

C. beijerinckii

NCIMB 9504

DSM 1732

National Chemical Products (N CP) strains
C. acetobutylicum
NCP 172
C. acetobutylicum
C. acetobutylicum

NCP 193
NCP 249
NCP 258
NCP 259
NCP 261
NCP 262
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2.3

Culture media

2.3.1 Clostridium Basal Medium (CBM) (adapted from O'Brien and Morris, 1971)
Glucose
Casein hydrolysate
Yeast extract (Difco)
MgS04.?H20
MnS04AH20
FeS04.?H20
p-Aminobenzoic acid
Biotin
Thiamine HCl
NaHC03
Cysteine HCl
Resazurin
Distilled water (made up to)

2.3.2

(20% [w/v] stock solution)
(1% [w/v] stock solution)
(1% [w/v] stock solution)
(0.1% [w/v] stock solution)
(0.02% [w/v] stock solution diluted 100-fold)
(0.1% [w/v] stock solution)
(0.025% [w/v] stock solution)

10.0 g
4.0 g
4.0 g
1.0 ml
1.0 ml
1.0 ml
1.0 ml
1.0 ml
1.0 ml
1.0 g
0.5 g
4.0 ml
1000.0 ml

Supplemented CBM agar

Soluble starch (2% [w/v]) and sucrose (2% [w/v]) was added to CBM and the medium
solidified with the addition of 1.5% (w/v) agar. The resazurin stock solution was not added
to the solid medium. Cysteine HCl (10 ml) and NaHC03 (6 ml) were added as sterile stock
solutions of 5% (w/v) and 10% (w/v), respectively after the medium had been autoclaved
and prior to pouring the plates.

2.3.3 Tryptone Yeast Ammonium Acetate (TY A) (modified from Hongo and
Murata, 1965)
Glucose
KH2P04
MgS04.?H20
FeS04.?H20
Tryptone
Yeast extract
Ammonium acetate
Distilled water (made up to)

(20% [w/v] stock solution)
(1% [w/v] stock solution)

2.3.4 TY A agar
The required percentage agar (1.5% w/v) was added to TYA.

40.0 g
0.5 g
1.0 ml
1.0 ml
6.0 g
2.0 g
3.0 g
1000.0 ml

43

2.3.5 Corn mash (adapted from Moreira et al., 1982)
The medium was prepared by boiling 5% (w/v) coarse com meal in distilled water for 1 h.
No pH adjustment or the addition of supplements was required. The corn mash was then
dispensed into hungate tubes, allowed to reduce and autoclaved.
2.3.6 Cooked Meat Medium (CMM) (adapted from van der Westhuizen, 1982)
Lean beef mince (500 g), IN NaOH (25 ml), and distilled water (1000 ml) were mixed and
boiled for 15 min with continuous stirring. The meat mixture was allowed to cool to room
temperature and the fat skimmed off the surface before filtering. Both the meat particles and
filtrate were retained. The filtrate was made up to a final volume of 1000 ml by adding
distilled water. To this filtrate 30 g casitone, 5 g yeast extract, 5 g K2HP04, and 4 ml
resazurin stock solution (0.025% [w/v]) was added, boiled for 10 min and cooled before
adding 0.4% (w/v) glucose, 0.1% (w/v) cellobiose, 0.1% (w/v) maltose, 0.1% (w/v)
soluble starch, and 0.5 g cysteine HCI. The pH was adjusted to pH 7.0 with IN NaOH.
To the hun gates l part meat and 5 parts liquid was added and the medium allowed to reduce
in the glovebox before capping. The beef medium was autoclaved at 121 "C at 15 kPa for
30 min.

2.4

Propagatio n of freeze-drie d cultures

Ampoules containing freeze-dried cultures were opened according to the culture collections
instructions. The opened ampoules were then transferred into the glovebox and the freezedried pellets of the cultures were rehydrated with 0.6 ml CMM liquid. CBM, TYA, and
CMM were then inoculated with 180 !J.l of culture suspension. The remaining culture
suspension was streaked out onto a supplemented CBM and TYA agar plate. The culture
broths were incubated at 34"C in a shaker waterbath (90 strokes/min) overnight and the agar
plates at 34"C in the anaerobic incubator. Bacteria were subcultured 2-3 times on agar plates
to obtain vigorous cultures.

2.5

Maintenan ce of bacterial strains

Bacterial strains were maintained as spore suspensions in sterile distilled water or in 5% corn
mash medium.
Spore stocks were prepared by streaking out an actively growing culture onto
supplemented CBM agar or TYA agar. Plates were incubated anaerobically at 34"C for three
days before transferring out of the anaerobic glove box and exposing them for 3-4 days to
aerobic conditions to enhance sporulation. The presence of spores was determined by
preparing an unstained wet mount and viewing the preparation under an Olympus
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microscope fitted with 40x and I OOx phase contrast optics. Spores were scraped off the
agar plates with sterile distilled water and the spore suspension centrifuged at 7,740g for
5 min at 4°C. The pellet was resuspended in 10 ml sterile distilled water and centrifuged
again before the cells were resuspended in 10 ml of lysozyme solution (I mg/ml) and
incubated at 3TC in an orbital shaking incubator at 180 rpm for I h. The lysozyme-treated
spore suspension was washed twice in 10 ml of sterile distilled water before resuspending in
approximately 5 ml of sterile distilled water and storing at 4 °C.
Spores which were maintained in com mash were prepared by inoculating the
medium with a bacterial culture and incubating at 3TC in a shaking waterbath
(90 strokes/min) for 3-4 days before storing at 4°C.

2.6

Inoculatio n procedures

Spores were germinated by heat-shocking them for 2 min at 75-80oC and then rapidly
cooling them on ice for 45 s. Hungate tubes containing the culture medium were inoculated
with 5-l 00 IJ.I of the activated spores under stringent anaerobic conditions. Cultures were
incubated at 34oC in a shaking waterbath (90 strokes/min) until they reached an 0D6Qo of
0.30-0.40. Growth was measured turbidometrically at 600 nm in a Ciba-Corning
Colorimeter 252.

2.7

Rifampin sensitivity testing

A rifampin stock solution (1 0 mg/ml) was prepared by dissolving 0.1 g of rifampin in
10 ml of methanol and filtering through a 0.45 IJ.m Millipore membrane filter. The rifampin
stock solution was diluted in distilled water to 10 IJ.g/ml and 1 IJ.g/ml rifampin. Sterile filter
paper discs, impregnated with I 00 ng and 10 ng rifampin per disc, were prepared by
adding I 0 IJ.l of the I 0 ~J.glml and 1 IJ.g/ml rifampin solution, respectively. The rifampin
solutions and discs were stored in the dark at 4 °C.
Confluent lawns of clostridial strains were prepared by flooding a supplemented
CBM or TYA agar plate with a bacterial culture (OD60o 0.30-0.40), removing the excess
liquid and allowing the agar surface to dry before placing the 100 ng and 10 ng rifampin
discs on the bacterial lawn. The agar plates were incubated anaerobically at 34 oC for 8-12 h
before examining for bacterial growth inhibition around the antibiotic discs.
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2.8

Bacteriocin production and typing

Bacteriocin production in C. acetobutylicum NCP 262 was induced in 10 ml CBM broth
cultures (OD6oo 0.30) by the addition of mitomycin C (final concentration 0.5 !J.g/ml).
After 30 min of incubation in a 34 T shaker waterbath the cells were pelleted by
centrifugation in a Wifug centrifuge at 3,200g for 15 min and resuspended in 10 ml of
pre warmed (34 'C) CBM broth. The culture was then incubated for another 2 h in a shaker
waterbath at 34 'C. The culture supernatant was harvested following centrifugation at
7,740g for 15 min and stored at 4'C.
A second bacteriocin-like inhibitory agent was obtained from an uninduced 18 h
C. acetobutylicum NCP 258 culture supernatant.
Bacteriocin activity was assayed by spotting 10 !J.] of the culture supernatants onto
bacterial lawns prepared on either supplemented CBM or TYA agar plates and examining the
spotted area for growth inhibition after anaerobic incubation at 34 'C overnight.

2.9

Bacteriophages and bacteriophage typing

The bacteriophages utilized in this study were CAl, HM2, HM3, HM7, and CMX.
Bacteriophage CAl was isolated during an abnormal fermentation in 1980 at the National
Chemical Products (NCP), Ltd., AB fermentation plant, Germiston, South Africa (Reid et
al., 1983) and has been described by Keis (1992). Bacteriophages HM2, HM3, and HM7

kindly donated by H.-W. Ackermann, were isolated from abnormal fermentation broths of
"C. saccharoperbutylacetonicum" strains and have been described previously (Hongo and
Murata, 1965). Bacteriophage CMX was isolated from "C. madisonii" strain 4J9 (Peri,
1948; Peri and Watson, 1948) and has been characterized by Keis (1992).
All bacteriophages were maintained as phage lysates at 4'C in sterile phage buffer
(10 mM Tris.Cl [pH 7.4], 100 mM NaCI, 10 mM MgS04). Bacteriophage lysates were
prepared by seeding bacterial lawns of the indicator strain with 0.1 ml phage lysate or
induced phage supernatant. After overnight incubation at 34'C the zones of lysis were
washed with 2.5 ml sterile phage buffer. The phage was separated from the bacteria by
pelleting the cells at 5,930g for 20 min at 4'C and collecting the phage lysate.
For the bacteriophage typing experiments, 10 !J.l of the bacteriophage lysates
(approximately 106 pfu/ml) were spotted onto bacterial lawns prepared on supplemented
CBM or TYA agar plates. The plates were incubated at 34 T overnight and the preparations
examined for the presence of cell lysis in the bacterial lawns.
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2.10

Chromos omal DNA preparat ion

2.10.1

Standard procedure
Chromosomal DNA embedded in agarose plugs was prepared by using a modification of the
procedure described by Borges and Bergquist (1993). Bacteria were grown to an OD6oo of
0.24-0.30 in I 0 ml of CBM or TYA medium. The cells were harvested by centrifugation in
a Wifug centrifuge at 3.200g for 20 min and washed with 5 ml ET buffer (I 00 mM EDTA
[pH 8.0], I 0 mM Tris.Cl [pH 8.0]) before they were resuspended in 0.5 ml ET buffer:TES
buffer (25 mM Tris.Cl [pH 8.0], 10 mM EDTA [pH 8.0], 15% (w/v) sucrose) (50:50). An
equal volume of molten 2% (w/v) SeaPlaque low-melting point agarose (FMC,
BioProducts) in EET buffer (1 0 mM Tris.Cl [pH 8.0], 100 mM EDTA [pH 8.0], 10 mM
EGT A [pH 8.0]), that had been precooled to 42'C was added to the cell suspension, and the
mixture was dispensed into a plug-forming mold (BioRad). Solidified plugs (250 f.Ll/plug)
were incubated overnight at 37'C in an equal volume of lysis buffer (10 mM Tris.Cl [pH
8.0], 1M NaCl, 0.01 mM EDTA [pH 8.0], 0.05% (v/v) Triton X-100, 0.2% (w/v)
deoxycholate, 0.5% (w/v) N-lauroylsarcosine, 1 mg/mllyso zyme, 20 f.(g/ml RNase A).
The plugs were then washed with 5 ml reaction buffer (10 mM Tris.Cl [pH 8.0], I% (w/v)
N-lauroylsarcosine, 0.01 mM EDTA [pH 8.0]) for 15 min before they were immersed in
reaction buffer (1.25 ml per three DNA agarose plugs) and 18.7 U of Thermus rT41A
proteinase (PRET AQ™, Boehringer Mannheim) was added. All of the steps described
above were carried out in an anaerobic glovebox. The immersed DNA plugs were sealed in
a gas-tight glass vial, transferred out of the glovebox and immediately placed in a 56"C
waterbath for 2 h. The DNA plugs were washed three times with TE buffer (l 0 mM Tris.Cl
[pH 8.0], 1 mM EDTA [pH 8.0]) (1 0 ml per three plugs for 15 min) before they were stored
at 4 'C in 10 ml of EET buffer.

2.10.2

Modified procedure s
Degraded chromosomal DNA embedded in agarose plugs was obtained for several strains
using the standard procedure described in 2.1 0.1. Hence, a number of alternative methods
were investigated for the preparation of chromosomal DNA.

2.10.2.1

Addition of sucrose to the lysis buffer
This method was an adaptation of the procedure described by Wilkinson and Young (1993).
The cells were grown, harvested, washed, and embedded in agarose as described in 2.1 0.1.
The agarose plugs were then incubated overnight at 37'C in equal volumes of lysis buffer
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containing different amounts of sucrose (ie. 10% [w/v], 25% [w/v], and 50% [w/v]), before
commencing with the standard procedure.

2.1 0.2.2

Protease treatment of cells prior to lysis
The cells were grown and harvested as described in 2.1 0.1 before being resuspended in
1 ml reaction buffer and 15 U of Thermus rT41A proteinase. The cell suspension was
sealed in a hungate, transferred out of the glovebox and incubated in a 56oC waterbath for
2 h. The hungate was then transferred back into the glovebox and the cells were washed
with ET buffer before embedding in agarose and continuing with the standard procedure
described in 2.10.1.

2.10.2.3

Formaldehyde fixation of cells
A modification of the method described by Gibson et al. (1994) was used. The cells were
grown and harvested as described in 2.1 0.1 before resuspending the cells in 450 J.LI of sterile
saline solution (0.85% [w/v] NaCI) and adding 50 J.LI formaldehyde solution (37-40%,
BDH). After 1 h incubation at room temperature, the cells were pelleted by microfuging at
2,900g for 2 min and washed twice with sterile saline solution. The cells were resuspended
in ET buffer:TES buffer before continuing with the standard procedure described in 2.1 0.1.

2.10.2.4

EDTA treatment of cells prior to lysis
The finding by Burchhardt and Diirre (1990) that the DNase activity of C. acetobutylicum
DSM 792T could be inhibited by the addition of 0.2 M EDTA (final concentration) was
adopted in this method. The cells were grown and harvested as described in the standard
procedure, before resuspending the cells in a final volume of 4 m1 of 0.5 M EDTA (pH
8.0):ET buffer (50: 50). The cell suspension was incubated for I hat room temperature
before harvesting the cells and resuspending in ET buffer:TES buffer as described in 2.1 0.1
and proceeding with the standard method.

2.11

Restriction enzyme digestion

Restriction enzymes were purchased from Amersham, Boehringer Mannheim, and New
England Biolabs. Slices of DNA plugs (12-24 J.LI) were equilibrated three times at room
temperature for 15 min in 100 J.Ll of the restriction enzyme buffer recommended by the
manufacturer before they were preincubated at 4oC for 4-16 h with 10 U of restriction
enzyme in 80 J.Ll of restriction enzyme buffer. The plugs were then incubated at the
restriction enzymes optimal temperature for 9-16 h.
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2.12

Pulsed-field gel electrophores is (PFGE)

Digested DNA plugs were equilibrated three times in 1001-11 ofTAFE II buffer (22.5 mM
Tris-borate, 0.5 mM EDTA [pH 8.0]) at room temperature for 15 min before gels were
loaded. DNA fragments were separated on 1% (w/v) multi-purpose (MP) agarose
(Boehringer Mannheim) gels in TAFE II buffer at 14'C using the GeneLineTMII transverse
alternating field electrophoresis (TAFE) apparatus (Beckman). Two multi-stage T AFE
programs were used to separate the DNA fragments. The electrophoretic conditions for
program 1 were as follows: stage 1, constant current of 250 rnA for 5 h with a 4 s pulse;
stage 2, constant current of 250 rnA for 5 h with an 8 s pulse; stage 3, constant current of
250 rnA for 5 h with a 16 s pulse; stage 4, constant current of 300 rnA for 5 h with a
24 s pulse; stage 5, constant current of 300 rnA for 5 h with a 32 s pulse. Program 2
consisted of the five stages described above for program I followed by a stage 6 (constant
current of 350 rnA for 5 h with a 60s pulse) and a stage 7 (constant current of 350 rnA for
5 h with a 120 s pulse). Following electrophoresis the gel was stained in 0.5 /-lg/ml
ethidium bromide for 30 min and destained in deionized water for 15 min before it was
viewed with a UV transilluminator and photographed with a Polaroid MP 4land camera. A
Low Range PFG Marker (New England Biolabs) and a Lambda Ladder PFG Marker (New
England Biolabs) were used as size standards.

2.13

Oligonucleoti de primers

The oligonucleotide primers used to amplify and sequence the 16S rRNA genes were chosen
by aligning the sequences of the 16S rRNA genes of the closely related species

C. acetobutylicum, C. beijerinckii, C. botulinum, and C. butyricum using the multiple
sequence alignment program MegAlign from LaserGene (DNASTAR, Inc.). On the basis of
this alignment and using the published sequence of C. acetobutylicum NCIMB 8052
(Collins et al., 1992) three sets of PCR primer pairs (designated PCR A and PCR B; PCR E
and PCR F; PCR I and PCR J) were selected using the primer design software program
Primer DetectiveTM (CLONTECH). Additional primers were selected for sequencing and
consisted of primers SEQ C, SEQ D, SEQ G, and SEQ H. All of the primer sequences
chosen are given in Table 3.2 and were based on regions which were highly conserved in
the 16S rRNA gene sequences of the aligned Clostridium species (see Fig. 3.4). The
oligonucleotide primers were synthesized by Macromolecular Resources, Colorado
University and a 200

/-1M stock solution of each primer was prepared in TE buffer.

Working solutions (20 1-1M) of each primer were prepared in sterile deionized water and all
primer solutions were stored at -20'C.

49

2.14 Polymerase chain reaction (PCR) amplification and
purification of 16S rRNA genes
The partial 16S rRNA gene regions of a number of bacterial strains were amplified by using
the PCR primer pair PCR A and PCR B. The complete 16S rRNA genes were amplified as
three overlapping fragments by using the PCR primer pairs: PCR A and PCR B; PCR E
and PCR F; and PCR I and PCR J. Agarose-embedded DNA plugs, the preparation of
which are described in 2.1 0, were used as DNA templates for PCR amplification. DNA
plugs which had been stored in EET buffer were washed four times with 10 ml TE buffer
for 2-4 h at 4 'C to reduce the concentration of EDTA, a chelating agent inhibitory to the
thermostable DNA polymerase. The UlTma™ DNA polymerase PCR kit (Perkin Elmer
Cetus) was used according to the manufacturers instructions employing the AmpliWax™
PCR gems (Perking Elmer Cetus). A slice (25 ).ll) of an equilibrated agarose plug was
heated at 92'C for 20 min, to inactivate any traces of PRETAQ™, and l 0 ).11 of the molten
DNA plug was added to the lower reagent mixture which contained 5 ).ll of I Ox UlTma™
buffer (100 mM Tris.Cl [pH 8.8], 100 mM KCI, 0.02% (v/v) Tween 20), 7 ).ll of a 25 mM
MgC1 2 solution, 3.2 ).ll of a dNTP mix containing 1.25 mM of each dNTP, I ).11 of each of
the two primer working solutions (20 J..lM), and 22.8 J..ll of sterile deionized water. One
AmpliWax™ PCR gem was added and melted by incubating the reaction tube at 80'C for
5 min. The wax layer was allowed to solidify at room temperature before the upper reagent

mixture containing 5 J..ll of !Ox UlTma™ buffer, 3 U of UlTma™ DNA polymerase and
44.5 J..ll of sterile deionized water was added. As a negative control no DNA template was
added to the PCR mixture. The PCR reactions were performed in a Hybaid OmniGene
thermal cycler. The initial cycle of amplification was 92'C for 2 min, 55'C for 2 min, and
72'C for 5 min, followed by 28 cycles of 92'C for 30 s, 55'C for 30 s, 72'C for I min and
a final cycle of 92'C for I min, 55'C for I min, and 72'C for 5 min (V. Ward, personal
communication). To confirm amplification of the correct size products an aliquot (5 J..ll) of
each PCR reaction was mixed with gel loading buffer (0.25% bromophenol blue, 0.25%
xylene cyanol FF, 15% Ficoll [Type 400; Pharmacia]) before being loaded on a 1.25%
(w/v) horizontal agarose gel (100 mm x 60 mm x 4 mm) and electrophoresed at 100 V for
I h in TBE buffer (90 mM Tris-borate, 2 mM EDTA [pH 8.0]). The gel was stained with
ethidium bromide (I J..lglml) for 30 min before being visualized on a UV transilluminator
and photographed with a Polaroid MP 4 land camera. Phage lambda DNA digested with
Hindiii was used as a size standard.
PCR products were purified using a QIAquick-spin PCR purification kit (QIAGEN)
according to the instructions of the manufacturer. To one volume of PCR product five
volumes of appropriate buffer was added. A QIAquick spin column was placed into a 2 ml
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collection tube and the sample was loaded into the spin column. The sample was
microfuged at I I ,600g for 30-60 s before washing with the supplied buffer. The DNA was
eluted by adding 50 f.Ll of TE buffer. The purified PCR product was stored at -20oC.

2.15

DNA sequencing

Direct sequencing of the PCR products, using the PCR primers and sequencing primers,
was carried out by the Centre for Gene Research, Biochemistry Department, Otago
University, Dunedin, New Zealand. To obtain accurate sequence data two separate PCR
reactions were pe1formed on different days and both strands of the l6S rRNA gene were
sequenced for each of the separate PCR reactions. The purified PCR product was diluted by
adding 5 f.Ll of sterile deionized water to 20 f.Ll of PCR product and the primers were supplied
at a concentration of I pmollf.Ll. The PRISM™ ready reaction DyeDeoxy™ terminator cycle
sequencing kit (Applied Biosystems) was used according to the instructions of the
manufacturer. Sequence reaction mixtures were electrophoresed by operating a model ABI
373A automated DNA sequencer (Applied Biosystems).

2.16

Sequence analyses

The I 6S rRNA gene sequences obtained were compared to all of the nucleotide sequences
lodged in GenBank, using the rapid search program FAST A (Pearson, 1990) available
through the University of Wisconsin Genetics Computer Group (Devereux et al., !984).
Multiple 16S rRNA gene sequences were aligned by using the LaserGene application
software MegAlign (DNASTAR Inc.) for Apple Macintosh computers which employed the
CLUSTAL V method (Higgins and Sharp, !989). The partiall6S rRNA gene sequences
obtained for solvent-producing clostridial strains were aligned with one another, as well as
with a set of partial sequences from Clostridium species belonging to rRNA homology
group I of Johnson and Francis (1975). The full sequences of the set of clostridiall6S
rR.i'\IA gene sequences were retrieved from the GenBank database and their accession
numbers are listed in Table 2.2. In a subsequent alignment the complete 16S rRNA gene
sequences of C. acetobutylicum ATCC 824T, C. acetobutylicum NCP 262, "C. saccharo-

perbutylacetonicum" Nl-4, and C. acetobutylicum NCIMB 8052 were analyzed by
comparing them with the same set of clostridial 16S rRNA gene sequences. Phylogenetic
dendrograms were produced by applying the neighbour-joining method of Saitou and Nei
(1987).
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TABLE 2.2 Nucleotide accession numbers of clostridial 16S rRNA gene sequences

Species

Accession number

C. acetobutylicum NCIMB 8052

X68182

C. aurantibutyricum

S46736

C. barati ATCC 27638

X68174

C. barati ATCC 43756

X68175

C. beijerinckii DSM 791 T

X68179

C. beijerinckii NCIMB 9362T

X68180

C. botulinum type B

X68173

C. botulinum type E

X68170

C. botulinum type F

X68171

C. butyricum ATCC 43755

X68176

C. butyricum DSM 2478
C. butyricwn NCIMB 8082

X68177

C. cadaveris

M59086

C. camis

M59091

C. cellulovorans

X73438

C. chartatabidum

X71850

C. cochlearium

M59093

C. collagenovorans

X73439

C. fall ax

M59088

C. kluyveri

M59092

C. ljungdahlii

M59097

C. malenominatum

M59099

C. paraputrificum

X73445

C. pasteurianum

M23930

C. peifringens

M59103

C. puniceum

X73444

C. sardiniense

X73446

C. scatologenes

M59104

C. tetani

X74770

C. tetanomorphum

X68184

C. tyrobutyricum

M59113

Sarcina ventriculi

X76649

X68178
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3
Results
Part A.

Taxonomy and phylogeny of C. acetobutylicum strains and similar solventproducing clostridia

The initial study was planned to include 45 solvent-producing clostridial strains currently
classified as C. acetobutylicum, as well as 11 other solvent-producing clostridial strains
classified as C. beijerinckii, "C. madisonii," "C. saccharoperbutylacetonicum," and
"C. kaneboi" that were available in the strain collection maintained at the Department of
Microbiology, University of Otago, Dunedin, New Zealand (see Table 3.1).

3.1

Propagation and maintenance of strain collection

The majority of bacterial strains obtained from the culture collections as freeze-dried cultures
were successfully propagated, with the exception of strains NRRL B528 and NRRL B529.
Therefore, these two strains had to be omitted from this study. A large number of solventproducing clostridial strains produced spores to varying degrees on supplemented CBM or
TY A agar, and as a result could be maintained as spore stocks in sterile distilled water.
However, for several strains, neither agar medium was found to be favourable for spore
production. These included those C. acetobutylicum strains grouped together in group 1
(see Table 3.1) and the two equivalent strains "C. saccharoperbutylacetonicum" Nl-4 and
ATCC 13564. The group 1 strains were observed to produce spores more readily in 5%
corn mash and this culture medium was used for maintaining these strains.
"C. saccharoperbutylacetonicum" Nl-4 and ATCC 13564 are at present being maintained in
Cooked Meat Medium (CMM) until a more favourable sporulation medium can be found.

3.2

Biotyping and DNA fingerprint analysis

Each of the 56 solvent-producing strains included in the initial survey was subjected to
biotyping analyses, which included determining their susceptibility to rifampin,
susceptibility to bacteriocins produced by C. acetobutylicum NCP 262 and NCP 258, and
sensitivity to five different bacteriophages. In addition, the DNA fingerprints from the
solvent-producing strains were determined using low-frequency cleavage restriction
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endonucleases and pulsed-field gel electrophoresis (PFGE). Based on the results obtained
from these two approaches, the strains could be divided into nine groups which were
designated group 1 to group 9 (Table 3.1).
Previously, it was observed that different industrial strains of solvent-producing
clostridia varied widely in their susceptibility to rifampin (Mayteeyonpiriya, 1992). In a
separate study, all of the strains examined by Bennett (1993) were observed to be either
susceptible to 10 ng/disc of rifampin or resistant to 100 ng/disc of rifampin. Hence, for the
routine investigation of the strains susceptibility to rifampin the two concentrations of the
antibiotic were selected (Bennett, 1993). This procedure was adopted in this study and all of
the strains investigated were either resistant to the 100 ng rifampin disc or sensitive to the
10 ng rifampin disc. No strain was sensitive to the high concentration while remaining
resistant to the low concentration.
The C. acetobutylicum strains and the "C. kaneboi" strain belonging to groups 1 and
2 were sensitive to the 10 ng and 100 ng rifampin discs (Table 3.1). However, the group I
strains exhibited zones of inhibition surrounding the I 00 ng discs which ranged from
2.5 mm to 4 mm wide, whereas with the group 2 strains the zones of growth inhibition
ranged from 4 mm to 7 mm wide. Strains belonging to the other seven groups were all
resistant to the I 00 ng rifampin discs.
In a previous study, a mitomycin C-induced bacteriocin produced by C. acetobutylicum NCP 262 and a bacteriocin produced constitutively by C. acetobutylicum NCP
258 were found to inhibit the growth of a number of solvent-producing clostridial strains
(Pybus, unpublished results). In this study, neither of these bacteriocin-like agents
inhibited the growth of the clostridial strains belonging to groups I, 2, and 5 and the growth
of strains belonging to groups 3, 6, 7, and 8 was inhibited in the presence of both
bacteriocins (Table 3.1). The growth of strains belonging to group 4, as well as the three
group 9 strains was inhibited by the bacteriocin-like agent from C. acetobutylicum NCP
262, but these strains were resistant to the inhibitory agent isolated from NCP 258.
Phages CAl and HM2 belonging to the Podoviridae, phage HM3 belonging to the
Myoviridae, and phages CMX and HM7 belonging to the Siphoviridae were used in typing
experiments. Bacteriophage CA I infected only the rifampin-resistant NCP industrial strains
belonging to group 5. Bacteriophage CMX, which was isolated from "C. madisonii" 419
by using mitomycin C induction, infected all of the culture collection strains included in
group 6. However, "C. madisonii" 214 and 4J9, two strains which belong to group 6, were
resistant to infection by phage CMX. Both of these strains were found to be lysogenic or
pseudolysogenic (Jones, unpublished results). Phages HM2, HM3, and HM7 infected only
strains labeled "C. saccharoperbutylacetonicum" (Table 3.1). The two morphologically
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TABLE3.! Groups of solvent-producing clostridial strains based on biotyping and DNA fingerprint analysis results
Inhibition by

Susceptibility

Group Species

C. acetobutylicum

Strain

to rifampin"'

Cell lysis by bncteriophngesc

bacteriocins"

NCP
258

NCP

DNA
CAl

CMX

HM2

HM3

HM7

fingerprintd

262

s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s

I
I
I
I
lb

C. acetobutyiicum
C. acetobutvlicum
C. acerobuiylicum
C. acetoburvlicum
"C. kanebof•·

ATCC824T
= DSM792T
= NRRLB527T
ATCC 3625
=DSM 1737
ATCC4259
= DSM 1731
= NCIMB 619
= NRRLB530
ATCC 8529
= DSM 1738
DSM 1732
= NCIMB 2951
DSM 1733
= NCIMB 6441
NCIMB6442
NCIMB 6443
ATCC39236
ATCC 43084
ATCC 17792

2

C. acetobutylicum
C. acetobutylicum
C. acetobutylicum
C. acetobutylicum
C. acetobutylicum
C. acetobutylicum

NCP 262
NCP 249
NCP 265
NCP 268
NCP 258
NRRLB643

3

"C. saccharoperbutylaceronicum" Nl-4
= ATCC 13564
"C. saccharoperbutylaceronicum" ATCC27021

R
R
R

4

''C. saccharoperbutylacetonicum" Nl-504
= ATCC27022

R
R

5

C. acetobutylicum
C. acetobutylicum
C. acetobutylicum
C. acetobutvlicum
C. acetobu6rlicum
C. acetobutvlicum
C. acetohuivlicum
C. acetobuiylicum

NCP
NCP
NCP
NCP
NCP
NCP
NCP
NCP

193
172
259
261
263
264
270
271

R
R
R
R
R
R
R
R

6

C. acetobutylicum
C. acetobutylicum

C. acetobutylicum
C. acetobutylicwn
C. acetobutvlicum
C. acetobu6rlicum
C. acetobutylicum
"C. madisonii"
''C. madisonii"

NCIMB 8052
NCIMB 8049
= DSM 1739
= ATCC 10!32
= NRRLB594
NCIMB6444
NCIMB6445
NCIMB8653
NRRL B591
NRRLB597
214
419

R
R
R
R
R
R
R
R
R
R
R
R

+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+

7

C. acetobutylicum

ATCC 39058

R

+

+

7

8

C. beijerinckii

NRRLB593

R

+

+

8

9

C. beijerinckii
C. beijerinckii

NRRLB592
NRRLB466
NRRLB596

R
R
R

C. acetobutylicum
C. acetobutylicum

C. acetobutylicum
C. acetohutylicum
C. acetobutylicwn

ND
Ia
ND

ND
lc
ND
lb
lb
I

ND
I
I
lb
I
I
2
2
2
2
2a
2a
+
+
+

+
+
+

+
+
+
+
+

3
ND
ND

+
+
+
+
+

4
ND
5
5
5
5
5
5
5
5

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

6
6
6
6
6

-(L)
-(L)

6
6

+
+
C. acetobutvlicum
+
tl S =sensitive to 10 ngldisc and 100 ngldisc ofrifampin; R- resistant to 10 ng/disc and 100 ng/disc ofrifampin.
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different bacteriophages, HM2 and HM3, infected group 3 strains N 1-4 (= ATCC 13564)
and ATCC 27021, and phage HM7 infected only group 4 strains N 1-504 and ATCC 27022.
Strains belonging to groups I, 2, 7, 8, and 9 were resistant to all of the phages included in
this study (Table 3.1 ).
DNA fingerprint analysis was undertaken to further discriminate between the
solvent-producing clostridial strains. The standard procedure described in 2.1 0.1 was
successful in obtaining intact chromosomal DNA for the majority of the strains examined.
For those strains from which only degraded DNA could be obtained, the EDTA treatment
method was used (see 2.1 0.2.4).
Several restriction endonucleases were screened to determine which enzymes would
yield a suitable number of fragments to allow the strains DNA fingerprints to be compared.
Restriction enzymes with G+C-rich recognition sequences were tested which included the 8base restriction enzymes Asci, Notl, Rsrii, Sfii, SgrAI, and Sse8387I and the 6-base
restriction enzymes Agel, Apai, Bgll, BssHII, Eagi, EclXI, Kspi, Mlui, Noel, Nari, Neil,

Smai, and Stui. In addition, restriction enzymes Bini, Spei, and Xbai, which have the rare
CTAG tetranucleotide in their recognition sequences (McClelland et al., 1987), were
investigated. The 8-base restriction enzymes either did not cleave the genomes of

C. acetobutylicum NCP 262 and NCP 193 or did not produce enough fragments for strain
comparisons (data not shown). The restriction endonucleases containing the rare CTAG
tetranucleotide in their recognition sites produced a very large number of fragments, as did
many of the G+C-rich 6-base enzymes (data not shown). Apai, BssHII, Eagi, and Smai
were the most useful enzymes for strain comparisons as they generated appropriate numbers
of fragments in the 6 kb to 1,600 kb range for all of the strains investigated by DNA
fingerprint analysis. These enzymes were used for the DNA fingerprint analyses of all of
the clostridial strains.
The DNA fingerprints generated by restriction endonuclease digests were separated
using the Transverse Alternating Field Electrophoresis (TAFE) system, one of several types
of pulsed-field gel electrophoresis (PFGE) available. In this system, the agarose gel is
positioned vertically in the electrophoresis tank between two pairs of linear electrodes. The
alternating electric fields are therefore transverse to the plane of the gel and when the electric
field pulses between the two sets of electrodes, the DNA migrates down through the
thickness of the gel in a zigzag motion. Parameters, such as voltage/current, pulse time,
running time, agarose concentration of the gel, running temperature, running buffer, and
angle of the alternating electric field, are factors which affect DNA migration in PFGE gels
(Birren et al., 1988). The pulse time, voltage, and running time are the parameters which
significantly affect the rate of DNA migration. The effects of these parameters upon the
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migration of lambda concatemers were investigated in this department by MacDonald
(1996). This investigation led to the development of program 1 described in 2.12, which
was used in this study to separate chromosomal DNA fragments ranging from 4-440 kb.
To separate DNA fragments greater than 440 kb, program 2 was developed in this study.
Program 2 was 10 h longer and consisted of the same five stages as program 1 followed by
an additional two stages with long pulse times of l min and 2 min. Long pulse times
separate large DNA fragments and under these conditions fragments ranging from 9-1000 kb
were separated. These two multi-stage TAFE programs were used routinely to resolve the
DNA fingerprints of the solvent-producing clostridial strains.
Separation of the DNA fragments revealed that the solvent-producing clostridial
strains examined fell into nine clearly distinguishable DNA fingerprint groups which
CO!Telated to the biotype groups established (Table 3.1). The strains in each group exhibited
similar or identical DNA profiles (Fig. 3.1), i!Tespective of the type of restriction
endonucleases used.
Strains belonging to group I were found to have similar DNA profiles, with the
majority of the strains having the same DNA fingerprint as the C. acetobutylicum type
strains ATCC 824T, DSM 792T, and NRRL B527T (Fig. 3.1A, Fig. 3.2, Table 3.1). Some
difference could be seen in the BssHII DNA fingerprint of strain DSM 1731 (= ATCC 4259

= NCIMB 619 = NRRL B530) and ATCC 824T (Fig. 3.1A).

This agreed with the findings

of Wilkinson and Young (1993), who showed that the Apal and Smal fragment patterns of
ATCC 824T were very similar to the corresponding Apal and Smal profiles of DSM 1731.
C. acetobutylicum ATCC 39236, an asporogenic mutant of ATCC 4259 (Lemme and

Frankiewicz, 1982), also showed a slight variation in its DNA fingerprint (Fig. 3. 1A).
Some of the upper fragments of ATCC 39236 resembled fragments in the BssHII digest of
DSM 1731 (= ATCC 4259), and the remainder of the ATCC 39236 BssHII fragments
co migrated with the ATCC 824T fragments (Fig. 3. !A). The strains DSM 1737, DSM
1732, and NCIMB 2951 were all found to have identical DNA fingerprints to ATCC 39236
(Fig. 3.1A, Fig. 3.2, Table 3.1). Hence, in our hands the two apparently equivalent strains,
ATCC 3625 and DSM 1737 obtained from different culture collections, did not exhibit
identical DNA fingerprints (Fig. 3.1A, Fig. 3.2). C. acetobutylicum ATCC 8529 showed
another slight variation in its DNA profile when compared to the other three DNA fingerprint
patterns (Fig. 3.1A, Fig. 3.2, Table 3.1). The DNA fingerprint of the "C. kaneboi" ATCC
17792 strain was identical to that of ATCC 824T (Fig. 3.2, Table 3.1).
Extraction of intact DNA from several of the group 1 strains, using the standard
procedure described in 2.1 0.1, was not successfuL In addition, intact DNA, initially
obtained for some of the strains using the standard procedure, could not be duplicated in

FIGURE 3.1 DNA fingerprints of solvent-producing clostridial strains belonging to the
nine groups. (A) BssHII restriction endonuclease digests of genomic DNA
from group 1 strains. Program 2 electrophoresis conditions. (B) Apai
restriction endonuclease digests of genomic DNA from group 2 strains.
Program 2 electrophoresis conditions. (C) Eagi restriction endonuclease
digests of genomic DNA from group 5 strains. Program 1 electrophoresis
conditions. (D) Smai restriction endonuclease digests of genomic DNA from
group 6 strains. Program 1 electrophoresis conditions. (E) Smai restriction
endonuclease digests of genomic DNA from group 3, 4, 7, 8, and 9 strains.
Program 1 electrophoresis conditions. Strain designations are indicated.
Lanes A.+AIHindiii and A. ladder contained the Low Range PFG Markers
(New England Biolabs) and Lambda Ladder PFG Markers (New England
Biolabs), respectively. All sizes are in kilobases.
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388.0 291.0 194.0 -

97.0 -

FIGURE 3.2 Intact chromosomal DNA obtained from solvent-producing clostridial strains
belonging to group 1 using the EDTA treatment method (s,ee 2.10.2.4).
BssHII restriction endonuclease digests. Program 2 electrophoresis
conditions. Strain designations are indicated. Lane A ladder contained the
Lambda Ladder PFG Marker (New England Biolabs). All sizes are in
kilo bases.
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subsequent extractions. Due to the inconsistent results obtained using the standard
procedure. alternative methods of chromosomal DNA preparation were investigated.
Wilkinson and Young (1993) reported that a key modification which was necessary
for optimal DNA extraction from strain NCil\!!B 8052. was inclusion of hypertonic sucrose
in the lysis buffer. However, in this study the problem of DNA degradation was not
overcome when agarose plugs, containing DSM 1737 cells, were incubated in lysis buffers
containing different concentrations of sucrose (10-50% [w/v]).
A modification of the standard procedure which involved treating the cell suspension
with protease prior to lysozyme treatment was investigated. The results obtained with this
method were not consistent, in that intact genomic DNA was extracted successfully from
DSM 1733, but not from ATCC 824T, DSM 1738, DSM 1732, NCIMB 6441, NCIMB
6443, NCIMB 8529, ATCC 43084, and ATCC 4259.
Gibson et al. (1994) described a method used to inactivate the DNase activity
encountered with Campylobacter jejuni strains. This method involved the formaldehyde
fixation of the bacterial cells prior to incorporating these in agarose plugs. This procedure
was not effective in overcoming the problem of DNA degradation from ATCC 824T cells.
Burchhardt and Dtirre (1990) reported that the DNase activity of C. acetobutylicum
DSM 792T could be completely inactivated by the addition of a final concentration of 0.2 M
EDTA. This method was another approach examined to overcome the problem of DNA
degradation encountered with the group 1 strains. Pelleted cells were resuspended in a final
concentration of 0.35 M EDT A and incubated for 1 h at room temperature, before
commencing with the standard procedure described in 2.1 0.1. This method was used
successfully for the extraction of intact chromosomal DNA from ATCC 824T, DSM 1737,
NCIMB 8529, DSM 1732, NCIMB 2951, NCIMB 6443, ATCC 43084, and ATCC 17792.
The pretreatment of the cells with EDTA had no apparent effect on the number or size of the
fragments produced as can be seen when comparing the DNA fingerprints obtained for
ATCC 824T using either the standard procedure or the EDTA treatment method (Fig. 3.1A
and Fig. 3.2).
Some variation in the DNA fingerprints was also observed with the group 2 strains
(Fig. 3.1B, Table 3.1) which included the rifampin-sensitive NCP industrial strains and
culture collection strain NRRL B643. Strain NCP 258 and NRRL B643 produced
indistinguishable DNA fingerprints and these fingerprints were similar but not identical to
fingerprints of the other NCP strains belonging to group 2. Strains belonging to groups 3
and 4 contained those saccharolytic butanol-producing strains previously classified
"C. saccharoperbutylacetonicum." The DNA fragment patterns of "C. saccharo-

perbutylacetonicum" N1-4 and N1-504 had only a small number of comigrating fragments
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(Fig. 3.1E). Strains belonging to group 5 included all of the bacteriophage CAl-susceptible
NCP strains. and all strains produced identical DNA profiles (Fig. 3.1 C). Strains belonging
to group 6 were susceptible to bacteriophage CMX and again no difference in the strains
DNA fingerprint patterns was observed (Fig. 3.1D). The biotypes exhibited by
C. acetobutylicum ATCC 39058 and C. beijerinckii NRRL B593 were indistinguishable

(Table 3.1). However. on the basis of their different DNA fingerprints (Fig. 3.1E) these
two strains were assigned to separate groups (group 7 and group 8). Group 9 contained two
C. beijerinckii strains (NRRL B592 and NRRL B466), as well as a C. acetobutylicum strain

(NRRL B596), all of which exhibited identical fingerprint profiles (Fig. 3.1E).
High levels of heterogeneity in restriction fragment patterns were observed in the
nine groups of solvent-producing clostridia and examples of these patterns are shown in Fig.
3.3. The DNA fingerprints for the nine groups all appeared to be unique with no common
fragments being apparent in all of the nine groups.

3.3

Selection of prototype strains for 168 rRNA gene
sequencing

To determine their taxonomic and phylogenetic relationships, nucleotide sequencing of the
16S rRNA genes from representative strains from the nine groups of solvent-producing
clostridia was undertaken. The high degree of similarity in DNA fingerprint patterns shown
by all of the strains belonging to the same group meant that one strain from each group could
be selected as the group prototype strain. In each case the prototype strain was selected as
being the strain which had been worked with most extensively, cited most frequently in the
literature, or existed as the only strain within that group. The type strain ATCC 824T was
selected for group 1; C. acetobutylicum NCP 262 for group 2; "C. saccharoper-

butylacetonicum" Nl-4 and N1-504 for groups 3 and 4, respectively; C. acetobutylicum
NCP 193 for group 5; C. acetobutylicum NCIMB 8052 for group 6; C. acetobutylicum
ATCC 39058 for group 7; C. beijerinckii NRRL B593 for group 8; and C. beijerinckii
NRRL B592 for group 9 (Table 3.1).

3.4

Design of oligonucleotide primers for amplification and
sequencing of 168 rRNA genes

To amplify and sequence the 16S rRNA genes of the selected prototype strains of solventproducing clostridia, oligonucleotide primers were designed as follows. The sequences of
the 16S rRNA genes of the closely related species C. acetobutylicum NCIMB 8052 (Collins

et al., 1992), C. beijerinckii DSM 79JT and NCIMB 9362T, C. botulinum (nonproteolytic) types B, E, and F, and C. butyricum ATCC 43755, DSM 2478 and NCIMB
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FIGURE 3.3 DNA fingerprints of the prototype strains of the nine groups. (A) BssHll
restriction endonuclease digests of genmnic DNA. Program 2 electrophoresis
conditions. (B) Eagl restriction endonuclease digests of genotnic DNA.
Program 1 electrophoresis conditions. Strain designations are indicated.
Lanes A-+IJHindlll and A ladder contained the Low Range PFG Markers
(New England Biolabs) and Lambda Ladder PFG Markers (New England
Biolabs), respectively. All sizes are in kilobases. _
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8082 (Hutson et al., 1993) were obtained from GenBank and aligned (Fig. 3.4). On the
basis of this alignment, and using the published sequence of C. acetobutylicum NCIMB
8052 (Collins et al., 1992), the PCR primer pair consisting of primer PCR A and primer
PCR B (Table 3.2) were the first two primers chosen because they flanked a relatively
variable region of the I 6S rRNA gene (Fig. 3.4, Fig. 3.5). Additional PCR primers were
designed to amplify the complete l6S rRNA molecule. These included the PCR primer pairs
consisting of primer PCR E and primer PCR F, as well as primer PCR I and primer PCR J
(Table 3.2, Fig. 3.5). The primers were designed to have 40-65% G+C composition and
the melting temperatures (Tm) of PCR primer pairs were relatively similar (Table 3.2). To
avoid the formation of primer-dimer artefacts, primer pairs with non-complementary 3' ends
were selected, as were primers with no repeats of more than three G's or C's at their 3' ends
which may have promoted mispriming at G+C-rich sequences (Table 3.2). Palindromic
sequences within primers were also avoided to prevent the formation of hair-pin loops
within the primers. The careful design of the PCR primers was crucial to the successful
amplification of the complete 16S rRNA genes by producing three overlapping fragments
that were approximately 650 bp long (by using PCR primer pair PCR A and PCR B),
870 bp long (by using PCR primer pair PCR E and PCR F), and 390 bp long (by using
PCR primer pair PCR I and PCR J) (Fig. 3.5). Aliquots (5 J.Ll) of the PCR products
obtained for each PCR primer pair are shown in Fig. 3.6. The high yield of PCR product
meant that no further adjustments to the PCR reactions were necessary. Each PCR product
to be used in a sequencing reaction was purified, to free the DNA of primers, nucleotides,
and polymerase, as described in 2.14. The primers used to sequence the 16S rRNA genes
included the PCR primers, as well as the sequencing primers: SEQ C, SEQ D, SEQ G, and
SEQ H (Table 3.2, Fig. 3.5). The primers chosen were optimally spaced on the 16S rRNA
gene for DNA sequencing, to ensure that each nucleotide was sequenced at least once on
each strand. All sequencing reactions were carried out using an automated DNA sequencer
as described in 2.15.

3.5

DNA sequence analysis of the partial 16S rRNA genes

The variant region of each prototype strain was amplified using the primer pair PCR A and
PCR B (Fig. 3.5) and their partial 16S rRNA gene sequences (positions 830-1383, E. coli
numbering) were determined, as were those of strains DSM 792T and NCIMB 8653. The
determined partiall6S rRNA gene sequences were aligned using the CLUSTAL V method
(Fig. 3.7). The CLUSTAL V method groups the sequences into clusters by examining the
distances between all pairs. The clusters are aligned, first individually, then collectively to
produce an overall alignment (Higgins and Sharp, 1989).

FIGURE 3.4 Alignment of the 16S rRNA gene sequences of C. acetobutylicwn
NCIMB 8052, C. beijerinckii DSM 79JT and NCIMB 9362T,
C. botulinum types B, E, and F, and C. butyricum ATCC 43755,
DSM 2478, and NCIMB 8082 (pages 63-66). GenBank accession
numbers are in brackets. Dots(.) in the sequences indicate nucleotides
which match the consensus exactly. Spaces (-) in the sequences
correspond to alignment gaps. N, undetermined nucleotide.
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TABLE 3.2 Oligonucleotide primers used for amplification and sequencing of clostridial 16S rRNA genes
Approximate position
Melting
(E. coli numbering
temperature
s stem)C
(Tm)b

Length

%GC

sense

22

45.4

64'C

774-795

antisense

22

54.5

68'C

1424-1403

GTGTCG TGAGAT GTTGG

sense

17

52.9

52'C

1071-1087

TAACCCAACATCTCACG
GAGAGTTTGATCCTGGCTC

antisense

17

47.0

50'C

1091-1075

sense

19

52.6

58'C

7-25

GAGTTTTAATCTTGCGACCGTAC
GTCTTCAGGGACGATAATGACGGTAC

antisense

23

43.4

66'C

911-889

sense

26

50.0

78'C

437-487

antisense

22

63.6

72'C

524-503

PCRI

GCTGCT GGCACG TAGTTA GCCG
GCTACCATTTAG1TGAGCACTC

sense

22

45.4

64'C

1126-1148

PCRJ

TTCTCCTACGGCTACCTTGTTACG

antisense

24

50.0

72'C

1520-1496

Primer"

Primer sequence 5'-3'

Primer type

PCRA
PCRB

GGAGCAAACAGGATTAGATACC
TGCCAACTCTCATGGTGTGACG

SEQC
SEQD
PCRE
PCRF
SEQG
SEQH

a sequencing primer
a PCR, indicates an oligonucleotide primer used for both amplification and sequencing; SEQ, represents
b Tm = 2'C(A + T) + 4'C(G +C), (Thein and Wallace, 1986)
The position given for primer
c The primer positions indicated correspond to their location on the 16S rRNA gene sequence of E. coli.
in clostridia l16S rRNA gene
SEQ G was due to the 16S rRNA gene sequence of E. coli containing a stretch of25 nucleotides not present
sequences
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FIGURE 3.5 Schematic diagram depicting the location of the amplification and sequencing primers on the 16S rRNA gene. Shaded area
represents the partial 16S rRNA gene sequence region (positions 830-1383, E. coli numbering). (--.)Amplification and
sequencing primer. ( -1:> ) Sequencing primer. Primer designations are indicated below each primer. Primer sequences are
shown in Table 3.2. The size and position of each overlapping PCR product are indicated. The scale represents the
1,541 bp of the 16S rRNA gene.
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FIGURE 3.6 PCR products obtained from strain NCIMB 8052 using the three PCR primer
pairs. 1, Hindlli digest of A DNA; 2, PCR product (650 bp) using primer
pair PCR A and PCR B; 3, PCR product (877 bp) using primer pair PCR E
and PCR F; 4, PCR product (393 bp) -using primer pair PCR I and PCR J; 5,
Negative control, with no DNA template added, using primer pair PCR A and
PCR B; 6, Hindlll digest of A DNA. Sizes are indicated in kilobases.

FIGURE 3.7 Alignment of the partiall6S rRNA gene sequences (positions 830-1383,

E. coli numbering) of eleven solvent-producing clostridial strains (pages
70-71 ). Nucleotides which differ from the consensus are boxed. Spaces (-)
in the sequences correspond to alignment gaps. N, undetermined nucleotide.
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An alignment of the partial 16S rRNA gene sequence obtained in this study of
C. acetobutylicwn NCIMB 8052, with the NCIMB 8052 sequence obtained from
GenBank, showed that the two sequences differed in a few bases (Fig. 3.8). Subsequent
alignments and DNA gene sequence analyses were carried out using the NCIMB 8052 16S
rRN A gene sequence determined in this study.
The partiall6S rRNA gene sequences determined for the eleven solvent-producing
clostridial strains were compared with the 16S rRNA gene sequences of other Clostridium
species belonging to rRNA homology group I from Johnson and Francis (Johnson and
Francis, 1975) which have been lodged in the GenBank database and are listed in Table 2.2.
Percentage sequence similarities were calculated from the results of a comparison of 550
nucleotides and a phylogenetic tree (Fig. 3.9) was constructed by applying the neighbourjoining method of Saitou and Nei (1987) to the distance and alignment data. The values
obtained for the solvent-producing clostridial strains, and the Clostridium species with
which the solvent-producing strains exhibited high levels of homology, are shown in Table
3.3. This alignment of partial 16S rRNA gene sequences revealed that the strains NCP 193
(group 5), NCIMB 8052 and NCIMB 8653 (group 6), ATCC 39058 (group 7), NRRL
B593 (group 8), and NRRL B592 (group 9) had 100% identity to one another as well as to
the type strain C. beijerinckii DSM 791T The "C. saccharoperbutylacetonicum" Nl-4
(group 3) and "C. saccharoperbutylacetonicum" Nl-504 (group 4) strains exhibited an
identical 550-nucleotide partial 16S rRNA gene sequence. C. acetobutylicum NCP 262
shared 99.5% DNA sequence homology with "C. saccharoperbutylacetonicwn" Nl-4 and
only 97.6% sequence similarity to C. acetobutylicum NCIMB 8052. The partial sequences
of the type strains C. acetobutylicum ATCC 824T and DSM 792T were identical to each
other but exhibited only 88.2% similarity with the 16S rRNA gene sequence of
C. acetobutylicum NCIMB 8052.

The findings described above indicated that the nine groups established by biotyping
and DNA fingerprinting analyses could be placed into four major taxonomic groups based
on the levels of relatedness of their partial 16S rRNA gene sequences. Taxonomic group I
was designated to the strains belonging to biotype and DNA fingerprint group 1, represented
by the amylolytic organism C. acetobutylicum ATCC 824T. Taxonomic groups II, III, and
IV were designated to the remaining eight biotype and DNA fingerprint groups and were
represented by the saccharolytic strains C. acetobutylicwn NCP 262 (group 2),
"C. saccharoperbutylacetonicum" Nl-4 (groups 3 and 4), and C. acetobutylicum NCIMB

8052 (groups 5-9), respectively (Table 3.4).
As mentioned previously, intact chromosomal DNA could not be obtained from a
number of group 1 strains using the standard procedure described in 2.1 0.1. Therefore,

FIGURE 3.8 Alignment of the partial !6S rRNA gene sequences (positions 830-1383,
E. coli numbering) of C. acetobutylicwn NCIMB 8052 with the NCIMB

8052 sequence obtained from GenBank under accession number X68182.
Nucleotides which differ from the sequence of NCIMB 8052 (X68182) are
boxed. Spaces(-) in the sequences correspond to alignment gaps. N,
undetermined nucleotide.
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FIGURE 3.9 Unrooted phylogenetic dendrogram showing the interrelationships of the
solvent-producing strains C. acetobutylicum ATCC 824T, DSM 792T,
NCP 193, NCP 262, NCIMB 8052, NCIMB 8653, ATCC 39058,
C. beijerinckii NRRL B592, NRRL B593, and "C. saccharo-

perbutylacetonicum" Nl-4 and Nl-504 with other Clostridium species

belonging to rRNA homology group I from Johnson and Francis (1975). The
dendrogram was based on the partial 16S rRNA gene sequences examined
(positions 830-1383, E. coli numbering). The scale bar indicates evolutionary
distances.

of the partial l6S rRNA gene sequences (positions
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TABLE 3.4 Taxonomic grouping of the nine biotype and DNA fingerprint groups based on
the partial l6S rRNA gene sequences
Taxonomic

Prototype strain

fingerprint groups

group
I
II
III
IV

Biotype and DNA

C. acetobutylicum ATCC 824T (amylolytic)
C. acetobutylicum NCP 262 (saccharolytic)

1

2

"C. saccharoperbutylacetonicum" Nl-4 (saccharolytic) 3 and4
5, 6, 7, 8, and 9
C. acetobutylicum NCL\IIB 8052 (saccharolytic)

77

prior to the development of the EDTA treatment method, DNA fingerprints, the main
criterion for separating the group I strains from the group 2 strains, could not be determined
for strains ATCC 8529 (= DSM 1738), DSM 1732 (= NCIMB 2951), NCIMB 6443,
ATCC 43084, and ATCC 17792. To confirm that these strains belonged in group I, the
pm1ial l6S rRNA gene regions from degraded DNA of ATCC 8529, DSM 1732, NCIMB
6443, ATCC 43084, and ATCC 17792 embedded in agarose plugs were amplified and
sequenced. All five strains exhibited an identical 550 bp sequence to the sequence obtained
for the equivalent regions of ATCC 824T and DSM 792T, confirming that they belonged to
group I (Keis et al., 1995).

3.6

DNA sequence analysis of the complete 16S rRNA genes

To establish more definitive phylogenetic positions for the four taxonomic groups of
solvent-producing clostridia, the complete 16S rRNA genes of the representative strain of
each taxonomic group was amplified. Virtually complete 16S rRNA gene sequences were
determined for C. acetobutylicum ATCC 824T (1,411 bases), C. acetobutylicum NCP 262
(I ,416 bases), C. acetobutylicum NCIMB 8052 (l ,416 bases) and "C. saccharo-

perbutylacetonicum" N 1-4 (I ,416 bases). An alignment of these sequences (positions
37-1481, E. coli numbering) using the CLUSTAL V method is shown in Fig. 3.1 0. These
sequences were aligned with the equivalent set of Clostridium !6S rRNA gene sequences
used previously in the alignment of the partial 16S rRNA gene sequences. The degree of
sequence similarity and the evolutionary distances were calculated (based on I ,334
nucleotides, ranging from positions 100-1434 [E. coli numbering]), and a phylogenetic
dendrogram was constructed by applying the neighbour-joining method (Saitou and Nei,
1987) (Fig. 3.11 ). This analysis was done in accordance with previously published
alignments of Clostridium species, in which the 5' ends of the !6S rRNA gene sequences
were omitted to avoid possible misalignment of the VI variable region of clostridial !6S
rRNA gene sequences (Hutson et al., 1993; Lawson et al., 1993). The levels of sequence
similarity and evolutionary distances for the closest relatives of the four solvent-producing
clostridial strains are given in Table 3.5. This showed that the type strain C. acetobutylicum
ATCC 824T was phylogenetically distant from the saccharolytic strains C. acetobutylicum
NCIMB 8052, "C. saccharoperbutylacetonicum" Nl-4, and C. acetobutylicum NCP 262
(evolutionary distances, 7.4%-7.7%) (Table 3.5). NCP 262 was found to be more closely
related to N 1-4 (level of sequence similarity, 98.9%) than to NCIMB 8052 (level of
sequence similarity, 98.2%). "C. saccharoperbutylacetonicum" Nl-4 was also
phylogenetically closely related to NCIMB 8052 (level of sequence similarity, 98.9%). The

FIGURE 3.10 Alignment of the almost complete 16S rRNA gene sequences (positions
37-1481, E. coli numbering) of the four solvent-producing clostridia
representing the four taxonomic groups (pages 78-81 ). Nucleotides which
differ from the consensus are boxed. Spaces (-) in the sequences
correspond to alignment gaps. N, undetermined nucleotide.
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FIGURE 3.11 Unrooted phylogenetic dendrogram showing the interrelationships of the
solvent-producing strains C. acetobutylicum ATCC 824T, NCP 262,
NCIMB 8052, and "C. saccharoperbutylacetonicum" Nl-4 with other

Clostridium species belonging to rRNA homology group I from Johnson
and Francis (1975). The dendrogram was based on the comparison of
approximately 1,334 nucleotides (ranging from positions 100-1434, E. coli
numbering). The scale bar indicates evolutionary distances.

nt of approximately 1,324
TABLE 3.5 Levels of sequence similarity and evolutionary distances based on the alignme
four solvent-producing
nucleotides of the 16S rRNA gene sequences (positions 100-1434, E. coli numbering) of
clostridial strains and other clostridia
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results confirmed that C. acetobutylicum NCIMB 8052 shared 100% 16S rRNA gene
sequence homology with the type strain C. beijerinckii DSM 791T (Table 3.5).

3. 7

Percentage sequence similarities of the partial and complete
16S rRNA genes

To confirm whether the DNA sequence analysis of the partial 16S rRNA genes (positions
830-1383, E. coli numbering) provided a reliable correlation to that obtained from the almost
complete 16S rR..l\!A genes (positions 100-1434, E. coli numbering), the percentage
sequence similarities obtained from the two analyses were compared for the four solventproducing clostridia (Table 3.6). This showed that the percentage sequence similarities
obtained, which were based on the comparisons of 550 nucleotides, were within ±1.5% of
that determined from approximately 1,334 nucleotides (Table 3.6). This would suggest that
the partial 16S rRNA gene region chosen did provide a good representation of the
relatedness of the solvent-producing clostridia. In most comparisons, the partial16S rRNA
gene sequences indicated a lower percentage sequence similarity than the complete
sequences. This was due to the partial 16S rRNA gene region containing a more variable
sequence over 550 bp, compared to the 1,334 bp of the complete 16S rRNA gene sequence.

3.8

Nucleotide sequence accession numbers

The partia116S rRNA gene sequences determined in this study (positions 830-1383, E. coli
numbering) were lodged with the GenBank database under the following accession
numbers: U16164 (C. acetobutylicwn ATCC 39058), Ul6167 (C. beijerinckii NRRL
B592), Ul6168 (C. beijerinckii NRRL B593), U16169 ("C. saccharoperbutylacetonicum"
Nl-504), U!6170 (C. acetobutylicum NCP 193), U17030 (C. acetobutylicum DSM 792T),
and Ul7099 (C. acetobutylicum NCIMB 8653). The complete !6S rRNA gene sequences
(positions 37-1481, E. coli numbering) are available from the GenBank database under
accession numbers: U16122 ("C. saccharoperbutylacetonicum" Nl-4), U16147
(C. acetobutylicum NCP 262), U!6165 (C. acetobutylicum NCIMB 8052), and Ul6166
(C. acetobutylicum ATCC 824T).

(positions 830TABLE 3.6 Comparing the percentage sequence similarities obtained from the partial 16S rRNA gene sequences
E. coli
1383, E. coli numbering) and from the almost complete 16S rRNA gene sequences (positions I 00-1434,
numbering) of the four solvent-producing clostridia representing the four taxonomic groups
% Seguence similarity of the:

Strain comparisons

C. acetobutylicum NCIMB 8052 I "C. saccharoperbutylacetonicum" Nl-4
C. acetobutylicum NCIMB 8052 I C. acetobutylicum NCP 262
C. acetobutylicum NCIMB 8052 I C. acetobutylicum ATCC 824T
"C. saccharoperbutylacetonicwn" Nl-4 I C. acetobutylicum NCP 262
"C. saccharoperbutylacetonicum" Nl-4 I C. acetobutylicum ATCC 824T
C. acetobutylicum NCP 262 I C. acetobutylicum ATCC 824T
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Part B. C. beijerinckii strains and other solventproducing clostridia
The outcome of the initial survey of 56 solvent-producing clostridial strains revealed that the
strains belonging to groups 5-9 (Table 3.1), exhibited 100% identity to the type strain of
C. be!jerinckii based on the DNA sequence analysis of their 16S rRNA genes. Therefore, it
became apparent that a large number of C. acetobutylicum strains were incorrectly classified
and were in actual fact members of the species C. be!jerinckii. As a consequence it was
decided to expand the study to include additional strains of solvent-producing clostridia
classified as C. beijerinckii and maintained by the ATCC, DSM, and NCIMB culture
collections (Table 3.7). The aim of this expanded study was to compare these
C. beijerinckii strains to those strains belonging to groups 5-9 using biotyping and DNA
fingerprint analysis. In addition, their species classification was confirmed by 16S rRNA
gene sequence analysis.
Only one representative of each C. beijerinckii strain listed in Table 3.7 was
examined where a C. beijerinckii strain was held by more than one culture collection. The
strains examined in the expanded study were all of the NCIMB C. beijerinckii strains, as
well as some of the ATCC strains, namely ATCC 6014, ATCC 6015, ATCC 11914, ATCC
14823, ATCC 17791, and ATCC 17795. Rehydration of ATCC 6014 from the freeze-dried
culture resulted in the recovery of two colony morphology types. Therefore, these two
colony types, designated ATCC 6014(1) and ATCC 6014(2), were propagated and analyzed
separately. One other solvent-producing strain, namely "C. butanologenum" IAM 19015
was also included in the study.

3.9

Biotyping and DNA fingerprint analysis

The same procedures used in the initial study were followed. The C. beijerinckii strains and
the "C. butanologenum" strain were screened to determine their susceptibility to the
antibiotic rifampin, inhibition to the two bacteriocins, and infection to two bacteriophages.
In addition, the strains were subjected to DNA fingerprint analysis. The biotypes and DNA
fingerprints were then compared to those of the strains from groups 5-9 (Table 3.1), to
determine whether any of the new strains belonged to the five groups of C. beijerinckii
previously identified, or whether they represented additional biotype and DNA fingerprint
groups. Based on the results obtained, only one strain (ATCC 17791) was found to belong
to one of the previously designated groups (group 8), whereas the remaining strains were
found to constitute at least eight new groups (groups 10-17) (Table 3.8).
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TABLE 3.7 Strains of C. beijerinckii lodged in the culture collections ATCC, DSM, and
NCIMB

ATCC

DSM

NCIMB

858
6014
6015
11914
14823
14949
14950
17791
17795
25752T

1820

11373

53

9503
9504

79JT

9362T
9579
9580
9581
12404
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TABLE3.8 Groups of C. beijerinckii strains and other solvent-produ cing clostridia based on biotyping and DNA
fingerprint analysis results

Group Species

Strain

Susceptibility
to rifampinu

Inhibition by
bacteriocinsh

Cell lysis by
bacteriophagesc

NCP

NCP

CAl

258

262

'C. acetobutylicu m'
'C. acetobutylicu m'
'C. acetobutylicu m'
'C. acetobutylicu m'
'C. acetobutylicu m'
'C. acetobutylicu m'
'C. acetobutylicu m
'C. acetobutylicw n'

NCP 193
NCP 172
NCP 259
NCP 261
NCP 263
NCP 264
NCP 270
NCP 271

R
R
R
R
R
R
R
R

6

'C. acetobutylicu m'
'C. acetobutylicu m'

R
R
R
R
R
R
R
R
R
R
R
R

+
+

'C. acetobutylicu m'
'C. acetobutylicu m'
'C. acetobutylicu m:
'C. acetobutylicu m
'C. acetobutylicu m'
"C. madisonii"
"C. madisonii"

NCIMB 8052
NCIMB 8049
= DSM 1739
=ATCC 10132
=NRRLB59 4
NCIMB6444
NCIMB 6445
NCIMB 8653
NRRLB591
NRRLB597
214
4J9

7

'C. acetobutylicu m'

ATCC 39058

8

C. beijerinckii
C. beijerinckii

9

c
d

5
5
5
5
5
5
5
5

+
+
+
+
+
+
+
+

5

a
b

CMX

DNA
fingerprintd

+
+
+
+
+
+
+
+
+
+

6
6
6
6
6
ND
6
6
6
ND
6
6

+
+
+
+
+
+

+
+
+
+
+
+
+
+

+

+

+
+
+

+
+
+

R

+

+

7

NRRLB593
ATCC 17791

R
R

+
+

+
+

8
8

C. beijerinckii
C. beijerinckii
'C. acetobutylicw n'

NRRLB592
NRRLB466
NRRLB596

R
R
R

+
+
+

9
9

10

C. beijerinckii

NCIMB 9362T

R

+

II

C. bezjerinckii
C. beijerinckii

NCIMB 9503
NCIMB 9504

R
R

+
+

+I+I-

11
11

12

C. beijerinckii
C. beijerinckii

NCIMB 9579
NCIMB 9580

s
s

+
+

+
+

12
12

13

C. beijerinckii

NCIMB 9581

R

+

+

13

14

C. beijerinckii

NCIMB 11373

R

+

+

14

15

C. beijerinckii

NCIMB 12404

R

+

+

15

16

C. beijerinckii

ATCC 17795

R

+

+

16

17

''C. butanologenu m"

lAM 19015

R

C. beijerinckii
C. beijerinckii
C. beiferinckii
C. beijerinckii
C. beijerinckii

ATCC 6014 (I)
ATCC 6014 (2)
ATCC 6015
ATCC 11914
ATCC 14823

R
R
R
R
R

-(L)
-(L)

9
10

17
+
+
+

+I+

+

S- sensitive to 10 ng/disc and 100 ng/disc of rifampin; R- resistant to 10 ng/disc and 100 ng/disc of rifampin.
- no inhibitory effect; + inhibitory effect; +I- slight inhibitory effect.
- no cell lysis; + cell lysis; L lysogen.
ND not determined.

ND
ND
ND
ND
ND
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All of the C. beijerinckii strains were resistant to rifampin with the exception of two
closely related strains, NCIMB 9579 and NCIMB 9580 (Table 3.8). The "C. butanologenum" strain IAM 190!5 was also resistant to the antibiotic (Table 3.8).
The strains NCIMB 9362T, ATCC 6014(2), and ATCC 14823 were sensitive to the
inhibitory-like agent from NCP 258 and resistant to the bacteriocin produced by NCP 262
(Table 3.8). The strains NCIMB 9503, NCIMB 9504, and ATCC 6014(1) were also
sensitive to the bacteriocin-like agent from NCP 258 but only marginally sensitive to the
NCP 262 bacteriocin, producing a slightly turbid zone of inhibition. "C. butanologenum"
IAM 19015 and ATCC 11914 were the only other strains, besides the group 5 strains,
which were not inhibited by either bacteriocin (Table 3.8). The remaining C. beijerinckii
strains were all sensitive to the two bacteriocins, and in this they resembled strains belonging
to groups 6, 7, and 8 (Table 3.8).
Only the bacteriophages CA 1 and CMX were used to determine the strains sensitivity
to infection by these bacteriophages, since the HM phages infected only the "C. saccharo-

perbutylacetonicum" strains (Table 3.1 ). None of the C. beijerinckii strains or
"C. butanologenum" strain examined in this part of the study were lysed by either
bacteriophage (Table 3.8).
Biotyping alone was not sufficient to differentiate between the strains of
C. beijerinckii. DNA fingerprint analysis was used to further discriminate between the
strains of C. beijerinckii and "C. butanologenwn." This revealed that only the strain ATCC
17791 of the additional strains examined, was identical in its DNA fingerprint to NRRL
B593 (group 8) (Table 3.8, Fig. 3.12A and 3.12B). The remaining C. beijerinckii and
"C. butanologenwn" strains from which non-degraded DNA could be extracted, were
further divided into eight groups (groups 10-17) (Table 3.8). Group 11 and group 12 both
contained two strains of C. beijerinckii which were identical in their DNA fingerprint
patterns (Fig. 3.12A and 3.12B). A high degree of heterogeneity was observed when the
DNA fingerprints obtained from groups I 0-17 were compared to those from the prototype
strains of groups 5-9, and only a few common bands could be identified in several of the
groups (Fig. 3.12A and 3.12B).
The standard procedure described in 2.1 0.1 for extracting genomic DNA, did not
yield intact chromosomal DNA from the C. beijerinckii strains ATCC 6014(1), ATCC
6014(2), ATCC 6015, ATCC 11914, and ATCC 14823 (Table 3.8). In addition, the EDTA
treatment method described in 2.1 0.2.4 and used to successfully extract non-degraded DNA
from the group 1 strains, was not effective in overcoming the problem of degraded DNA
from either ATCC 11914 or ATCC 14823. Further approaches therefore need to be

FIGURE 3.12 DNA fingerprints of the five prototype strains from groups 5-9, and the
C. beijerinckii and "C. butanologenum" strains from groups 10-17. (A)

Eagi restriction endonuclease digests. Program 1 electrophoresis conditions.

(B) Smai restriction endonuclease digests. Program 2 electrophoresis
conditions. Strain designations are indicated. Lanes A+AfHindiii and A
ladder contained the Low Range PFG Markers (New England Biolabs) and
Lambda Ladder PFG Markers (New England Biolabs), respectively. All
sizes are in kilobases.
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investigated to try to overcome the problem of DNA degradation encountered with some of
these C. beijerinckii strains. Based on their biotypes, the strains ATCC 6014(2) and ATCC
14823 could be grouped with NCIMB 9362T, and the strain ATCC 11914 with lAM 19015.
However, biotyping alone did not provide sufficient discrimination in the case of the
C. beijerinckii strains, and therefore these strains were not assigned to any of the groups.

Similarily, the biotype of ATCC 6014(1) resembled that of the group II strains, however
NCIMB 9503 and NCIMB 9504 (formerly known as "C. rub rum" from Latin: rubrum
reddish), produced pink-coloured colonies. In this characteristic ATCC 6014(1) did not
resemble the group II strains because it produced creamy-coloured colonies. Strain ATCC
6015 was sensitive to both bacteriocins and resistant to the two bacteriophages tested, and in
this respect it matched a number of strains in different groups, namely group 7, group 8,
group 13, group 14, group 15, and group 17 (Table 3.8).

3.10

DNA sequence analysis of the partial 16S rRNA genes

To confirm that the strains examined belong to the species C. beijerinckii, the variant region
of the 16S rRNA genes (Fig. 3.5) of 13 strains were amplified and sequenced. This
included the "C. butanologenum" strain, as well as those strains from which degraded DNA
was obtained (Table 3.8). The two strains from groups II and 12 exhibited identical DNA
fingerprints. Hence, the partial 16S rRNA gene region of only one strain from each group
was amplified and sequenced. The strain NCIMB 9503 was selected from group II and the
strain NCIMB 9579 from group 12. In each case the partial 16S rRNA gene region was
sequenced with the primers PCR A and PCR B (Table 3.2). The partial 16S rRNA gene
sequences of the 13 strains examined, based on the comparison of 550 bp, were all found to
be identical. In addition, their partial 16S rRNA gene sequences were identical to those from
the strains NCP 193 (group 5), NCIMB 8052 and NCIMB 8653 (group 6), ATCC 39058
(group 7), NRRL B593 (group 8), and NRRL B592 (group 9), whose sequences are given
in Fig. 3.7. This result confirmed that each of the strains examined in this part of the study
appear to have been correctly classified as members of the species C. beijerinckii based on
16S rRNA gene sequence homology. Furthermore, the "C. butanologenum" strain
obtained from the IAM culture collection is also a member of the C. beijerinckii species. On
the basis of their DNA fingerprints, the species therefore comprises a heterogeneous
collection of strains, with there being at least 13 distinct strains identified in this study.
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4
Discussion
There has been the growing realization that major inconsistencies and discrepancies exist,
with respect to the nomenclature and classification of the solvent-producing clostridial
strains. The aim of this study was to attempt to clarify the relationships of solventproducing clostridial strains maintained by various culture collections. A total of 72 strains
were screened using a combination of methods which included biotyping and DNA
fingerprint analysis. The sequencing of 16S rRNA genes was then utilized to determine the
phylogenetic relationships of selected strains belonging to the various groups.

4.1

Biotyping and DNA fingerprint analysis

Although bacteriocin typing and bacteriophage typing have been used extensively for
identifying some pathogenic Clostridium species they have not been used to differentiate
solvent-producing clostridia. A combination of bacteriocin typing, bacteriophage typing,
and rifampin susceptibility testing used in this study, provided a simple way to group the
various strains of solvent-producing clostridia. These biotyping procedures were readily
carried out, reproducible, and easy to interpret. These procedures provided a simple way of
checking and differentiating the strains without applying complex molecular methods.
Rifampin susceptibility testing, using filter paper discs, provided a readily
quantifiable method to assess whether the strains were resistant or sensitive to the antibiotic.
The underlying mechanism which determines whether the solvent-producing clostridial
strains are resistant or sensitive to rifampin is not known. However, this method did
provide a simple way of distinguishing the strains, even though only a broad level of
discrimination can be achieved using this test.
The occurrence of bacteriocins appears to be ubiquitous amongst members belonging
to the genus Clostridium (Hongo et al., 1968a; Nieves et al., 1981 ). The majority of the
work on bacteriocins has been carried out on pathogenic Clostridium species, in particular
C. perfringens and C. botulinum, and a bacteriocin typing scheme for the former species
has been developed (Cato and Stackebrandt, 1989; Mahony, 1974). The host range of the
bacteriocins produced by C. peifringens appear to fall into two groups; those which have a
narrow host range and infect only strains of C. peifringens and those which have a much
broader host range and are active not only against Clostridium species but also bacilli,
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staphylococci, streptococci, and Corynebacterium diphtheriae (Cato and Stackebrandt,
1989).
Bacteriocins have also been detected in non-pathogenic species of Clostridium.
Hongo et al. (1968a) reported on the occurrence of lysogeny and bacteriocinogeny in 106
strains of non-pathogenic and mostly acetone-butanol- or isopropanol-butanol-producing
Clostridium species. In their study, 18 of the strains were found to produce bacteriocins and
all of the 106 strains were sensitive to one or more of the bacteriocins (Hongo et al., 1968a).
These bacteriocins were divided into five groups, designated clostocins A to E. The host
ranges of clostocins A, B, C, and D were further examined by Hongo et al. ( 1968b ).
Clostocins A and D were reported to inhibit a limited number of pathogenic and nonpathogenic Clostridium species, whereas clostocins B and C inhibited all of the species of
the genus Clostridium and Bacillus tested. In another study, a non-inducible bacteriocin
produced by 'C. acetobutylicwn' NCP 262 was reported to be specific, inhibiting only the
twelve 'C. acetobutylicwn' NCP strains (including the producer strain) and C. felsineum
strain tested (Barber et al., 1979). In later studies this inducible bacteriocin was found to be
an autolysin (Allcock eta/., 1981; Webster et al., 1981).
The two bacteriocins produced by 'C. acetobutylicwn' NCP 258 and NCP 262
utilized in this study exhibited broad host ranges and were active not only against
C. beijerinckii and "C. saccharoperbutylacetonicum" strains, but also against the Gram-

positive aerobic species Micrococcus luteus, Enterococcus lzirae, and Staphylococcus
simulans (Pybus, unpublished results). Neither bacteriocin inhibited its own producer strain
or any of the other 13 'C. acetobutylicum' NCP strains tested belonging to groups 2 and 5.
In addition, none of the group 1 C. acetobutylicum strains were inhibited by either
bacteriocins. The bacteriocins similar spectrum of activity towards strains of C. beijerinckii,
limits their usefulness for typing these strains. However, when used in conjunction with the
rifampin susceptibility testing and bacteriophage typing, the two bacteriocins further aided in
grouping strains of solvent-producing clostridia into a number of distinguishable biotypes.
In contrast to the bacteriocins, the bacteriophages of both solvent-producing and
pathogenic clostridia have been reported to exhibit narrow host ranges (Ogata and Hongo,
1979). Hongo and Murata (1965) investigated the host ranges of twelve HM phages which
were isolated from abnormal industrial fermentations. These phages were tested with 31
different saccharolytic and amylolytic strains of butanol-producing, butyric acid-producing,
and isopropanol-producing bacteria belonging to several different Clostridium species and
they reportedly infected only strains of "C. saccharoperbutylacetonicum" (Hongo and
Murata, 1965). Similar results were obtained with the three HM phages in this study, and
each HM bacteriophage infected only strains of "C. saccharoperbutylacetonicum" with the
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same DNA fingerprint and none of the other amylolytic and saccharolytic solvent-producing
strains examined. Bacteriophages CAl and CMX also exhibited narrow host ranges and
phage susceptibility was confined to strains belonging to the same DNA fingerprint group.
The narrow host ranges exhibited by the five bacteriophages therefore provided a highly
discriminatory method of identifying strains with the same DNA fingerprint, however the
usefulness of the typing method was limited by the small number of phages available. The
isolation of more bacteriophages, specific for the different groups of solvent-producing
clostridia, could therefore provide the basis of developing a very effective bacteriophage
typing scheme.
Restriction endonuclease analysis of total genomic DNA has been found to be a
useful method of differentiating bacterial strains. The basic technique involves the digestion
of total chromosomal DNA, using a frequently cutting restriction endonuclease, and the
resulting fragments being resolved by conventional agarose gel electrophoresis (AGE).
However, the large number of fragments produced by this technique can be difficult to
resolve by AGE, and the resulting DNA fingerprints may not always be easy to identify.
These problems have been overcome to a large extent through the development of pulsedfield gel electrophoresis (PFGE), which can be used to separate high molecular weight
DNA. This ability to separate large fragments of DNA has led to PFGE becoming a
powerful tool in bacterial genetics, not only for identifying and distinguishing bacterial
strains, but also determining their genome sizes, constructing physical maps, studying
chromosomal rearrangements and DNA replication, as well as in epidemiological studies.
The use of PFGE therefore allowed the 10-20 DNA fragments obtained by digesting
chromosomal DNA with an infrequently cutting restriction endonuclease, to be resolved and
to yield easily distinguishable DNA profiles. In this study, DNA fingerprint analysis of the
solvent-producing clostridial strains, by PFGE, proved to be a highly discriminatory method
for identifying and differentiating between the strains.
The difficulty encountered of propagating some of the solvent-producing clostridial
strains, especially the amylolytic C. acetobutylicum strains, points to the potential danger of
losing strains and selecting for contaminant strains which perform better in certain culture
media. Restriction endonuclease analysis by PFGE enabled an accurate comparison of
equivalent strains obtained from different culture collections. Findings from this study were
in agreement with those reported by Wilkinson and Young ( 1993), that the strain NCIMB
8052 was totally different to the equivalent strains deposited in the culture collections ATCC,
DSM, and NRRL. As a consequence, the NCIMB 8052 strain has now been lodged with
the ATCC under accession number ATCC 51743. A minor difference in DNA profiles of
two apparently equivalent strains ATCC 3625 and DSM 1737 was also observed. This
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result needs to be confirmed by examining new cultures of the strains from the respective
culture collections. However, the possibility may exist that some strains in culture
collections have been lost and accidentally substituted by contaminant spores. This could
account for the fact that apparently equivalent culture collection strains are not the same.
Unfortunately, if this were to happen there might be no way of determining which was the
original strain. This highlights the need to defmitively document the DNA fingerprints of all
existing solvent-producing clostridial strains in culture collections.
The comparison of bacterial strains by DNA fingerprint analysis was not possible for
strains for which intact chromosomal DNA could not be extracted, and initial attempts to
extract intact chromosomal DNA from a number of the C. acetobutylicum strains belonging
to group 1 were unsuccessful. Similar problems with DNA degradation have been
encountered by other researchers during the preparation of DNA from C. difficile,

C. pe1jringens, C. sporogenes, and C. acetobutylicum for PFGE analysis (Kristjansson et
al., 1994; Lin and Johnson, 1995; Wilkinson and Young, 1993). The mechanism of
degradation is not known, but degradation is presumed to be due to nuclease activity.
Burchhardt and Dtirre (1990) reported on the complete inactivation ofDNase activity in

C. acetobutylicwn DSM 792T by addition of 0.2 M EDTA (final concentration). In this
study, the addition of 0.35 M EDTA (final concentration), for 1 h, to the cell suspensions of
group 1 strains, proved to be successful for the extraction of intact DNA. The method by
which EDTA inhibited the DNase activity of the C. acetobutylicum strains is not known.
Possibly, the high concentration of EDTA chelated the divalent ions necessary for enzymatic
reactions to occur (Curtis, 1986). The EDT A treatment was not successful in overcoming
the problem of DNA degradation which occurred in a few C. beijerinckii strains, so that it
was not possible to obtain restriction endonuclease profiles for these strains. This suggests
that the mechanism of DNA degradation in these C. beijerinckii strains may differ from that
in the group 1 C. acetobutylicum strains.
Based on the results obtained in the biotyping study and DNA fingerprint analysis it
was possible to divide the 72 strains of solvent-producing clostridia examined in this study
into a total of 17 groups. The genomic DNA restriction fragment profiles obtained for
strains belonging to the same group exhibited high levels of similarity, whereas the DNA
profiles obtained for members of different groups were markedly different with little or no
shared banding patterns discernible. The high degree of correlation between the biotypes
and DNA fingerprints within each group indicated that the strains that exhibited phenotypic
similarities were closely related genotypically. However, the relatedness of the solventproducing clostridial strains with markedly different DNA fingerprints could not be
assessed, since large differences in DNA fingerprint patterns can be attributed to relatively
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minor changes in chromosomal structure. Therefore, these results provided little insight into
the possible relationships which might exist between the groups of solvent-producing
clostridia identified.

4.2

Determining the relationships between the groups

The DNA sequence analysis of 16S rRNA genes has proven to be a valuable tool for
discerning the evolutionary relationships among organisms. Furthermore, with the advent
of the polymerase chain reaction (PCR) and the techniques available for the direct
sequencing of amplified DNA, reliable sequences can now be obtained rapidly. Young et al.
( 1991) reported that the DNA sequence analysis of only a segment of the 16S rRNA gene
provided enough information to place an organism in approximately its correct phylogenetic
position. An alignment of 16S rR.NA gene sequences obtained from several strains of
closely related Clostridium species showed that the region corresponding to positions 8301383 (E. coli numbering) consisted of a relatively variable region of the 16S rRNA gene.
An initial investigation was confined to this partial region of the 16S rRNA gene sequence to
determine the phylogenetic relationships among the different groups of solvent-producing
clostridia. The partial 16S rRNA gene sequences from one or more representative strains
belonging to each of the 17 groups was detennined, as were the partial 16S rRNA gene
sequences from five C. beijerinckii strains, for which no DNA fingerprint could be obtained.
DNA sequence analysis of this segment of the 16S rRNA gene provided a relatively quick
and reliable method of comparing the prototype strains of solvent-producing clostridia
belonging to each group. Based on the partial 16S rRNA gene sequences, the 17 biotype
and DNA fingerprint groups could be assigned to four taxonomic groups.
4.2.1

Taxonomic group I

Taxonomic group I contained the amylolytic C. acetobutylicum strains and the "C. kaneboi"
strain which belonged to biotype and DNA fingerprint group 1. This group included the
C. acetobutylicum type strain ATCC 824T (= DSM 792T = NRRL B527T) described by
Weyer and Rettger (1927), as well as the C. acetobutylicum Weizmann industrial strain and
various other strains which were isolated during the early part of this century for their ability
to produce solvents from starch-based substrates, such as maize. C. acetobutylicum ATCC
4259 (= DSM 1731 = NCIMB 619 = NRRL B530), which was originally deposited by
Thaysen in 1920 in the Lister Collection later to become the National Collection of Type
Cultures (NCTC), appears to be a derivative of the original patented Weizmann strain. This
is supported by the finding that the Weizmann process was used at the Royal Naval Cordite
Factory for the production of acetone (Gabriel, 1928), and after World War I Thaysen
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(1921), who was employed at the Royal Naval Cordite Factory, published an account on the
bacteriology of this fermentation process based on notes compiled during the actual working
of the process. In addition, other strains lodged by Thaysen, namely DSM 1732 and
NCIMB 2951, have also been catalogued in the respective culture collections as derivatives
of the Weizmann strain. A third strain, lodged by Hall in the ATCC and listed as ATCC
3625 (= DSM 1737 = NRRL B529), was said to have been derived from an industrial butyl
culture (McCoy and McClung, 1935), and therefore could represent another variant of the
original Weizmann culture. Strain ATCC 862, which was independently isolated by Danker
and deposited by Kluyver in the ATCC in 1926, was reported by McCoy and McClung
( 1935) to resemble the other amylolytic strains of C. acetobutylicum included in their study.
Strain ATCC 862 is no longer held by the ATCC and unfortunately attempts to propagate the
equivalent strain NRRL B528 in this study were unsuccessful. An asporogenic mutant
derived from C. acetobutylicum ATCC 4259 (Lemme and Frankiewicz, 1982) and listed as
ATCC 39236 also fell into this taxonomic group, as did the butanol-producing strain
C. acetobutylicwn ATCC 43084, which was isolated in Argentina from cassava roots

(Benassi et al., 1983), a starch-based substrate. "C. kaneboi" ATCC 17792, isolated in
Japan and reported to produce good solvent yields from starch and cane sugar media
(Nakahama and Haroda, 1949), was also found to belong to taxonomic group I.

4.2.2

Taxonomic group II

Taxonomic group II contained saccharolytic 'C. acetobutylicum' strains belonging to
biotype and DNA fingerprint group 2. This group included 'C. acetobutylicwn' NCP 262
and several other closely related strains utilized by NCP in South Africa from 1945-1983 for
the industrial production of acetone and butanol. In addition, this taxonomic group
contained strain NRRL B643, which was deposited in the NRRL culture collection by
Commercial Solvents Corporation in 1946 as an example of one of their main production
strains. This strain appears to be the only culture of an organism originally designated
"C. saccharo-butyl-acetonicwn-liquefaciens" to be deposited in a culture collection. The

initial patent describing this new saccharolytic member of the genus Clostridium was filed by
Arzberger (1938). This organism was utilized by Commercial Solvents Corporation in the
United States, as well as by the sister plant Commercial Solvents (Great Britain) Ltd. at
Bromborough, for the majority of their AB fermentations with molasses following its
introduction in 1938 (McCutchan and Hickey, 1954). NCP began operating the AB
fermentation process in South Africa in 1936 by using maize mash as the fermentation
substrate (Spivey, 1978). In 1945 the NCP plant was converted from maize to blackstrap
molasses by using the "C. saccharo-butyl-acetonicum-liquefaciens" strains supplied by
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Commercial Solvents Corporation in the United States and later by Commercial Solvents
(Great Britain) Ltd. in England (National Chemical Products (NCP) Ltd, 1939-1983). All
ofthe NCP strains belonging to taxonomic group II appear to have been derived from these
original industrial, saccharolytic, solvent-producing strains.

4.2.3

Taxonomic group III
Taxonomic group III consisted of the "C. saccharoperbutylacetonicum" strains belonging to
biotype and DNA fingerprint groups 3 and 4. The original "C. saccharoperbutylacetonicum"
strain, strain N1-4 (= ATCC 13564), was isolated from soil in Japan by Hongo and Nagata
in 1959 and patented by Hongo in 1960 (Hongo, 1960; Hongo and Murata, 1965). This
strain was used by the Sanraku Distiller's Company for the industrial production of acetone
and butanol from molasses. However, the fermentation process with this strain was beset
by phage infections, with contamination occurring twelve times in one year (Hongo and
Murata, 1965). Strain N 1-504 (= ATCC 27022), which was reported to be a phageresistant mutant of the original strain N 1-4, exhibited an entirely different spectrum of phage
susceptibility than all of the other phage-resistant mutant strains derived from N 1-4 (Ogata
and Hongo, 1979). The differences in the biotype characteristics and DNA fingerprints of
N1-4 and N 1-504 suggest that the latter strain represents a separate isolate rather than having
arisen as a phage-resistant mutant of strain Nl-4. However, the partial 16S rRNA gene
sequences of N 1-4 and N1-504 were identical, suggesting that N1-4 and N1-504 share a
close phylogenetic relationship.

4.2.4

Taxonomic group IV

Taxonomic group IV was the largest of the four taxonomic groups and contained the
saccharolytic strains belonging to biotype and DNA fingerprint groups 5-17. All of the
strains from biotype and DNA fingerprint group 5 originated from the NCP strain collection,
and no examples of this group appear to have been deposited in any of the major culture
collections. These strains were used by NCP in South Africa in combination with the NCP
strains belonging to group 2 for the industrial production of solvents from 1945-1983
(National Chemical Products (NCP) Ltd, 1939-1983). Although, the group 5 NCP strains
appear to have originated from solvent-producing clostridial strains supplied by Commercial
Solvents Corporation, their origins and development remain obscure.
Biotype and DNA fingerprint group 6 includes the strain 'C. acetobutylicum'
NCIMB 8052, which was originally deposited in the ATCC as the type strain of the species.
This strain has been worked with extensively by researchers in Great Britain. It is apparent
from the biotyping and DNA fingerprint analysis results that this strain does not resemble the
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C. acetobutylicum type strains deposited in the ATCC, DSM, and NRRL, and from the 16S

rRNA gene sequence analysis results of this study, that it should be grouped together with
the C. beijerinckii type strain. The 16S rRNA gene sequence obtained in this study for
NCIMB 8052 differed in a few bases to the NCIMB 16S rRNA gene sequence published by
Collins et al. ( 1992) and the latter was therefore reported to be only closely related to the
C. beijerinckii type strain. Since then, Collins and his co-workers have revised the 16S

rRNA gene sequence of NCIMB 8052, and in agreement with this study, they have reported
in a recent publication the sequence to be identical to that of the C. beijerinckii type strain
(Wilkinson et al., 1995). Strain NCIMB 8052 has now been deposited in the ATCC as
C. beijerinckii ATCC 51743.
The remaining strains of solvent-producing clostridia belonging to group 6 appear to
have been first isolated and developed by Commercial Solvents Corporation as industrial
production strains as part of the incentive to conve11 the AB fe1mentation process from a
starch-based substrate to a sugar-based substrate. Strains patented under the name
"C. saccharo-acetobutylicum" appear to have been the first saccharolytic cultures isolated by

Commercial Solvents Corporation which produced high yields of solvents from molasses.
The initial patent for this strain was obtained by Arzberger (1936). This patent was followed
by two additional patents which described variants of "C. saccharo-acetobutylicum" by
Woodruff et al. (1937) and McCoy (1938). This bacterium appears to have been used as a
production strain for the fermentation of molasses both by Commercial Solvents Corporation
in the United States and at the newly opened Commercial Solvents (Great Britain) Ltd.
fermentation plant in the United Kingdom from around 1935 until it was superseded by
"C. saccharo-butyl-acetonicum-liquefaciens." A culture of a prototype strain of
"C. saccharo-acetobutylicum," used by Commercial Solvents Corporation, was deposited in

the NRRL culture collection by McCoy in 1945 and is currently listed as 'C. acetobutylicum'
NRRL B591. The DNA fingerprint of this strain was identical to the DNA fingerprints of
two strains of "C. madisonii," a second saccharolytic Clostridium species described and
patented in 1946 by McCoy and ceded to the Wisconsin Alumni Research Foundation
(McCoy, 1946). In her patent, McCoy reported to have compared "C. madisonii" by
serological agglutination to her earlier patented strain "C. saccharo-acetobutylicum," as well
as to her large collection of other butyl and butyric organisms and "C. madisonii" was found
to be antigenically different by agglutination and agglutinin absorbtion tests (McCoy, 1946).
The "C. madisonii" strain was later used as an industrial production strain in Puerto Rico
(Ogata and Hongo, 1979). The DNA fingerprint patterns of the strains described above
were identical to the DNA fingerprint patterns of the other 'C. acetobutylicum' ATCC,
DSM, NCIMB, and NRRL strains belonging to group 6, which originally came from the
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Wisconsin strain collection and are listed as NCIMB 8049 (= DSM 1739 = ATCC 10132 =
NRRL B594), NCIMB 6444, NCIMB 6445, and NRRL B597.
Only one strain, 'C. acetobutylicum' ATCC 39058, belonged to biotype and DNA
fingerprint group 7. This strain is a butanol-resistant mutant that was developed from the
original parent strain (ATCC 39057) isolated by enrichment culture on Jerusalem artichoke
medium at the Institut Fran9ais du Petrole (IFP) as part of a program initiated in the early
1980's to produce butanol and isopropanol for use as blending agents to enable methanol to
be added to petrol as a fuel extender (Hermann et al., 1985).
The strains NRRL B593 and ATCC 17791, both classified as C. beijerinckii strains,
belonged to group 8. Until recently, strain ATCC 17791, which was deposited in the ATCC
by McClung, was classified as a C. butyricum strain.
Group 9 contained three strains, strain NRRL B596 (listed as a 'C. acetobutylicum'
strain) and strains NRRL B592 and NRRL B466 (classified as C. beijerinckii strains). All
three strains were originally from the Wisconsin collection, and besides having identical
biotypes and DNA fingerprints, their colony morphologies were the same and easily
distinguishable, as they produced large, pink and mucoid colonies.
Results obtained from the second part of the study showed that the type strain of
C. beijerinckii, strain NCIMB 9362T, produced a unique DNA fingerprint and was
therefore assigned as the sole member to group I 0. Donker ( 1926), first proposed the name
C. beijerinckii after the dutch bacteriologist, Beijerinck.

Biotype and DNA fingerprint group 11 contained the two C. beijerinckii strains,
strain NCIMB 9503 and strain NCIMB 9504, which were formerly classified as
"C. rubrum" strains (Ng and Vaughn, 1963). Based on the results of DNA-DNA

hybridization, Cummins and Johnson (1971) found these "C. rubrwn" strains to be 93%
homologous to C. beijerinckii and they proposed that the strains be assigned to the species
C. beijerinckii.

The strains belonging to biotype and DNA fingerprint groups 12 and 13 were
deposited in the NCIMB culture collection by Sharpe. Goudkov and Sharpe (1965) isolated
the strains NCIMB 9579, NCIMB 9580, and NCIMB 9581 from milk and cheese, and
identified them as belonging to the species C. beijerinckii.
The remaining four biotype and DNA fingerprint groups (groups 14-17) each
contained one strain. NCIMB 11373 (group 14) was isolated from pasteurized garden soil
by Donker and NCIMB 12404 (group 15) was deposited in the NCIMB culture collection by
Mayhew. C. beijerinckii ATCC 17795 (group 16) was formerly known as
"C. multifennentans," but like other strains of "C. multifermentans" was reclassified as a
C. beijerinckii strain following the proposal of Cummins and Johnson (1971).
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"C. butanologenum" (group 17) was described by Asai and Haruda (1943) and deposited in
the Institute of Applied Microbiology (IAM) culture collection, Tokyo, Japan.
The remainder of the C. beijerinckii strains, could not be assigned to any of the
aforementioned biotype and DNA fingerprint groups, due to the problem of DNA
degradation encountered with these strains. However, these strains have been confirmed as
belonging to the species C. beijerinckii, on the basis of DNA-DNA hybridization results and
their lipid composition (Cummins and Johnson, 1971; Johnston and Goldfine, 1983).

C. beijerinckii ATCC 6014 and ATCC 6015 were formerly classified as C. butyricum,
whereas ATCC 11914 and ATCC 14823 were previously known as "C. lacto-acetophilum"
and "C. butylicum," respectively.

4.3

Phylogenetic relationships and nomenclature

On the basis of their partial 16S rRNA gene sequences, the prototype strains of solventproducing clostridia were found to fall in rRNA homology group I of Johnson and Francis
( 1975) which has been recently referred to by Collins eta!. (1994) as cluster I. To
determine the genealogical relationships of the solvent-producing clostridia in this homology
group I or cluster I, the complete 16S rRNA gene sequences of the representative prototype
strains of the four taxonomic groups was determined.
The results obtained from a comparative sequence analysis of the virtually complete
16S rRNA sequences confirmed that the type strain of C. acetobutylicum ATCC 824T
(taxonomic group I), which was described by Weyer and Rettger (1927), is only distantly
related to the saccharolytic strains of solvent-producing clostridia. This result is consistent
with the early findings of Johnson and Francis (1975) which placed ATCC 824T in
subgroup I-J of rRNA homology group I, which was quite distinct from subgroup I-A
containing the species C. beijerinckii, C. butyricum, and the saccharolytic, non-proteolytic
strains of C. botulinum. Moreover, during the course of this study, Wilkinson et al. (1995)
published the 16S rRNA gene sequence of C. acetobutylicum ATCC 824T and DSM 1731
and found these two strains to have identical 16S rRNA gene sequences and to be only
remotely related to the strains NCIMB 8052 and NCP 262. The strains which form
taxonomic group I include the original strains classified as C. acetobutylicum, and therefore
strains belonging to this group should retain the species name C. acetobutylicum, whereas
the "C. kaneboi" strain requires reclassification.
Taxonomic groups II, ill, and IV, represented by the strains NCP 262, Nl-4, and
NCIMB 8052, respectively, exhibited high levels of 16S rRNA gene sequence similarity
(>98% ). According to the criteria recommended by Stackebrandt and Goebel ( 1994) it is not
possible by using 16S rRNA gene sequences alone to determine whether these three
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taxonomic groups of solvent-producing clostridia constitute three separate species or are
variants of a single species since their 16S rRNA gene sequences exhibited similarities
which were higher than 97%. At this level of similarity DNA-DNA hybridization techniques
provide a superior method for discriminating between species and strains, with a DNA
reassociation value of 70% or more being indicative that organisms belong to the same
species (Stackebrandt and Goebel, 1994). Comparative studies of 16S rRNA homology and
DNA-DNA reassociation values, have shown that above the 97% similarity, DNA
reassociation values can either be as high as 100% or as low as 25% (Stackebrandt and
Goebel, 1994). This indicates that the resolution power of DNA hybridization is
significantly higher than that of 16S rRNA gene sequence analysis for making a distinction
at the species level (Stackebrandt and Goebel, 1994). It is unlikely that two organisms that
have less than 97% 16S rR.t'\lA sequence homology will reassociate to more than 60-70%
DNA similarity, therefore indicating that they do not belong to the same species
(Stackebrandt and Goebel, 1994). Following the completion of the 16S rRNA gene
sequence analyses reported in this study, the results obtained from genomic DNA-DNA
hybridization studies of solvent-producing clostridia were presented at the Clostridium III
conference, Evanston, United States by Johnson et al. (1994) and subsequently published
(Johnson and Chen, 1995). These researchers investigated 30 solvent-producing clostridial
strains, of which 28 were equivalent to strains used in this study. Based on their results, the
30 strains could be separated into four distinct groups which corresponded to the four
taxonomic groups established in this study. The intra-group DNA reassociation values
obtained by Johnson and Chen (1995) were all above 73% and the inter-group DNA
reassociation values were all below 30%. The finding of Johnson and Chen ( 1995)
therefore supports the delineation of the four taxonomic groups into four separate species.
Johnson and Chen (1995) reported their group I strains to exhibit DNA homologies
between 84-99% with the type strain of C. acetobutylicum ATCC 824T The group I strains
included in their study were ATCC 4259, DSM 792T, DSM 1731, NCIMB 619, NCIMB
2951, NCIMB 6441, NCIMB 6442, NCIMB 6443, NRRL B527T, NRRL B528, and
NRRL B529, and these were the same strains shown to belong to taxonomic group I of this
study. In agreement with this study, Johnson and Chen (1995) identified these strains as
members of the C. acetobutylicwn species.
Group 3 of Johnson and Chen ( 1995) consisted of the strains NRRL B643 and NCP
262, which shared 94% DNA homology and belonged in this study to taxonomic group II.
As mentioned previously taxonomic group II contained industrial strains which were used
by both Commercial Solvents Corporation and NCP as their main production strains during
the latter stages of operation of the AB fermentation process. In 1946 Commercial Solvents
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Corporation deposited a culture of their main production strain in the NRRL culture
collection, and it appears that the original name used to identify this strain in the patent
literature was "C. saccharo-butyl-acetonicum-liquefaciens." Strain NRRL B643 was found
to have a genomic DNA profile identical to that of NCP 258 and very similar to that of NCP
262. Both NCP 258 and NCP 262 were derived from cultures supplied to NCP by
Commercial Solvents Corporation in 1945 when the NCP fetmentation process was
converted from maize mash to molasses (National Chemical Products (NCP) Ltd, 19391983). The similarity of the genomic DNA fingerprints produced by all of the NCP strains
belonging to this group, suggests that they all descended from an original "C. saccharo-

butyl-acetonicum-liquefaciens" strain patented by Commercial Solvents Corporation. As
this was the original nomenclature used in the patent literature to identify strains belonging to
taxonomic group II, it seems appropriate that this name should be retained despite the fact
that it is cumbersome.
Taxonomic group III which corresponded to group 4 of Johnson and Chen ( 1995)
contained strains and derivative strains which were described and patented as
"C. saccharoperbutylacetonicum." Although at present this is not recognized as a valid
species, a number of culture collections continue to list these strains under the name
"C. saccharoperbutylacetonicum," and it seems appropriate that the original nomenclature
for this group be retained.
The saccharolytic solvent-producing clostridial strains belonging to taxonomic group
IV included a diverse collection of strains which have been named in the patent literature as
"C. saccharo-acetobutylicum" and "C. madisonii," as well as strains presently classified as
C. beijerinckii and C. acetobutylicum strains. As determined by comparative 16S rRNA

gene sequence analysis, the representative prototype strain of taxonomic group IV (NCIMB
8052) was identical to the type strain of C. beijerinckii. In addition, Johnson and Chen
(1995) found the strains ATCC 10132, NCIMB 6444, NCIMB 6445, NCIMB 8049,
NCIMB 8052, NRRL B591, NRRL B594, NRRL B466, NRRL B592, NRRL B593, and
NRRL B596 to have DNA homologies of 73-84% with the type strain of C. beijerinckii
strains. Since C. beijerinckii is the legitimate species it seems appropriate that all the strains
belonging to this taxonomic group be reclassified as C. beijerinckii strains. Although,
"C. butylicum" would have priority as the species designation over C. beijerinckii, since

Beijerinck (1893) first described the species "C. butylicum" before Donker (1926) proposed
the species name C. beijerinckii. However, "C. butylicum" did not appear in the "Approved
Lists of Bacterial Names" (Skerman et al., 1980), apparently through an oversight and
therefore this name is no longer recognized (George et al., 1983). The only difference
between the two 'species' was the inability of C. beijerinckii to ferment starch, whereas
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"C. butylicwn" fermented starch of potato mash but not of maize mash (Breed et al., 1957).
However, many strains of C. beijerinckii have been found to ferment starch (Holdeman et

al., 1977). Johnson and Chen (1995) also showed that the two strains, DSM 526 and
NRRL B598, which are currently classified as 'C. pasteurianum' strains, belong to the
species C. beijerinckii.
From the results obtained in this study, and from the studies of Wilkinson et al.
( 1995) and Johnson and Chen (1995) it is apparent that many saccharolytic strains currently
classified as C. acetobutylicum strains differ markedly from the C. acetobutylicum strains
originally isolated for their ability to produce solvents from starch-based substrates. It can
be concluded that numerous saccharolytic solvent-producing clostridia which were isolated
and patented from the mid 1930's onward indeed made up an entirely different assemblage
of solvent-producing clostridia and included the closely related species C. beijerinckii,
"C. saccharo-butyl-acetonicum-liquefaciens," and "C. saccharoperbutylacetonicum." The

strains belonging to each of the four species are summarized in Table 4.1.

4.4

Concurrent studies

Descriptions of new species requires that they be published in the "Validation Lists" of the
International Journal of Systematic Bacteriology in order to have standing in the
nomenclature. Only those species which are adequately described and for which a type
strain is available and deposited in a recognized culture collection, are retained as valid
species. The finding that the strains of solvent-producing clostridia were comprised of the
species C. acetobutylicwn, "C. saccharo-butyl-acetonicum-liquefaciens,"
"C. saccharoperbutylacetonicum," and C. beijerinckii has resulted in the initiation of a

separate study in this laboratory to formally describe each species. In this separate study,
carbohydrate utilization, gelatin liquefaction, enzymatic activities, pH and temperature range,
oxygen tolerance, and solvent production are some of the physiological characteristics
currently being analyzed for each of the four species. Hence, the results of this study have
therefore not been described in this thesis. However, it is the intention of this laboratory to
combine the results obtained from both of these studies to provide a formal description of the
four species. In addition, reports will be submitted to the culture collections which provided
the majority of the strains. Concurrently, a representative type strain of the species
"C. saccharo-butyl-acetonicum-liquefaciens" will be deposited in the culture collections to

conform with the regulations set out above to validly describe the species.
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TABLE 4.1 Solvent-producing clostridial strains belonging to the four species
Stroinsa

Formerly known ns:

C. acetobutylicu m
ATCC 824T (= DSM 792T = NRRL B527T)
ATCC3625
DSM 1733 (= NCIMB 6441)
NCIMB 6442
NC!MB 6443
ATCC43084
ATCC 17792

"C. kaneboi"

ATCC 4259 (= DSM 1731 = NCIMB 619 = NRRL 8530)
DSM 1737
DSM 1732 (= NCIMB 2951)
ATCC 39236
ATCC 8529 (= DSM 1738)

"C. sac charo- b utyl-ac eto nic um-liq uejacie ns"
NCP
NCP
NCP
NCP

262
249
265
268

NCP 258
NRRL B643

C. acetoburylicum
C. acetobutvlicum

C. acetobuiylicwn
C. acetobutylicum
C. acetobutvlicum
C. acerobuiylicwn

"C. saccharoperb utylacetonicu m"
N1-4 (= ATCC 13564)
ATCC 27021
N1-504 (= ATCC 27022)

C. beijerinckii
NCP
NCP
NCP
NCP
NCP
NCP
NCP
NCP

193
172
259
261
263
264
270
271

C. acetoburvlicum

C.
C.
C.
C.
C.

acetobuivlicum
acetobuivlicwn
acetobuivlicum
acetobuivlicwn
acetobuivlicwn
C. acetobuiviicum
C. acetobuiylicwn

NCIMB 8052
C. acetoburvlicwn
NCIMB 8049 (= DSM 1739 = ATCC 10132 = NRRL 8594) C. acetobuivlicum
NCIMB6444
C. acetobuivlicwn
NCIMB 6445
C. acetobuiylicum
NCIMB 8653
C. acetobutvlicum
NRRL B591
C. acetobuiylicum
NRRL B597
C. acetobutylicum
214
"C. madisonii"
419
"C. madisonii''
ATCC 39058

C. acetobutylicwn

NRRL B593
ATCC 17791
NRRL 8592
NRRL B466
NRRL B596

C. acetobut\:licum
C. acetobuiylicum

NC!MB 9362T (= ATCC 25752T = DSM 791TJ
NCIMB 9503 (ATCC 14949 = DSM 53)
NCIMB 9504 (ATCC 14950)
NCIMB9579
NC!MB9580
NCIMB 9581
NC!MB 11373 (= ATCC 858 = DSM 1820)
NC1MB 12404
ATCC 17795
lAM 19015

"C. butanologenum"

ATCC 6014( 1) and (2)"
ATCC 6015"
ATCC 14823"
ATCC 11914"
<J

strains of species have been grouped togelher on the basis of identical DNA fingerprints

b for these strains no DNA fingerprints were obtained
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4.5

Relationships of acid- and solvent-forming enzymes

The four species C. acetobutylicum, "C. saccharo-butyl-acetonicum-liquefaciens,"
"C. saccharoperbutylacetonicum," and C. beijerinckii all share the ability to produce the

solvents acetone, butanol, ethanol, and isopropanol. The biochemical pathways involved in
the formation of these solvents are now relatively well understood and have been
documented extensively (Chen, 1993; Jones and Woods, 1986 and 1989; Rogers and
Gottschalk, 1993). In view of the phylogenetic diversity that has been demonstrated to exist
amongst the solvent-producing clostridia it will be of interest to ascertain whether any
evolutionary relationships exist between the genes which code for the enzymes involved in
the solvent-producing pathways of the different species. Like the butyric acid-producing
clostridia (eg. C. butyricwn), the solvent-producing clostridia synthesize acetate and butyrate
via the reactions l-9 illustrated in Figure 4.1. To produce ethanol, acetone, isopropanol,
and butanol the solvent-producing clostridia utilize three additional pathways (reactions 1016, Fig. 4.1 ). These three additional pathways branch off the three metabolic intermediates,
acetyl-CoA, acetoacetyl-CoA, and butyryl-CoA which are also the precursors to acetate and
butyrate. Hence, the acid- and solvent-producing pathways share the same set of reactions,
besides the glycolytic reactions, which span between pyruvate and butyryl-CoA, Therefore,
it could be assumed that the enzymes involved in the reactions 1-5 (Fig. 4.1) are relatively
conserved between the different species of solvent-producing clostridia. This is supported
by the finding that of the 34 amino-terminal residues determined from the purified enzyme 3hydroxybutyryl-CoA dehydrogenase, from C. beijerinckii NRRL B593, 32 amino acids
were identical to those of the determined sequence from "C. saccharo-butyl-acetonicum-

liquefaciens" NCP 262 (Colby and Chen, 1992). However, Wilkinson and Young (1993)
reported that the thiolase gene (atoB) from C. acetobutylicum ATCC 824T did not hybridize
with genomic DNA fragments from NCP 262, even under conditions of low stringency,
suggesting that the two genes from the two species vary considerably.
At present there is only a limited amount of data available on the enzymes involved in
the acid-forming reactions 6-9 (Fig. 4.1 ). Walter eta!. ( 1993) compared the
C. acetobutylicwn ATCC 824T enzymes butyrate kinase and phosphotransbutyrylase and

found them to share 64.3% amino acid identity (79.9% similarity) and 68.8% amino acid
identity (84.1% similarity), respectively to the equivalent enzymes of C. beijerinckii NCIMB
8052. Probes of the two genes cloned from ATCC 824T were also found to hybridize to
DNA fragments of an NCP 262 digest~ suggesting that there is some similarity between the
two enzymes of the two species (Wilkinson and Young, 1993). Therefore, it could be
possible that the enzymes involved in the acid-forming reactions are conserved between
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FIGURE 4.1 Biochemical pathways of acid and solvent production in clostridia (Chen,
1993). Enzymes catalyzing the numbered reactions are as follows: (1)
pyruvate-ferredoxin oxidoreductase; (2) thiolase; (3) 3-hydroxybutyryl-CoA
dehydrogenase; (4) crotonase; (5) butyryl-CoA dehydrogenase; (6)
phosphotransacetylase; (7) acetate kinase; (8) phosphotransbutyrylase; (9)
butyrate kinase; (I 0) acetaldehyde dehydrogenase; (11) ethanol
dehydrogenase; (12) Co-A transferase; (13) acetoacetate decarboxylase; (14)
isopropanol dehydrogenase; (15) butyraldehyde dehydrogenase; (16) butanol
dehydrogenase.
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species of clostridia, however further work will need to be carried out to confirm this.
The enzymes involved in the formation of the primary alcohols ethanol, acetone, and
butanol, and the secondary alcohol, isopropanol catalyze the reactions 10-16 (Fig. 4.1 ).
These six reactions include the enzymes CoA transferase and acetoacetate decarboxylase, as
well as aldehyde dehydrogenases (ALDH) and alcohol dehydrogenases (ADH). Primary
ADHs have now been isolated from strains of C. acetobutylicum, C. beijerinckii, and

"C. saccharo-butyl-acetonicwn-liquefaciens," as has a primary/secondary ADH from two
strains of isopropanol-producing C. beijerinckii (Hiu et al., 1987; Welch et al., 1989;
Youngleson eta/., 1989; Youngleson eta/., 1988). An alcohol/aldehyde dehydrogenase has
also been purified from the type strain of C. acetobutylicum, and its gene encoded a
polypeptide with theN-terminal half showing homology to ALDHs and the C-terminal half
showing homology to ADHs (Nair eta/., 1994). The primary ADH of C. beijerinckii,
consisting of three isozymes, exhibited high sequence similarity to the ADH-1 of

"C. saccharo-butyl-acetonicum-liquefaciens" NCP 262 and to the ADH domain of the
alcohol/aldehyde dehydrogenase of C. acetobutylicum ATCC 824T (Chen, 1995). Less
amino acid sequence homology was observed between the butanol dehydrogenase (two
isozymes) of ATCC 824T and the primary ADHs from NCP 262 and NRRL B592 (Chen,
1995). The primary/secondary ADH of isopropanol-producing C. beijerinckii was found to
be highly conserved with the ADH purified from the distantly related ethanol-producing
anaerobe Thennoanaerobacter brockii, suggesting that these two ADHs play a similar role in
anaerobic metabolism (Chen, 1995). As more data is accumulated on the enzymes involved
in the acid- and solvent-forming reactions from the different solvent-producing Clostridium
species, comparative studies of the genes encoding for the enzymes will help elucidate how
the enzymes of this important group of bacteria are related.

4.6

Future studies

The finding that solvent-producing clostridial strains formerly thought to belong to just a
single species, designated C. acetobutylicwn, can in actual fact be assigned to at least four
distinct species has helped resolve many of the discrepancies reported in the scientific
literature regarding their phenotypic and genotypic characteristics. The identification of four
species of solvent-producing clostridia provides a new perspective and opens the way to
new approaches in the study of this important group of industrial microorganisms.
The original starch-utilizing C. acetobutylicum group has been, and continues to be
the focus of extensive research and is therefore both physiologically and genetically the most
well-defined of the four species. The species "C. saccharo-butyl-acetonicwn-liquefaciens,"
represented by NCP 262, has also been the focus of a substantial amount of attention by
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research groups, as have certain members of the species C. beijerinckii represented by the
strains NCIMB 8052, NRRL B592, and NRRL B593. The species "C. saccharoperbutylacetonicum" has received Jess attention in recent years and is therefore
physiologically and genetically the least well-defined of the four species.
Comprehensive comparative physiological, enzymatic, and genetic studies need to be
carried out to further characterize the four solvent-producing Clostridium species. There is
much to be done in terms of comparing their efficiency in producing solvents in order to
assess their potential use in future industrial applications. Investigations of this type would
involve laboratory and pilot-scale studies using batch and continuous fermentations, as well
as the testing of different strains on various types of fermentation substrates such as
agricultural and industrial wastes.
Further work also needs to be undertaken to discriminate and characterize the various
DNA fingerprint groups within each of the four species and to establish their genetic
relationships. PCR-based techniques such as the random amplified polymorphic DNA
(RAPD) method, the amplified fragment length polymorphism (AFLP) method, DNA
fingerprinting by rep-PCR, or amplification of the 16S/23S rRNA intergenic spacer region
are some of the techniques which could be used to determine the intraspecific relationships
of strains with different DNA fingerprints.
This study, and that of other researchers, aimed at establishing the taxonomic
relationships of the solvent-producing clostridia, has provided a new framework with which
to view this important group of industrial bacteria. It is hoped that the study might
contribute to opening new avenues of research, so that one day these microorganisms may
again be exploited for the industrial synthesis of chemicals to supplement those presently
derived from the worlds diminishing oil reserves.
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Abstract
The origins and the development of the various industrial strains of solvent-producing clostridia have been re-examined
and their taxonomic relationships re-assessed, utilizing data derived from a recent study employing biotyping, chromosomal
DNA fingerprinting and 165 rRNA gene sequencing.
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l. Introduction

As presently delineated, the genus Clostridium is
comprised of an extremely diverse and heterogeneous group of Gram-positive, anaerobic spore-forming bacteria [1,2]. Amongst the mesophilic, saccharolytic, butyric acid-producing clostridia are a number of species capable of producing significant
amounts of butanol in combination with various
other neutral solvents such as acetone, isopropanol
and ethanol [3]. With most species, the solvents are
formed during the later stages of growth in batch
fermentation. During the first half of this century,
extensive use was made of certain solvent-producing
clostridial strains for the industrial production of
acetone and butanol. Initially, maize mash served as
the main fermentation substrate, but later most fermentation processes were switched to molasses [3-5].

·Corresponding author. Tel.: +64 (3) 479 7735; Fax: +64 (3)
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2. The origin and developmen t of strains utilizing
maize mash
The first attempts to isolate and develop strains of
solvent-producing clostridia for commercial application were initiated by the British firm of Strange and
Graham Ltd., who in 1910 began investigating the
feasibility of manufacturing synthetic rubber from
higher alcohols. This firm secured the services of
Perkins and Weizmann, from the University of
Manchester, and Fernbach and Schoen from the Institute Pasteur, to isolate and develop microbial cultures for the production of solvents [5,6].
In 1911, Fernbach isolated a solvent-producing
bacillus, designated FB, which was able to ferment
potato mash but not maize mash [5,6]. Even after
hydrolysis of the starch to sugars, indifferent results
were obtained with this organism [6]. An English
patent 21,073 was filed by Strange and Graham and
production was started at their plant using the Fernbach strain, in mid 1913, utilizing potatoes as the
fermentation substrate [5,6]. Weizmann, who had

0168-6445/95/ $29.00 © 1995 Federation of European Microbiological Societies. All rights reserved
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severed his connections with the Strange and Graham company in 1912, continued independently with
his quest to isolate and develop a commercially
viable solvent-producing strain and over the next 2
years he isolated and tested a number of isolates,
including one which showed considerable promise
which he designated BY [6].
Following the outbreak of World War I, the firm
of Strange and Graham was contracted to produce
acetone, a strategic material required for the British
war effort for the production of munitions, using the
Fernbach strain [5,7]. Weizmann who had volunteered his services was able to convince the British
Government that his BY strain was superior to the
strain in use at the King's Lynn plant, as his strain
was capable of producing good yields of acetone
from maize mash. He was given the go-ahead to
recruit a research team to work on the development
of his process and was granted an English patent on
his strain in March 1915 [6]. As a result, the government took possession of the Strange and Graham
facilities in 1916 and the Weizmann process was
substituted [6,7]. However, shortly after this the
shortage of fermentation substrate in Britain forced
the entire fermentation process to be moved to
Canada. The Canadian plant operated the fermentation on maize mash using the Weizmann strain from
August 1916 to November 1918 [6,8].
Following the entry of the USA into the war, the
British War Commission and the US Government
jointly purchased Majestic Whisky Distillery in Terre
Haute and a second Weizmann fermentation process
was established in the USA. This plant operated
from May to November 1918 [6,8] and following the
cessation of hostilities it was auctioned off in late
1919 [7]. The plant, which was acquired from the
Allied War Board by the Commercial Solvents Corporation (CSC), became operational again in 1920
[6,8]. esc also acquired world-wide patent rights for
the Weizmann process [6]. In 1923, CSC established
a second plant at Peoria and the capacity of both
plants was increased a number of times during the
period 1923 to 1926 [6].
In 1923, Strange and Graham resumed possession
of their plant and recommenced operating the acetone-butanol (AB) fermentation process utilizing the
Weizmann strain. A year later, CSC started an action
against this firm for infringement of the Weizmann

patent and in 1926 the patent was judged to be valid.
As a result, Strange and Graham went into liquidation and their works were later bought by Distillers
Company, Ltd. [7-9].
From very early on, CSC developed an extensive
research and development facility located at the Terre
Haute plant [6]. One of the first problems tackled by
the research section was the development of bacteriophage-resistant cultures as a consequence of a
major phage infection which occurred in the Terre
Haute plant during 1923 [7-9]. A second area of
research developed by esc was the isolation and
development of new strains for use on maize mash.
A number of new strains were isolated from various
natural sources; however, although many new isolates were tested, none of these proved to be superior
to the original Weizmann strain which produced a
yield of 28-30% solvents from 3.8% starch [9]. As a
result of the recommendations of McCoy et a!. [10]
and Weyer and Rettger [I 1], the original Weizmann
industrial strain and related isolates became known
as Clostridium acetobutylicum.

3. The origin and development of strains utilizing
molasses
By the beginning of the 1930s, an abundant supply of cheap blackstrap molasses provided an attractive alternative to maize mash as a substrate for the
AB fermentation process. In addition, a glut in sugar
production in the Caribbean resulted in the development of high test molasses which was produced by
the acid inversion of whole cane juice [9,12]. The
availability of these less expensive and more convenient sugar-based fermentation substrates provided a
strong incentive to develop a molasses-based process. However, even when invert molasses was used,
the Weizmann and related strains gave poor results
with these substrates and although considerable effort was invested in trying to develop an economically viable fermentation process, success was never
achieved with these strains [9]. This initiated a search
for more effective strains of solvent-producing
clostridia. esc maintained a large culture collection
of various starch-fermenting bacteria and a survey
revealed that a few strains were capable of com-
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pletely fermenting the sucrose in molasses. Fermentations utilizing sugar-fermenting strains were first
begun by CSC in 1932 and a selected culture (CSC
No. 8), which fermented at least 6% sugar to give
solvent concentrations of nearly 2%, was brought
into use [7,9,13]. This was the first of a long line of
improved saccharolytic strains which were introduced during the 1930s [13].
From 1936 to 1940, CSC filed a number of US
patents covering the industrial production of acetone
and butanol, utilizing new strains of saccharolytic
solvent-producing clostridia. The first of.these filed
by Arzberger in 1936 was named C. saccharoacetobutylicum (US 2,050,219). Further patents covering variants of this organism were filed by
Woodruff, Stiles and Legg in 1937 (US 2,089,522)
and McCoy in 1938 (US 2,110,109). These strains
were capable of fermenting molasses mashes which
contained either sucrose or invert sugars at concentrations of up to 7.5% sugars and gave solvent yields
of 30%. Inversion of the sucrose was not required
[9,12]. A culture of the prototype strain used by CSC
was lodged with the Northern Regional Research
Laboratory (NRRL) culture collection in 1945 by
McCoy (Wisconsin strain A-8, NRRL strain B-591).
This organism appears to have been used from around
1935 as the main production strain for the fermentation of molasses by both CSC in the USA and at the
newly opened plant in the UK until it was superseded by a superior saccharolytic clostridial strain

[9].
Two additional solvent-producing clostridia which
were able to utilize invert sucrose only were also
patented by CSC. The first of these, C. invertoacetobutylicum which produced butanol and acetone
was lodged by Legg and Stiles in 1936 (US
2,063,448) and Stiles in 1937 (US 2,073,125). The
second of these, C. propyl-butylicum, which produced butanol and isopropanol, was lodged by Muller
in 1938 (US 2,132,039). Neither of these strains
appear to have been used commercially [12].
In 1938, a patent was lodged by Arzberger, which
covered a newly isolated saccharolytic Clostridium
strain named C. saccharo-butyl-acetonicum-liquefaciens (US 2,139,108). This strain produced solvent
yields of 30-33% and gave a different ratio of
solvents. Following its introduction in 1938, this was
utiliced as the main production strain by both esc
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and Commercial Solvents, Great Britain (CS-GB) for
practically all of their AB fermentations with molasses [12]. The B-643 strain lodged with NRRL by
esc in 1946 appears to be the only culture of this
strain to have been lodged in a culture collection. An
unusual variant (Code C-12) was found to ferment
molasses poorly but gave excellent results on starch
[8]. In 1940 a further patent covering C. granulobacter-acetobutylicum was lodged by Muller (US
2,195,629).
Several years after the Strange and Graham company went into liquidation, the Distillers Company
re-assessed the possibility of establishing the AB
fermentation process in Britain but concluded that it
was uneconomic [9]. However, during the early
1930s, CSC decided to erect a plant at Bromborough
in Britain designed for both ethanol and butanol
production [9,13]. With only minor teething problems, the solvent process at CS-GB became operational at the end of 1935 using a phage-immunized
strain of C. saccharo-acetobutylicum developed in
the research laboratories at CSC [7,9,13]. By 1945,
this factory had also converted to using C.
saccharo-butyl-acetonicum-liquefaciens as the main
production strain. The fermentation made a major
contribution to the British war effort during the
Second World War and finally closed in the early
1950s [9].
In 1936, National Chemical Products (NCP) Ltd.,
which had links to both CS-GB and Distillers Company, began operating the AB fermentation process
at their plant in Germiston, in South Africa, using
maize mash as the fermentation substrate [14). In
1945, the process was converted from maize to
blackstrap molasses utilizing C. saccharo-butylacetonicum-liquefaciens strains supplied by esc and
CS-GB (NCP archives).
Following the expiry of the CSC Weizmann patent
in 1936, industrial AB fermentation processes were
established in Philadelphia by Publicker Industries
Incorporated, in Baltimore by the US Industrial Alcohol Company and in Puerto Rico by the Lummus
Company. The fermentation process also began operating in Japan around this time [8].
During the 10-year period from 1920 to 1929,
more than 20 US patents relating to the manufacture
of butanol by fermentation were filed and from 1929
onwards at least a dozen new saccharolytic strains of
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solvent-producing clostridia were patented on behalf
of other companies which had an interest or involvement in the commercial production of butanol by
fermentation. In addition to the three companies
which established commercial fermentation processes, US patents were lodged on behalf of the
Eastern Alcohol Corporation, DuPont de Nemours
and Company, the A.O. Smith Corporation and the
Sanraku Distiller's Company in Japan. A few other
strains were patented by individuals with no stated
company affiliations (Table 1).
It is possible to group the various saccharolytic

strains which were patented into five distinct assemblages according to whether they required inversion
of the sucrose in molasses or not, the type of nitrogen source required and the nature and ratio of the
solvents produced (Table 2).
A number of these strains appear to have been
used for commercial production. In 1935, Sherman
and Erb filed a patent on behalf of the US Industrial
Alcohol Company covering C. viscifaciens which
utilized invert molasses and produced mainly butanol
and isopropanol (US 2,017 ,572). A strain exhibiting
similar characteristics named C. amylo-saccharo-

Table 1
Patented strains of solvent-producing bacteria held by various companies
Date

US patent no.

Commercial Solvents Corporation
1919
1,315,585
1936
2,050,219
1936
2.063,448
2,089,522
1937
2.110,109
1938
1938
2,132,039
1938
2.139,108
1940
2.195,629

Patentee

Species name

Weizmann
Arzberger
Legg and Stiles
Woodruff ct a!.
McCoy
MUller
Arzberger
MUller

C.
C.
C.
C.

Eastern Alcohol Corporation -DuPont de Nemours and Company
1929
1,725,083
lzsak
1933
1,908,361
Izsak and Funk
A.O. Smith Corporation
1935
1,992,921
1937
2.096.377
1941
2.219,426

Loughlin
Loughlin
Loughlin

C.
C.
C.
C.

acetobutylicwn
saccharo-acetobutylicum-beta and gamma
inuerto-acetobutylicum
saccharo-acerobutylicum
saccharo-acetobu.tylicum-alpha
propyl butylicum-alpha
saccharo-bu.tyl-acetonicum-liquefaciens
granulobacter acetobutylicum

B. saccharobutyficum·beta
C. saccharobutylicum-gamma

C. saccharobutyf-acetonicum

C. saccharobutyl-isopropyl-acetonicum
C. saccharobutyl-isopropylacetonicum-beta

US Industrial Alcohol Company (US Industrial Chemicals)
1935
2.017,572
Sherman and Erb
1939
2.169,246
Hildebrandt and Erb

C. celenfactor

Lummus Company
1938
2,113,472

Arroyo

B. terry! (C. rerylizlm)

Hall
1939

Hall

B. butacone

Wisconsin Alumini Research Foundation
1946
2.398,837

McCoy

C. madisonii

Publicker Industries Incorporated
1947
2.420,998
1948
2,439,791

Beesch and Legg
Beesch

C. amylo-saccharo butyl-propylicu.m
C. saccharo acetoperbutylicum

Sanraku Distiller's Company Incorporated
1960
2,945.786

Hongo

C. saccharoperbutylacetonicum

2,147,487

C. t'iscifaciens
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butyl-propylicum was patented in 1947 by Beesch
and Legg for Publicker Industries (US 2,420,998).
These strains would appear to have resembled the C.
propyl-butylicum strain patented by esc and to
show similarities to existing strains now classified as
C. beijerinckii.
A second group of industrial strains, which also
required inverted molasses and produced acetone but
not isopropanol, were patented by the four main
North American companies. In 1936, CSC lodged a
patent covering C. inverto-acerobutylicum. In 1938,
Arroyo filed a patent on behalf of the Lummus
Company covering Bacillus tetryl later renamed C.
terylium which was employed industrially in Puerto
Rico (US 2,113,472). In 1939, Hildebrandt and Erb
patented a somewhat similar strain named C. celeri-

factor on behalf of the US Industrial Alcohol Company (US 2,169,246) and in 1948 Beesch also
patented a strain of this type named C. saccharoacetoperbutylicum for Publicker Industries (US
2,439,791) [15,16]. Sucrose does not appear to have
been fermented well by any of these strains [7 ,12].
In 1939, Hall patented B. butacone which was
characterized by extremely heat-resistant spores and
the ability to ferment starch or molasses in the
presence of animal or plant protein (US 2,147,487)
[9,15]. This strain appears to show some resemblance
to the C. saccharobutyl-acetonicum strain patented
earlier by Loughlin in 1935 (US 1,992,921) [15].
Of the five main strains which were capable of
effectively fermenting high concentrations of molasses without the requirement for inversion, three

Table 2
Patented strains of solvent·producing bacteria grouped according to physiological types
Date

US patent no.
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Species name

1. Maize starch (butanol 64-71 %; acetone 20-36%; ethano12-4%)
1919
1,315,585
C. acetobutylicum
2. Invert sugars (butanol65-75%; acetone 2-10%; isopropanoll0-35%)
1929
1, 725,083
B. saccharobutylicum-beta
1935
2,017,572
C. uiscifaciens
1937
2,096,377
C. saccharobutyl-isopropyl-acetonicum
1938
2,132,039
C. propyl butylicum-alpha
1947
2,420,998
C. amylo-saccharo butyl-propylicum

Company

esc
Eastern Alcohol Corp.
U.S. Industrial Alcohol
A.D. Smith Corp.

esc

Publickcr Industries

3, Invert sugars (butano160-76%; acetone 20-38%; ethanol2-7%)
1936
2,063,448
C. im•erto-acetobutylicum
1938
2,113,472
B. terry! (C. teryliwn)
1939
2,169,246
C. celerifactor
1948
2,439,791
C. saccharo-acetoperbutylicum

Lummus Co.
U.S. Industrial A.lcoho!
Publicker Industries

4. Molasses (butano160-85%; acetone 15-40%; isopropano11-4%)
1933
1,908,361
C. saccharobutylicum-gamma
1941
2,219,426
C. saccharobutyl-isopropylacetonicum-beta

Eastern Alcohol Corp.
A.D. Smith Corp.

5. Molasses with protein (butanol 64-65%; acetone 28-36%)
1935
1,992,921
C. saccharobutyl-acetonicum
1939
2,147,487
B. butacone

A.D. Smith Corp.
Hall

6. Molasses (butanol 64-71 %; acetone 20-36%; ethano12-4%)
1936
2,050,219
C. saccharo·acetobutylicum-beta and gamma
1937
2,089,522
C. saccharo-acerobutylicum
1938
2.110,109
C. saccharo-acerobutylicum-alpha
1938
2,139,108
C. saccharo-butyl-acetonicum-liquefaciens
1940
2.195.629
C. granulobacter acetobutylicum
1946
C. madisonii
2,398.837
1960
2,945,786
C. saccharoperbutylacetonicum

esc

esc
esc
esc
esc
esc
Wisconsin Alumini
Sanraku Distillers Co.
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were patented on behalf of CSC. A fourth strain,
named C. madisonii, was patented by McCoy and
ceded to the Wisconsin Alumini Research Foundation (US 2,398,837). This strain, which appears to be
very similar to the C. saccharo-acetobutylicum strain
patented earlier by McCoy on behalf of CSC, appears to have been utilized for the industrial production of solvents in Puerto Rico [17]. One other
molasses-fermenting strain utilized by the Sanraku
Distiller's Company in Japan for the industrial production of solvents was patented by Hongo in 1960
(US 2,945,786). Two variants of this strain are now
lodged with the American Type Culture Collection

Table 3
Culture collection strains of

ATCC

DSM

solvent~producing

(ATCC) as C. saccharoperbutylacetonicum ATCC
27021 and 27022. Two other saccharolytic strains,
C. toanum and C. kaneboi, appear to have been used
in the Far East for the production of solvents on rice
and sugar mixtures [8].
Although molasses-based fermentations proved to
be more economical from a commercial standpoint,
the rise of the petroleum industry after the Second
World War resulted in the demise of the fermentation process in the western world by the beginning of
the 1960s. The process did, however, continue to
operate in South Africa until the beginning of the
1980s and still continues to operate in China.

clostridia grouped according to species and substrate utilization

NCIMB

NRRL

Strain

Origin

B-527
B-528
B-530

McCoyW
McCoy D

B-529

McCoy H
Castell
Wisconsin B-3
Wisconsin B-5
Wisconsin B-10
B-11-3
3003

Weyer/Rcngcr (type strain)
Donkcr/Kluyver
Thaysen (Weizmann patent)
Weizmann patent
Hall (Weizmann strain?)
McCoy 48

Group l. C. acetobutylicum (starch utilization)
824
[862]
4259
3625
8529

792
1731
1732
1737
1738
1733

619
2951

6441
6442
6443

39236
43084

McCoyT
Thayscn

CPC patent (ATCC 4259 mutant)
Benassi (Cassava strain)

Group 2. C. acetobutylicum (molasses utilization)
B-591

10132
X

1739
X

6444
6445
8049
8052

B-594

Wisconsin A-8
Wisconsin A-13
Wisconsin A-14
Wisconsin A-14

X
B-597
B-643

39057
39058

(from CSC)

Listed as type strain ATCC 824
Wisconsin A-72

esc
IFP-903
IFP-904

IFP patent
IFP patent (IFP-903 mutant)

79
Wisconsin A-21
Wisconsin A-39
Wisconsin A-38

Fernbach
Fernbach

Reid

Wisconsin 39-90

N1-4(HMT)
Nl-504

Hongo
Hongo

Group 3. C. beijerinckii
14823
B-593
B-592
B-596
B-466

Group 4. C. saccharoperbutylacetonicum
27021
27022
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4. Present status of solvent-producing strains
Many of the original patented strains appear to
have been lost, but a few have survived in culture
collections around the world (Table 3). In addition,
spore stocks of some 40 production strains utilized
between 1945 and 1982 have been maintained by
NCP. During the 30-year period immediately following the Second World War, little research on the AB
fermentation was carried out. It was only towards the
end of the 1970s when the potential of the solventproducing clostridia for application in biotechnology
began to be re-investigated that there was renewed
interest in this group of organisms.
In recent times, the majority of investigators have
focussed their interests on the type culture strain, C.
acetobutylicum ATCC 824. This strain, which was
never used in industry, was isolated from Connecticut garden soil in 1924. Weyer and Rettger who
characterized the strain opted to select it, rather than
the Weizmann strain, as the type strain for the
species [11]. This strain has been utilized by the
majority of investigators working in the USA, Canada
and Sweden as well as some of the groups working
in France and Germany. Other research groups in
Germany have utilized the DSM 792 strain, which is
the equivalent type culture strain lodged with the
DSM culture collection. A third culture of the type
strain NCIMB 8052 is lodged with the National
Collection of Industrial and Marine Bacteria
(NCIMB) in Scotland and this culture has been
utilized by the majority of the research groups working in Britain. Recently, however, it has become
apparent that the NCIMB 8052 strain bears little or
no resemblance to the other two cultures lodged with
the ATCC and DSM, or to any of the other various
closely related starch-fermenting Weizmann strains
[18]. Instead, it shows close affinities to some of the
saccharolytic solvent-producing clostridia isolated
and developed in the 1930s. The director of the
NCIMB has been informed of this anomaly and
users are being notified accordingly.
The C. acetobutylicum ATCC 4259 strain and the
equivalent DSM 1731, NCIMB 619 and NRRL B-530
strains are all derived from the original Weizmann
industrial strain and appear to share close similarities
with the type culture strain. These strains have been
used in preference to the type strain by a number of
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research groups working in the USA, France and
Germany. An asporogenous mutant ATCC 39236
derived from this strain has been patented by workers at the Moffett Technical Center CPC International [19]. The DSM 1732 strain which has been
studied to a lesser extent also appears to bear a close
relationship to the Weizmann strain.
The saccharolytic strain C. acetobutylicum P262
which was one of the NCP production strains has
been studied by groups working in South Africa and
New Zealand. This strain appears to have been derived in direct lineage from the CS-GB and the CSC
strains and shows close similarities to the NRRL
B-643 strain which was lodged by CSC in 1945 as
an example of their main production strain. The C.
saccharoperbutylacetonicum Nl-4 strain (ATCC
27021) is another sucrose-fermenting industrial production strain which has been the subject of studies
by groups working in Japan and France [20].
More recently, a number of new strains of C.
acetobutylicum were isolated and characterized in
France as part of an initiative started at the beginning
of the 1980s to produce butanol and isopropanol as
blending agents to enable methanol to be added to
petrol as a fuel extender. The aims of this programme was to investigate the feasibility of producing solvents using Jerusalem artichokes or agricultural wastes as fermentation substrates. C. acetobutylicum IFP 903 (ATCC 39057) was isolated by
enrichment culture from Jerusalem artichokes at the
Institute National Agronomique, Paris, France. A
butanol-resistant mutant of this strain IFP 904 (ATCC
39058) was developed at the Institut Francais du
Petrole (IFP) [21]. Solvent-producing strains classified as C. beijerinckii have received less attention
but have been utilized for studies by groups in both
the USA and the Netherlands.

5. Taxonomic relationships of solvent-producing
strains
The earliest systematic study of solvent-producing
clostridial strains was published by McCoy, Fred,
Peterson and Hastings in 1926 [10]. These workers
investigated the phenotypic characteristics of 11
strains. Seven of the strains were obtained from the
CSC strain collection and included the Weizmann
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strain and other isolates dating from 1918 to 1923.
The other four strains were isolated at the Department of Agricultural Bacteriology, University of
Wisconsin, between 1920 and 1923. The workers
reported that the 11 strains exhibited minor variations in their phenotypic characteristics and concluded that the small variations did not warrant their
separation into different types. This paper advocated
the name C. acetobuty/icum be applied to these
strains.
In a similar study published a year later, Weyer
and Rettger undertook a comparative study of six
different solvent-producing strains [11]. Their study
included tv.ro strains acquired from unspecified
sources, one of which appears to have been a variant
of the original Weizmann production strain and the
second appears to have been a esc strain isolated
from barley in 1919. The other four strains were
isolated in their laboratory from various sources
between 1924 and 1925. They also found no qualitative differences in phenotypic characteristics and
concluded that the six strains constituted a definite
species with clear-cut characteristics. They also proposed that the species be called C. acetobutylicum
Weizmann. They selected a strain which they had
isolated from Connecticut garden soil in October
1924 as the type strain which was lodged with the
ATCC as C. acetobutylicum ATCC 824.
[n a later study undertaken in 1935, McCoy and
McClung investigated the serological relationships of
22 strains of C. acetobutylicum and related species
utilizing agglutination reactions [22]. Their survey
included the original 11 strains used in the earlier
study plus an additional 11 strains obtained from
other laboratories. Amongst the new strains was a
culture of the original Weizmann strain dating from
1914, the Hall and Thaysen strains which were also
of industrial origin, the Weyer jRettger type strain,
the DonkerjK.luyver strain, as well as four newly
isolated strains (see Table 3 ). Their findings revealed
that only slight antigenic variation existed between
strains and they could not be subdivided on morphological or physiological grounds. The 22 strains were
also cross-tested with 19 other heterologous
clostridial strains including B. butylicus, the Fitz and
Fernbach bacilli, and strains of C. butylicum and C.
beijerinckii, and no significant cross-reactions were
found. They concluded that all of the strains tested

belonged to a closely related assemblage of organisms typified by the Weizrnann and type strains and
were characterized by their ability to produce solvents from starchy substrates [22].
As a result of the lapsing of the Weizmann patent
and the conversion of the AB fermentation to the use
of molasses, a succession of saccharolytic solventproducing strains were patented which differed in
varying degrees from the original Weizmann strain.
New species names were applied to these strains for
the purposes of obtaining patents; however, the
nomenclature which was adopted was often applied
in a haphazard way and in general it has been
considered to lack any sound systematic basis [7,23].
With the exception of the study by Johnson and
Cummings [24], no comprehensive taxonomic studies have been undertaken on the saccharolytic solvent-producing strains and no scientific basis for
their classification exists.
In general, the various patented strains are not
recognized as legitimate species and once the industrial AB fermentation went into decline most of these
names were dropped from use. Instead, the various
solvent-producing strains now tend to be regarded as
varieties of C. acetobutylicum or C. beijerinckii.
However, the numerous studies undertaken over the
last decade have resulted in the growing realization
that the commonly used strains such as ATCC 824,
NCIMB 8052, P262 and N1-4 all show marked
differences in their physiological and genetic properties and do not form a homologous group.
A recent study by Wilkinson and Young [18] has
provided sound evidence indicating that the species
C. acetobutylicum comprises a heterogeneous collection of strains, as evidenced by differences in genome
size and restriction patterns. This is supported by the
findings of Collins et al. [25] who have shown that,
based on 16S rRNA gene sequence data, the NCIMB
8052 strain shows close affinities to C. beijerinckii.

6. Phylogenetic relationships of solvent-producing
strains
In an effort to elucidate taxonomic and phylogenetic relationships, we have undertaken a systematic
study of 55 strains of solvent-producing clostridia
(manuscript submitted for publication). Of the strains
included in the survey, approximately two-thirds
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originated from the ATCC, DSM, NCIMB and NRRL
culture collections. The remaining one-third consisted of industrial strains obtained from various
sources, with the bulk coming from the NCP strain
collection. The majority of the culture collection
strains are listed as C. acetobutylicum with three
listed as C. beijerinckii and three as C. saccharoperbutylacetonicum species. Amongst the industrial
strains are strains originally patented as C.
saccharo-aceto butylicum, C. saccharo-butyl acetonicum-liquefaciens, C. madisonii and C. sacc!taroperbutylacetonicum.
Each strain included in the survey was characterized by biotyping and genomic DNA fingerprint
analysis. Biotyping procedures consisted of phage
typing, utilizing eight previously isolated phages,
bacteriocin typing and antibiotic resistance profiles.
DNA fingerprints were generated using restriction
endonucleases that cleaved the genomic DNA into a
small number of fragments which were analysed by
means of pulsed-field gel electrophoresis.
On the basis of the data obtained from these two
procedures, the various strains included in this survey could be divided into nine clearly defined groups.
The results obtained from biotyping and genomic
DNA fingerprinting exhibited a high degree of correlation, indicating that the various strains within each
of the defined groups shared close phenotypic and
genomic characteristics. The genomic DNA restriction fragment profiles obtained for strains within a
group showed a high degree of similarity, whereas a
comparison of the profiles of strains from the nine
separate groups showed no discemable similarities.
Although these results suggested that the strains
within each group shared a close genetic relationship, these methods were not able to provide any
insight as to the relationships which might exist
between the nine groups.
In an attempt to determine the phylogenetic relationships between the different groups, nucleotide
sequencing of the 16S rRNA genes from one or
more representatives of each of the nine groups was
undertaken. Oligonucleotide primers were utilized
for PCR amplification of the !6S rRNA gene and
direct nucleotide sequencing of the PCR products
was undertaken. The !6S rRNA gene sequence from
at least one member from each of the nine homology
groups were compared by multiple sequence alignment software. The percentage similarities which
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existed between the various sequences were used to
determine possible phylogenetic relationships between the members of the nine groups.
This analysis indicated that the solvent-producin g
clostridia fell into two major clusters. The first cluster consisted of all those strains which were isolated
during the early part of the century which were
selected and developed specifically for their ability
to produce solvents on starch-based substrates like
maize, typified by the Weizmann and type strains.
This group of strains shared the greatest !6S rRNA
gene homology with C. collagenouorans and C.
sardiniense.
The second cluster included strains designated as
C. acetobutylicum, C. beijerinckii and C. saccharoperburylacetonicum and contained all of the saccharolytic strains isolated from 1930 onwards which
were selected and developed mainly for their ability
to grow on sucrose-based substrates such as molasses. These strains showed close 16S rRNA gene
sequence homology with various strains of C. butyricum and the saccharolytic C. botulinum and are
only distantly related to the original starch-utilizing
strains of C. acetobutylicwn. The saccharolytic cluster of strains could be further sub-divided into three
distinct homology groups consisting of one large
group showing identical homology, which included
strains designated as C. acetobutylicum, C. beijerinckii, C. madisonii and C. saccharo-acetobutylicum. A second group contained strains designated as
C. saccharoperbutylacetonicwn and a third group
contained strains designated as C. saccharo-buty!acetonicum-liquefaciens and C. acetobutylicwn P262.
The division of the saccharolytic strains into three
separate groupings has been supported by recent
studies using total genomic DNA/DNA hybridizations undertaken by Johnson and Chen, referred to in
another review in this journal. These results indicate
that the saccharolytic cluster of solvent-producin g
clostridia probably justify being separated into at
least three distinct species and the nomenclature and
taxonomy of the solvent-producing clostridia requires revision.
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\Ve performed a systematic study of 55 solvent-producing clostridial strains, the majority of which are
currently classified as Clostridium acetobutylicum strains, by using a combination of biot:yping and DNA
fingerprint analysis. The biotyping procedures used included rifampin susceptibility testing, bacteriocin
typing, and bacteriophage typing. The 55 strains examined exhibited a good correlation between their biotypes
and DNA fingerprints, \Yhich allowed us to divide them into nine groups. The DNA fingerprints of the nine
groups differed markedly, but '"ithin each group the DNA fingerprints exhibited a high level of similarity. To
determine the phylogenetic relationships of the nine groups, we performed a 165 rRNA gene sequence analysis.
The results of a comparative analysis of the partial sequence corresponding to positions 830 to 1383 (Escherichia coli numbering) of the 165 rRNA gene indicated that the nine biotype groups could be assembled into
four taxonomic groups. The complete 165 rRNA sequences of strains representing these groups were determined. Our phylogenetic analysis revealed that the amylolytic t:ype strain C. acetobutylicum ATCC 82~ (taxonomic group I) was only distantly related to the saccharolytic strains belonging to taxonomic groups II. III~ and
N (levels of sequence similarity, 90 to 90.5%). The strains belonging to taxonomic groups II, III. and IV,
represented by C. acetobutylicum NCP 262, "Clostridium saccharoperbutylacetonicum" Nl-~, and C. acetobutylicum NCI:WIB 8052T (T ;;:. type strain), respectively, were closely related (levels of sequence similarity, 98.2 to
98.9%). C. acetobut_vlicum NCil\tiB 8052T exhibited a level of similarity of 100% with the type strain of
Clostridium beijerinckii. Reclassification of the saccharolytic solvent-producing strains is necessary, and possible names for the four taxonomic groups are discussed.
tion plants in the United States and the parent rights for the
\Veizm::um p:-ccess (20). With the expiry of the Weizrnann
p::ltent in 1935. the AB fermentation process became available
worldwide, and this process continued to be the major supplier
of industrial solvents until it was superseded in most countries
by chemical synthesis in the 1950s and 1960s (20). However,
the AB fermentation process was used in South Africa until the
early 1980s and is still used in the People's Republic of China.
Although maize mash was initially used as the fermentation
substrate, after the mid-1930s most fermentation processes
were converted to processes in \\·hich molasses was used (10,
38). However. attempts to use the starch-fermenting strJins of
clostridia in these processes were unsuccessful. even when invert molasses was used (30). As a result, a succession of new
saccharolytic, solvent-producing strains with different phenotypic characteristics were isolated. developed. and patented by
the various companies engaged in the production of acetone
and butanol {10, 30, 38). For the purpose of obtaining a patent,
each new strain was assigned a novel species name. but the
nomenclature adopted was not systematic and \Vas applied in a
haphazard manner (38, 39). Scientifically, most of the strains
were never recognized as legitimate species, and after the
industrial fermentation process went into decline, these names
were no longer used. The origins and development of the
various patented strains have been discussed in a recent review
by Jones and Kei.s (19). At present the majority of the industrial solvent-producing strains tend to be classified as C. acetoburylicwn strains. Despite the important role that the solvent-producing clostridia played in industrial microbiology,
there have been few taxonomic studies of this group of bacteria.
In 1926 McCoy et al. performed a comparative study of 11
starch·utilizing strains (Table 1) (26). These workers concluded that the small phenotypic variations which occurred in
the 11 strains diU not justify separating these organisms into

Over the last few years workers have made progress in elucidating the complex phylogenetic relationships \vhich exist
among members of the large, heterogeneous group of grampositive, anaerobic. spore-forming bacteria presently grouped
together in the genus Closl/idium (5, 6. 18. 23). Advances have
been made lamelv through the use of 16S rRNA oligonucleo·
:ide catalogini a~d gen~ sequencing (5. 6). !\lore -than 100
..:bstridial 16S rRNA gene sequences have now been determined. and the resulting data have provided the basis for a
taxonomic revision of the clostridia (6). The results of recem
studies h;J.ve indic::J.ted th::J.t the clostridia and their close rebrives represent several divergent and deeply branched lineages
(5. 6). The largest and phy!ogenetically most well-defined lineage is the lineage that was designated rRNA homology group
I by Johnson and Francis (18) and \Vas referred to by Collins et
al. as cluster I (6). Included in homology group I is the type
;pecies of the genus, Clostridium bw:yricwn. along with many of
he common mesophilic. butyric acid-producing clostridial spe·
..:ies. Also included in this homology group are Closuidiwn
acetoburvlicLlm. Clostridium aurantibul\'licwn. and Closuidium
beijelinckii, species that are capable Of producing significant
amounts of butanol and other neutral solvents. such as acetone, isopropanol, and ethanol, during the late stages of
grov,.1h in batch fermentation cultures (21).
Industrial production of acetone and butanol by solventproducing Closnidiwn spp. strains was one of the first large·
-;cale fermentation processes developed (20). The first success."ul industrial starch·fermentin£ clostridial strain \Vas isolated
,y Weizmann (44), and this Strain was used extensively to
produce acetone from maize mash during World \Var I. After
this war an American company, Commefcial SolYents Corporation (CSC). acquired the acetone-butanol (.-\B) fermenta-
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TABLE I. C. acewbutylicum strains included in early comparative studies
Authors

McCoy et al.

Year

Reference

!926

26

Source :md/or strain designation

CSC, Weizmann strain

50
55
60
65
70
100

tst
esc

CSC, BF strain
CSC, Pike-Smythe strain

Carroll strain (Wiscorisin)

esc

Weyer and Rettger

1927

45

105

Fred strain (Wisconsin)
CSC, Speakman strain
Carroll strain (Wisconsin)
Mulvania strain (Wisconsin)
Weizmann strain?
CSC Strain
Weyer/Rettger
Weyer/Re~tger

McCoy and McClung

a

1935

27

Code"

Weyer/Rettger
WeyenRettger
Weizmann strain (ex l>..ndrewes)
Hall strain no. 462
Thaysen strain (Weizmann strain)
Donker/Kluvver strain
\Vever straill
Andrewes, X160 strain
Andrewes, Bakonyi strain
Granulobacter
CSC, strain No. 1
CSC. strain No. 2
McCoy strain (Wisconsin)

150
180
200
300

s

St
So
K
M
B

w,

Year
isolated

1915
1920
1923

1918
1922
1923

!919
1920
1923
1923

1923
1919
!924
1924

1924
1925

1914

H
T
D

w

1924

A
B

c

Grll

1926

u

!931
!93!

M

1931

Origin

Corn
Molasses

Corn mash
Unknown (used at Melle, France)
Unkno\vn

Garden soil
Bar lev
Lake -Mendota mud
Barley (repurified)
Field soil

Potato
Unknown (from another laboratory)
Barley (original solvent culture)
Connecticut garden soil (= ATCC 824T)
Putref.ing clam
Corn ~e;l
Barlev
OrigiUaJ Weizmann culture
Ind'tistrial (= ATCC 3625)
Used in war(= ATCC 4259)
Unknown(= ATCC 862)
Connecticut garden soil(= ATCC 82-J.T)
Unknown
Unknown
Unknown
Industrial
Industrial
Corn

Original code designation assigned by the authors.

different types and recommended that all 11 strains should be
grouped in a single species named C. acerobwylicum (26).
A year later, \Veyer and Rettger published the results of a
similar study in which they compared the phenotypic characteristics of si.x different starch-utilizing, solvent-producing
strains (Table 1) (45). These authors also concluded that all of
their strains belonged to a single clearly defined species, and
they proposed that this species should be called C. acetobwylicwn Weizmann. One of these strains, strain ATCC 824, which
was isolated from Connecticut garden soil in 1924, was selected
by them as the type strain of the species (45). Two other strains
included in their study were from unspecified sources, and one
of these apparently was derived from the original Weizmann
industrial production strain.
In a follow-up study ~kCoy and McClung (27) investigated
the serological relationships of 22 strains of C. acetoburylicum
by studying serological agglutination reactions. In this survey
McCoy and McClung included the original 11 strains used in
the study of McCoy et al. (26), as well as an additional 11
strains obtained from various sources (Table 1). The findings
of this study again revealed that on the basis of serological test
results no subdivisions could be identified within the group of
strains tested. These strains were cross-tested with strains belonging to the "Closuidiwn bwylicum" and C. beijelinckii
groups, and no appreciable cross-reactions were observed with
any of the strains (27).
In all three studies the authors concluded that the strains
which were tested belonged to a closely related assemblage of
microorganisms which could be grouped together in a single
species. These organisms, typified by the type culture and
Weizmann industrial strains, were selected for their ability to
produce high solvent yields on starched-based substrates, such
as maize. No comparative studies were performed with the

saccharolytic strains isolated and developed for their ability to
produce solvents from molasses.
In a taxonomic study performed by Cummins and Johnson
(8) strains labeled C. bwpicwn and C. beijednckii were investigated, and the majority of these strains could be assigned to
two clearly distinct homolog:,.' groups. Strains labeled C. aceroburylicum did not exhibit a high level of homology with either
the C. burydcum homology group or the C. beijerinckii homology group (8).
In a later study in which DNA-rRNA pairing methods were
used, Johnson and Francis identified three major homology
groups in the clostridia, and one of these groups, homology
group I, was further subdivided into 10 subgroups (subgroups
IA through IJ) (18). The C. buryn·cum and C. belj"en·nckii strains
were assigned to subgroup IA. whereas C. acetobwylicwn was
assigned to subgroup IJ. In a recent study, however, Collins et
al. (7) reported that on the basis of 16S rRNA gene sequence
data, the C. acetobul).:licum type strain, strain NCIMB 8052,
exhibited high levels of homology with C. belj"erinckii strains.
As a result of the extensive research performed over the last
decade, it has become apparent that a number of the most
commonly studied solvent-producing strains, such as strains
ATCC 824T (T = type strain), DSM 792r, NCIMB 8052\
ATCC 4259, NCP 262, Nl-4, and ATCC 39058, differ substantially in their physiological and genetic characteristics and that
these organisms do not appear to constitute a homologous
group. In a recent study Wilkinson and Young found that a
number of these strains produced different genomic DNA restriction patterns and that their genome sizes differed ( 46).
In this study bioryping, DNA fingerprint analysis, and 16S
rRNA gene sequencing were used to investigate the taxonomic
and phylogenetic relationships of 55 strains of solvent-producing clostridia, including 17 industrial strains and 38 strains
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obw.ined from the American Type Culture Collection (ATCC),
Roch.ville. Md.: DSM-Deutsche Sammlung von Mikroorganismec und Zellkulturen GmbH (DSM), Gottingen, Germany;
N:.: ional Collection of Industrial and Marine Bacteria
(NCIMB), Aberdeen, Scotland; and Northern Utilization Research and Development Division (NRRL), Peoria, Ill.
MATERL"-LS A.ND METHODS
Bacterial strains and cultivation. The C. aceroburylicum. C. beijerinckii, "C!os·
rridium madisonii." and "Closm'dium saccharoperbwylacetonicum" stiains used in
this study are listed in Table 2. These clostridial strains were maintained as spore
stock preparations stored in sterile distilled water at 4~C. Spores were germinac::l by heat shocking them at 70°C for 2 min and then rapidly cooling them on
ice r 45 s before they were inoculated into an appropriate culture medium
unl- anaerobic conditions. The clostridial strains were grown anaerobically at
34'(. in Clostridium basal medium (CBM) (33) or in tryptone-yeast-glucose
medium (13) which was supplemented with 0.01 g of MnSO~ · -l.H:P per 1.000
ml. 1 mg of p·aminobenzoic acid per 1.000 ml, I mg of thiamine hydrochloride
per 1.000 ml, and 0.2 mg of biotin per 1.000 ml. When necessary, both media
were solidified with 1.5% (wt/vol) agar. CBM agar supplemented with 2% (wt/
vol) soluble starch and 2% (wvvol) sucrose was used for tht! bacteriophage assay
and for spore propagation.
Rifampin susceptibility. Filter paper discs impregnated with two concemra·
t\ons of the antibiotic rifampin (10 and 100 ng per disc) were used routinely.
Confluent lawns of each strain were prepared by flooding agar plates with a
hac:.:rial culture (Optical density at 600 nm. 0.30 to 0..!0): the excess liquid was
rerr ed. and the surface of the agar was allowed tO dn· before ribmoin discs
wer :laced onto the agar surface. The agnr plates wert! incubated .:wae.robic::J.!ly
at J.:. C for S to 1~ h. A strain WilS considered susceptibk to rifampin if a zone
of inhibition surrounded a 10-ng rifampin disc and resistant if no growth inhibition was observed around a 100-ng rifampin disc.
Bacteriocin production and typing. Bacteriocin production in C. acerobutyfi.
cum NCP 262 was induced in 10-ml CBM broth cultures (optical density at 600
nm. 0.30) by adding: mitomycin C (final concentration. 0.5 ).Lg.•ml). After 30 min
of incubation at 34~C. the cells were pelkted and resuspended in prewarmed
{3-l-"C) CBM broth. The culture was then incubated for an :ldditional 2 hat .3·-FC.
The cul!ure supernat:lnt was harvo::sted following centrifugation at 3.200 x g for
15 min. filter sterilized. and stored at .l."C. A second bacto::riocin-like inhibiton·
a!!.ent was obtained from an uninduced suot!rnatant from an lS-h C. acerobm\:·
li~ul"' 'ICP ~58 culture. Bacteriocin activi~' was assayed by spotting !0-).Ll pOrtion' ,f the culture supo::rnatants onto bacterial lawns and t!Xamining the prep·
arati •..1s for growth inhibition after anaerobic incubation at 34°C overnight.
Bactt:riocin activi~· was indicated by complo::te cle:J.ring of tht: area spotted onto
the bacterial lawn. Dilution of the culture supernatants onto susceptible strains
did not produce individual plaques. indicating that the effo::ct on growth was due!
to a bacteriocin and not a bacteriophage.
Bacteriophage typing. Eight previously isolated bacteriophages were used for
biotyping (Table 2). Bacteriophage CAl was isolated in 1980 from an abnorm:ll
industrial fermentation at National Chemical Products (NCP), Ltd .. Gt:rmiston.
South Africa (37). Bacteriophage C-\2 was isolated by workers in tho:: Depart·
mem of Microbiology at the University of Cape Town. Cape Town. South Africa.
Bacre~iophages HMT, HM2. HM3, and HMi originated from infections which
occu· ..·.::d in the Japanese fermentation industry and have been describd pre\'i·
ousl: 12. 14). Bacteriophage HMT was isolated from "C. saccharoperbw;:lacttonk~m" ATCC 27021. Bacteriophage CvtX was isolated from "C. madisonii"
419 in 1948 (35. 36). All bacteriophages were maintained as lysates in phage
b.uffer {10 mM Tris-CI [pH i.4], 100 mM NaCI. 10 mM MgSO~) at .l.~C. Bacte·
nophage !ysates (approximately 106 PFU/m!) were spotted onro bacterial lawns
as described above for bacteriocin typing, and the preparations were examined
for the presence of lysis in the bacterial lawns after anaerobic incubation at 34oC
overnight. The high concentrations of bacteriophages used in the phage lysates
resulted in complete lysis of sensitive host cells where the bacteriophages were
applied. Dilution of phage lysates resulted in the presence of individual plaques
on sensitive bacterial lawns.
Chrnmosomal DNA preparation. Chromosomal DNA was prepared by using
a mo,'ification of the procedure described by Borges and Bergquist (4). Bacteria
"'·ere _:own to an optical density at 600 nm of 0.24 to 0.30 in 10 ml of CBM or
ttypt, -11:!-veast-g!ucose medium. The ce!ls were harvested bv centrifugation and
;,.ashed w·ith 10-ml of ET buffer (100 mM EDTA. 10 mM Tris-Cl: pH 8.0) before
!hey Wt!n: resuspended in 0.5 ml ofET buffer-TES buffer (25 mM Tris-CL 10 mM
EDTA, 15% [w!!vol] sucrose) (50:50). An equal volume of molten 2% St!aPiaque
low-melting-point agarose (FMC BioProducts) in EET buffer (10 mM Tris-Cl,
lOQ tnM EDT A. 10 mM EGTA: pH 8.0) that had been precooled to 42°C was
added to the cell suspension, and the mbcture was poured into a plug-forming
flloJd. Solidified plugs (250 ).LI per plug) were inc:ubated overnight at 37"C in an
~qual volume of lysis buffer (10 mM Tris-CI (pH 8.0], l M NaCI, 0.01 mM EDTA.
0-0S% [vol/vol] Triton X-100. 0.~% [wt/volj
deoxvcholate, 0.5% [wtlvol} N-lauroyJsarcn~ine, 1 m'.!: of lysozvme per ml, 20 !J-!! of RNase A perm!). The plugs
\lo·tre ·.v,l!-;ht:d !\vic; with re:icdon buffer (10 ~M Tris-Cl [pH S.OJ, 1% [wt/vOJj
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N-lauroylsarcosine. 0.01 m:V1 EDTA) bdore they were immt!rsed in reaction
buffer (!.25 ml po::r three DNA gel plugs) and 18.75 U (62.5 fl.il of Themms
rT -HA proteinase (PRET AQ: Gibco BRL) was added. All of the steps described
above were carried out in an an·Jerobic glove box (Forma Scientific. Inc.). The
plugs :1nd the reaction buffer were sealed in a gas-tight glass vial. transferred out
of the glove box. and immediatt:ly placed in a 56°C water bath for 2 h. The gel
plugs were washed three rimes with TE buffer (10 mM Tris-Cl. 1 mivl EDT A: pH
8.0) ( 10 ml p<:r three plugs) before they w~:re stored at 4°C in EET buffer. When
we encountered problems with the isol:1tion of intact DNA. the procedure
described above was modified. In these cases. the cells were harvested and
inc:ubated anaerobica!lv in 1 ml of reaction buffer c:omaininl! PRETAQ at 56'C
for 2 h before they we.re washed with ET buffer.
Restriction enzyme digestion. A number of restriction endonucleases with
G+C·rich recognition sequences were tested. These included the 8-base recog·
nition enzymes Asci. Nor!. Rsrii. Sfii. SgrAI. and Sse8387I and the 6-base recognition enzymes ApaL AgeL Bg/1. BssHII. Eagi. Ec!XI. KspL Mlul. NaeL Nari,
NeiL Smal. and Swi. In addition. restriction enzymes Bini. Spei. and XbaL which
have the rare CTAG tetranucleotide in their recognition sequences (25), were
investigated. Slices of DNA plugs (12 to 24 ).L!) ~Yere o::quilibrated three times at
room temperature for 15 min in 100 ).LI of the restriction enzyme buffer recommended by the manufacturer before preincubation at -l.'C for 4 to 16 h with 10
U of restriction enzyme. The plugs were then digested at the optimal temperature for 9 to 16 h.
Pulsed-field gel electrophoresis (PFGE). Digested DNA plugs were o::quilibr:lted three times in T.-~FEil buffer (~2.5 m~l Tris·borate. 0.5 m)..! EDTA) at
room temperature for 15 min before gels were loaded. DNA fragments were
separated on l"c (wt:vol) multipurpose agorose tBoehringer :Vlonnhetm) gels in
TAFEIT buffer ilt 1-I"C by using a tmnsverse alternating field electrophoresis
system (Go::neLine II: Beckman Instruments). Two mul!istoge trans\·erse alter·
nating field dectrophoresis programs were used to separate the DNA fragments.
Tht! dectrophoretic conditions for program 1 \\ere as follows: stage l. constant
current of 250 rnA for 5 h with a 4-s pulse: stilge ::. constont current of 250m.-\
for 5 h with an 8-s pulso::: stage 3. constant currem of 250 rnA for 5 h with a 16-s
pulse: stage -1. constant current of .300 rnA ior 5 h with a 24-s pulse: and stage 5.
constant current of 300 rnA ior 5 h with a 3~-s pulse. Program~ consisted of tho::
fi\·e stages described above for program L followed by a stage 6 (constant current
of 350 rnA for 5 h with .:1 60-s pulse) and .::1 stage 7 (constant current of 350 rnA
for 5 h with a 1::0-s pulse). Following electrophoresis. the gel \Vas stained in
ethidium bromide and d.:stoined in deionized w.:".lti!r be lore it was vi.:wed with a
UV rransi!lumin.::~tor.
Design of oligonucleotide primers. The sequences of the !6S rR:\'A genes
from C. acetobw:·licum NCI\-18 S05~T (7). C. brij<'rinckii DSi\1 791T and :-.:CIMB
9362T. Closrridium bottdinwn (nonproteolytic) ~·pt!S B. E. and F. and C. buryri·
cum :-\TCC -13755. DSivl 2-liS. and :--iCI:V!B 808:: (15) were a]ignd bv using the
multiple sequence alignment program PlLEL'P of tho:: Gt!netics · CJmPuter
Group. :V!adison. Wis. (9). On ·,he basis of this alignment we chose a PCR primer
pair consisting: of primer PCR A (5"-GGAGC..\A. .-\C.-\GGATTAGATACC-3';
positions 774 to 795 [Eschenchia coli numbermg system]) and primer PCR B
(5'-TGCCA.A.CTCTATGGTGTGACG-3'; positions 1419 to 140.3) bi!causo:: they
flanked a relati\'e!y variable region of the 165 rR:S.-\ gene (Fig. 1). Additional
PCR primers were designed to amplify the compkte i6S rR:-.IA molecule. These
included the PCR primer pair consisting of primer PCR E (5'-GAGAGTIT
GATCCTGGCTC-.3'; positions 7 to 25) and primer PCR F (5'-GAGTITIA
ATCITGCGACCGTAC-3'; positions 911 to 889). as well as primers PCR l
{5'-GCTACCATITAGTTG AGCACTC-.3': positions 1126 to 1148) and PCR 1
(5'-TTCTCCTACGGCTAC CTTGTTACG-3': positions 1520 to 1-196) (Fig. 1).
The sequencing primers used included the PCR primers. as well as primers SEQ
C {5'·GTGTCGTGAGATGTT GG-3'; positions 1071 to 1087), SEQ D (5'·
T.AACCCAACATCTCACG-3'; positions 1091 to 1075), SEQ G (5'·GTCT
TCAGGGACGATAA.TG.-\CGGT.-\C-3': positions .l-37 to 487), and SEQ H
(5'-GCTGCTGGC.o\CGTA GTTAGCCG-3'; positions 524 to 503) (Fig. 1). The
primer sequences which we c:hose were based on regions which were highly
conserved and optimally spaced for DNA sequencing. and we made sure that
eac:h nudeotide was sequenced at least once on each srrand.
PCR amplific:ation and purification of 165 rR"•.~ The regions from position
830 to position 1383 (E. coli numbering) of 11 solvent-producing clostridial
strains were amplified by using PCR primers PCR A and PCR B (Fig. 1). The
complete 16S rRNA genes of four of these strains were amplified as three
overlapping fragments that were approximately 650 bp long (by using PCR
primers PCR A and PCR B), 870 bp long (by using PCR primers PCR E and
PCR F), and 390 bp long (by using PCR primers PCR I and PCR J) (Fig. 1).
Agarose-embedded DNA piugs were used as D!'."A templates for PCR amplification. Plue:s which had been stored in EET buffer were washed four times in TE
buffer. A siice (25 !J-I) of an ~quilibrated agarose plug was heated at 90°C for 20
min tO inactivate any traces of PRETAQ, and 10 ).LI of the molten DNA plug was
added to a 100-!.d PCR mb:ture containing each of the! appropriate primers at a
concentration of 0.2 ~J..M. A UITma DNA po!ym~rase PCR kit (Perkin-Elmer
Cetus) was used as recommended by the manufacturer along withAmpliiVax hot
start pellets (Perkin-Elmer Cetus). PCRs were performed in u Hybaid OmniGene thermal cyc:!er. The initial amplification cycle consisted of incubation at
92.~C for 2 min. at 55'C for 2. min, and ot noc for S min: this was followed by 28
cycles consisting of incubation at n~c for 30 s. at 55~C for 30 s, and at 72"C for
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+
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+
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+
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R
R
R

R
R
R
R
R
R
R
R
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C. tlcewbuo·licwn
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c. beijerinckii
c. beijerinckii
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= NRRL B594

7

H:>-1:2

s
s
s
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C.
C.
C.

NCP

NCP 262
NCP 2-!-9

NC!JvlB 6-+-+2
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+
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FIG. 1. Schematic diagram showing the locations of the amplification and sequencing primers on the 16S rRNA gene. The shaded area represents the partial 16S
rRNA gene sequence region examined (positions 830 to 1383; E. coli numbering). ~. amplification and sequencing primer; -c>, sequencing primer. Primer
designations are indicated below the primers. The size and position of each overlapping PCR product are indicated. The box represents the 1,541-bp 16S rRNA gene.

1 min and a final cycle consisting of incubation at 92°C for 1 min, at 55°C for 1
min, and at 72°C for 5 min. An aliquot (5 f.ll) of each PCR mixture was analyzed
by agarose gel electrophoresis to confirm that products of the correct size were
amplified. The PCR products were purified by using a QIAquick-spin PCR
purification kit (QIAGEN) according to the instructions of the manufacturer.
DNA sequencing. Sequencing reactions were carried out by using a PRISM
ready reaction DyeDeoxy terminator cycle sequencing kit (Applied Biosystems)
according to the instructions of the manufacturer. Sequence reaction mixtures
were electrophoresed by using a model ABI 373A automated DNA sequencer
(Applied Biosystems).
Sequence analyses. The 16S rRNA sequences were aligned by using the LaserGene application software MegAlign (DNASTAR, Inc.) for Apple Macintosh
computers, which employed the algorithm CLUSTAL V. The partial 16S rRNA
sequences obtained were aligned with a set of partial Clostridium sequences, the
full seq uences of which were retrieved from the GenBank database. In a subsequent alignment the complete 16S rRNA gene sequences of C. acetobutylicum
ATCC 824T, NCP 262, and NCIMB 8052T and "C. saccharoperbutylacetonicum"
Nl-4 were analyzed by comparing them with the reference sequences. Phylogenetic dendrograms were produced by using the neighbour-joining method of
Saitou and Nei ( 40).
Nucleotide sequence accession numbers. The partial 16S rRNA gene sequences determined in this study (positions 830 to 1383; E. coli numbering) are
available from the GenBank database under the following accession numbers:
Ul6164 (C. acetobutylicwn ATCC 39058), U16167 (C. beijerinckii NRRL B592),
U16168 (C. beijerinckii NRRL B593), U16169 ("C. saccharoperbutylacetonicum"
Nl-504), U16170 (C. acetobutylicum NCP 193), U17030 (C. acetobutylicum DSM
792T), and U17099 (C. acetobutylicum NCIMB 8653). The complete 16S rRNA
gene sequences which we determined are available from the GenBank database
under accession numbers U16122 ("C. saccharoperbutylacetonicum" N1-4) ,
U16147 (C. acetobutylicum NCP 262), U16165 (C. acetobutylicum NCIMB 8052T),
and U16166 (C. acetobutylicum ATCC 824T).

RESULTS
Biotyping procedures. Each of the 55 solvent-producing
strains included in this survey was subjected to biotyping analyses, including determination of susceptibility to rifampin, bacteriocin typing, and phage typing. On the basis of the results
which we obtained the strains could be divided into several
biotypes (Table 2).
It has been observed previously that different industrial
strains of solvent-producing clostridia vary widely in their susceptibility to rifampin. All of the strains used in this study were
either susceptible to <200 ng of rifampin per ml or resistant to
>2,000 ng of rifampin per ml. The strains belonging to groups
1 and 2 were susceptible to the 10- and 100-ng rifampin discs
(Table 2). However, the group 1 strain preparations exhibited
zones of inhibition surrounding the 100-ng discs which ranged
from 2.5 to 4 mm wide, whereas with the group 2 strain preparations the zones of growth inhibition ranged from 4 to 7 mm
wide. The strains belonging to the other seven groups were all
resistant to the 100-ng rifampin discs.
A mitomycin C-induced bacteriocin produced by C. aceta-

butylicum NCP 262 and a bacteriocin produced constitutively
by C. acetobutylicum NCP 258 were found to inhibit the growth
of a number of solvent-producing clostridial strains (Table 2).
Neither of these bacteriocin-like agents inhibited the growth of
the clostridial strains belonging to groups 1, 2, and 5; the
growth of strains belonging to groups 3, 6, 7, and 8 was inhibited in the presence of both bacteriocins; and the growth of
strains belonging to group 4, as well as the three group 9
strains, was inhibited by the bacteriocin-like agent from C.
acetobutylicum NCP 262, but these strains were resistant to the
inhibitory agent isolated from NCP 258.
Phages CAl, CA2, HMT, and HM2 belonging to the
Podoviridae, phage HM3 belonging to the Myoviridae, and
phages CMX and HM7 belonging to the Siphoviridae were
used in typing experiments. Bacteriophages CAl and CA2
infected only the rifampin-resistant NCP industrial strains belonging to group 5. Bacteriophage CMX, which was isolated
from "C. madisonii" 419 by using mitomycin C induction, infected all of the culture collection strains included in group 6.
However, "C. madisonii" 214 and 419, two strains which belong
to group 6, were resistant to infection by phage CMX. Both of
these strains were found to be lysogenic (unpublished data).
Phages HMT, HM2, HM3, and HM7 infected only strains
labeled "C. saccharoperbutylacetonicum." Temperate phage
HMT infected the indicator strain "C. saccharoperbutylacetonicum" Nl-4 (= ATCC 13564) but not lysogenic strain ATCC
27021. Two morphologically different bacteriophages, HM2
and HM3, infected group 3 strains Nl-4 and ATCC 13564, and
phage HM7 infected only group 4 strains Nl-504 and ATCC
27022. Strains belonging to groups 1, 2, 7, 8, and 9 were resistant to all of the phages included in this study (Table 2).
DNA fingerprint analysis. Several restriction endonucleases
were tested in this study, and we found that the 8-base recognition enzymes either did not cleave the genomes of C. acetobutylicum NCP 262 and NCP 193 or did not produce enough
fragments for strain comparisons. The restriction endonucleases containing the rare CTAG tetranucleotide in their recognition sites produced too many fragments, as did many of the
G+C-rich 6-base enzymes. We found thatApai, BssHII, Eagl,
and Smal were the most useful enzymes for strain comparisons
as they generated appropriate numbers of fragments in the 9to 1,600-kb range for DNA fingerprint comparisons. These
enzymes were used routinely for DNA fingerprint analyses of
all of the clostridial strains.
Separation of the DNA fragments by PFGE revealed that
the 55 solvent-producing clostridial strains examined fell into
nine clearly distinguishable DNA fingerprint groups (Table 2);
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groups. (A) BssHII restriction endonucleas e digests of genomic DNAs from
FIG. 2. DNA fingerprints of solvent-producing clostridial strains belonging to the nine
e digests of genomic DNAs from group 2 strains. Program 2 electrophoresis
group 1 strains. Program 2 electrophoresis conditions. (B) Apal restriction endonucleas
Program 1 electrophoresis conditions. (D) Smal restriction endonuclease
conditions. (C) Eagl restriction endonuclease digests of genomic DNAs from group 5 strains.
(E) Smal restriction endonuclease digests of genomic DNAs from group 3, 4,
digests of genomic DNAs from group 6 strains. Program 1 electrophoresis conditions.
Lanes A+ A/Hindlll and A ladder contained the Low Range PFG Marke~
7, 8, and 9 strains. Program 1 electrophoresis conditions. Strain designations are indicated.
All sizes are in kilobases.
(New England Biolabs) and Lambda Ladder PFG Markers (New England Biolabs), respectively.

the strains in each group exhibited similar or identical DNA
profiles (Fig. 2), no matter which of the restriction endonucleases were used.
The strains belonging to group 1 included strains ATCC

824T, DSM 792T, and NRRL B527T, but not C. acetobutylicum
NCIMB 8052T. These strains were found to have similar DNA
profiles (Fig. 2A and Table 2). We observed some differences
in theBssHI I DNA fingerprints of strains DSM 1731 (= ATCC
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4259 = NCIMB 619 = NRRL B530) and ATCC 824T (Fig.
2A). As noted previously by Wilkinson and Young (46), the
Apal and Smal fragment patterns of ATCC 824T were very
similar to the corresponding Apal and Smal profiles of DSM
1731 (data not shown). Some fragments of C. acetobutylicum
ATCC 39236, an asporogenic mutant of ATCC 4259 (24),
resembled fragments in the BssHII digest of DSM 1731, and
the remainder of the ATCC 39236 BssHII fragments comigrated with the ATCC 824T fragments (Fig. 2A). The fingerprints of the group 1 strains from which nondegraded DNAs
were extracted were identical to the DNA fingerprint of ATCC
824T (Fig. 2A and Table 2). Extraction of intact DNA from
several of the group 1 strains was not always successful. Wilkinson and Young reported that a key modification which was
necessary for optimal DNA extraction from strain NCIMB
8052T was inclusion of hypertonic sucrose in the lysis buffer
(46). However, this modffication did not overcome the problem of DNA degradation encountered with the group 1 strains.
Instead, a modification of the standard procedure which involved incubating the cell suspension with protease prior to
lysozyme treatment was used. Genomic DNA was extracted
successfully from DSM 1737 and DSM 1733 by using this

procedure.
Some variation in the DNA fingerprints was also observed
with the group 2 strains (Fig. 2B and Table 2), which included
the rifampin-susceptible NCP industrial strains and culture

collection strain NRRL B643. Strains NCP 258 and NRRL
B643 produced indistinguishable DNA fingerprints, and these
fingerprints were similar but not identical to the fingerprints of
the other NCP strains belonging to group 2. Groups 3 and 4
both contained saccharolytic butanol-producing strains of "C.
saccharoperbutylacetonicum." The DNA fragment patterns of
"C. saccharoperbutylacetonicum" Nl-4 and Nl-504 had only a
small number of comigrating fragments (Fig. 2E). The group 5
strains, which included the bacteriophage CAl- and CA2-susceptible NCP strains, all produced identical DNA profiles (Fig.
2C), as did all of the group 6 strains which were sensitive to
bacteriophage CMX (Fig. 2D). The biotypes exhibited by C.
acetobutylicum ATCC 39058 (group 7) and C. beijerinckii
NRRL B593 (group 8) were indistinguishable (Table 2); however, on the basis of their different DNA fingerprints (Fig. 2E),
these two strains were assigned to separate groups. Group 9
contained two C. beijerinckii strains (NRRL B592 and NRRL
:8466), as well as a C. acetobutylicum strain (NRRL B596), all
of which produced identical fingerprint profiles (Fig. 2E). High
levels of heterogeneity in restriction fragment patterns were
observed in the nine groups of solvent-producing clostridia;
examples of these patterns are shown in Fig. 3.

DNA sequence analysis of the partial16S rRNA gene. Nu-

cleotide sequencing of the 16S rRNA gene from representative
strains belonging to the nine groups was performed to determine the taxonomic and phylogenetic relationships of these
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FIG. 4. Unrooted phylogenetic dendrogram showing the taxonomic positions of the so!vent·producing strains C. acetobwyliwm ATCC 82-IT, DSM 792T, NCP 193,
NCIMB 80527 , NCIMB 8653, and ATCC 39058, C. beijerinckii NRRL B592 and NRRL B593, and "C. saccharoperburylacetoniwn(' Nl-4 and Nl-50j. based on the
partial 16S rRNA gene sequences examined (positions 830 to 1383; E. coli numbering). The scale bar indicates evolutionary distances.

organisms. The high levels of similarity among the DNA fingerprint patterns of all of the strains belonging to each group
meant that one strain from each group could be selected as the
group prototype strain. In each case the prototype strain selected was the strain which had been worked with most e:x-rensively, had been cited most frequently in the literature, or was
the only strain belonging to the group. The following strains
were used in this analysis: type strain ATCC 824 for group 1;
C. acetobutylicum NCP 262 for group 2; "C. saccharoperbutyIacetonicum" N1-4 and N1-504 for groi:ips 3 and 4, respectively;
C. acetobutylicum NCP 193, NCIMB 8052T, and ATCC 39058
for groups 5, 6, and 7, respectively; and C. beijerinckii NRRL
B593 and NRRL B592 for groups 8 and 9, respectively.
The partial 16S rRNA gene sequences (positions 830 to
1383; E. coli numbering) of the nine prototype strains were
determined and compared with the previously described sequences of other clostridia. In addition, the partiall6S rRNA
gene sequences of strains DSM 792T and NCIMB 8653 were
also determined. Levels of sequence similarity were calculated
from the results of a comparison of 550 nucleotides, and a
phylogenetic tree (Fig. 4) was constructed from a matrix of
derived evolutionary distance values. The values obtained for
the solvent-producing clostridial strains and some of the Clostridium species with which the solvent-producing strains exhib-

ired high levels of homology are shown in Table 3. Our results
demonstrated that prototype strains NCP 193 (group 5),
NCIMB 8052T and NC!MB 8653 (group 6), ATCC 39058
(group 7), NRRL B593 (group 8), and NRRL B592 (group 9)
were 100% identical to one another as well as to C. beijerinckii
DSM 791T. "C. saccharoperbutylacetonicum" Nl-4 (group 3)
and "C. saccharoperbrlfy[acetonicwn" N1-504 (group 4) also
had identical 550-nucleotide partial 165 rRNA gene sequences. The partial sequences of type strains C. acetobutylicum ATCC 824 and DSM 792 were identical to each other but
exhibited only 88.2% similarity with the 16S rRNA gene seque11ce of the equivalent organism C. acetobutylicwn NCIMB

soszr.

The findings described above indicate that the nine groups
established by biotyping and DNA fingerprinting analyses
could be placed into four major taxonomic groups on the basis
of the levels of relatedness of their partial 16S rRNA gene
sequences. Ta'Xonomic group I contained the strains belonging
to biotype and DNA fingerprint group 1, which was represented by the arnylolytic organism C. acetobw:ylicum ATCC
824T. Taxonomic groups II, III, and IV contained the remaining eight biotype and DNA fingerprint groups and were represented by the saccharolytic strains C. acetobutylicum NCP
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TABLE 3. Levels of sequence similarity and evolutionary distances based on an alignment of 550 nuc!eorides of the partia116S rRNA gene
sequences (positions 830 to 1383; E. coli numbering) of 11 solvent-producing clostridial strains and other clostridia
% Sequence similarity or evolutionary distancea
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The values on the upper right are levels of sequence similarity. and the values on the lower left are evolutionary distances.

262, "C. saccharoperbutylaceronicum" N1-4, and C. acetobutylicwn NCIMB 8052T, respectively.
Intact chromosomal DNA could not be obtained from a
number of group 1 strains (Table 2). Hence, DNA fingerprints,
the main criterion for separating the group 1 strains from the
group 2 strains, could not be determined for strains ATCC
8529 (~ DSM 1738), DSM 1732 (~ NCIMB 2951), NCJMB
6-1-43, and ATCC 43084. To confirm that these strains belonged
in group 1, the partial 165 rRNA gene regions from partially
degraded DNAs of ATCC 8529, DSM 1732, NCJMB 6443, and
ATCC 43084 embedded in agarose plugs were amplified and
sequenced. All four strains had a 550-bp sequence identical to
the sequence obtained for the equivalent regions of ATCC
824T and DSM 792T, co_i1;!1rming that they belong to group 1
(Table 2).
DNA sequence analysis of the complete 165 rRNA gene. To
establish more reliable phylogenetic positions for the four taxonomic groups of solvent-producing clostridia, the complete
l6S rRNA gene of the representative strain of each taxonomic
group was amplified. Almost complete 165 rRNA gene sequences were determined for C. acetobutylicum ATCC 824T
(1,411 bases), C acetobutyliwm NCP 262 (1,416 bases), C.
aceroburylicllm NCIMB 8052T (1,416 bases), and "C. saccharoperbutylacetonicum" N1-4 (1,416 bases). These sequences
were aligned with other Clostridium 16S rRNA gene sequences, levels of sequence similarity and evolutionary distances were calculated (based on 1,334 nucleotides, ranging
from position 100 to position 1434 [E. coli numbering]), and a
phylogenetic dendrogram was constructed (Fig. 5). This was
done in accordance with previously published alignments of

Clostn.dium species, in which the 5' ends of the 165 rRNA gene
sequences were omitted to avoid possible misalignment of variable region Vl of clostridial 16S rRNA gene sequences (16,
23). The levels of sequence similarity and evolutionary distances for the closest relatives of the four solvent-producing
clostridial strains are shown in Table 4. Our results showed
that type strain C. acetobutylicum ATCC 824 was phylogenetically distant from saccharolytic strains C. acetoburylicum
NCIMB 8052T, "C. saccharoperbutylacetonicHm" N1-4, and C.
acetobutylicum NCP 262 (evolutionary distances, 7.4 to 7.7%)
(Table 4). NCP 262 was found to be more closely related to, yet
distinct from Nl-4 (level of sequence similarity, 98.9%) and
NCIMB 8052T (level of sequence similarity, 98.2% ). "C. saccharoperbutylacetonicum" N1-4 was phylogenetically closely related to but also distinct from NCIMB 8052T (evolutionary
distance, 0.7o/~. Our results confirmed that C. acetobutylicum
NCIMB 8052 exhibited 100% sequence homology with type
strain C beijerinckii DSM 791 (Table 4),

DISCUSSION
Biotyping and DNA fingerprint analysis. Although bacteriocin typing and bacteriophage typing have been used extensively for identifying some pathogenic Clostridium species, they
have not been used previously to differentiate solvent-producing clostridia. A combination of bacteriocin typing, bacteriophage typing, and rifampin susceptibility testing provided a
simple way to group the various strains of solvent-producing
clostridia. These biotyping procedures were readily carried
out, reproducible, and easy to interpret.
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FIG. 5. Unrooted phylogenetic dendrogram showing the ta.~onomic positions
of C. acetoburvlicum ATCC 82-+T, NCP 262, and NCI!'-.IB 8052 and "C. saccharoperbmylaccrCmicum" Nl-4, based on the complete 16S rRNA gene sequences
(positions 100 to 1434; E coli numbering). The scnle bnr indicates evolutionary
distances.

The bacteriophages of both solvent-producing and pathogenic clostridia have been reported to exhibit narrow host
ranges (34). Hongo and Murata investigated the host ranges of
12 HM phages which were isolated from abnormal industrial
fermentations (12). These phages were tested with 31 different
saccharolytic and amylolytic strains of butanol-producing, butyric acid-producing, and isopropanol-producing bacteria belonging to several different Clostridium species, and they reportedly infected only strains of "C. saccharoperbutylaceronicurn"
(12). Similar results were obtained in this study. Phages CAl,
CAl, and- CMX also exhibited narrow host ranges, and phage
susceptibility was confined to strains belonging to the same
DNA fingerprint gra·up.
The use of PFGE for genomic DNA analysis has proved to
be usefui for differentiating strains of closely related bacteria.
A DNA fingerprint analysis of the solvent-producing clostridial
strains in which PFGE was used was a highly discriminatory
method for comparing strains which had been differentiated by
biotyping.
On the basis of the results obtained in biotyping and DNA
fingerprint analyses it was possible to divide the 55 strains of
solvent-producing clostridia which we examined into nine
groups. The genomic DNA restriction fragment profiles obtained for strains belonging to the same group exhibited high
leVels of similarity, whereas the DNA profiles obtained for
members of different groups were markedly different. The biotyping and DNA fingerprint analysis results exhibited a high
leve~ of correlation, indicating that the strains belonging to
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each group were phenotypically and genotypically closely related. However, these results did not provide any insight into
the phylogenetic relationships among the nine groups.
Attempts to extract intact chromosomal DNAs from anumber of the amylolytic strains belonging to group 1 were unsuccessful, which meant that it was not possible to obtain restriction endonuclease profiles for these strains. Similar problems
with DNA degradation have been encountered by other researchers during preparation of DNA from Clostridium diffi- ·
cile, Clostridium perfringens, and C. acetobw:ylicum for PFGE
analysis (22, 46). The mechanism of degradation is not known,
but degradation is presumed to be due to nuclease activity.
Placement of these strains in group 1 was based on their 550-bp
16S rRNA gene sequences.
DNA sequence analysis of the partial· 165 rRNA gene. A
DNA sequence analysis of the partial 16S rR.NA genes from
one or more representative strains belonging to each of the
nine groups was performed to determine the phylogenetic relationships among the groups. An alignment of 16S rRNA
gene sequences obtained from GenBank showed that the region corresponding to positions 830 to 1383 (E. coli numbering) consisted of a relatively variable region of the 16S rRNA
gene. This segment of the 165 rRNA gene provided a quick
and reliable method for comparing the prototype strains of
solvent-producing clostridia belonging to each group. On the
basis of the partial 16S rRNA gene sequences the nine biotype
and DNA fingerprint groups could be assigned to four taxonomic groups.
Taxonomic group I. Taxonomic group I contained the
amylolytic C. acetobwylicum strains belonging to biotype and
DNA fingerprint group 1. This group included C. acerobutylicum type strain ATCC 824 (= DSM 792 = NRRL B527) as
described by \Veyer and Rettger (45), as well as the C. acetobutylicum Weizmann industrial strain and various other strains
which were isolated during the early part of this century for
their ability to produce solvents from starch-based substrates,
such as maize. C. acetoblltylicum ATCC 4259 (= DSM 1731 =
NCIMB 619 = NRRL B530), which was originally deposited
by Thaysen in 1920, appears to be a derivative of the original
patented Weizmann strain. In addition, strains DSM 1732 and
NCIMB 2951, which were originally deposited by Thaysen,
were identified as derivatives of the original \Veizmann strain.
A strain deposited by Hall in the ATCC and listed as ATCC
3625 ( = DSM 1737 = NRRL B529) was derived from an
industrial butyl culture and therefore could represent another
variant of the original Weizmann culture (:27). Strain ATCC
862 was independently isolated by Denker and was deposited
by Kluyver in the ATCC in 1926. McCoy and McClung reported that this strain resembled the other amylolytic strains of
C. acetobutylicum included in their study (27). This strain is no
longer held by the ATCC, and, unfortunately, attempts to
propagate the equivalent organism strain NRRL B528 were
unsuccessful. An asporogenic mutant derived from C. acetobutylicum ATCC 4259 and listed as ATCC 39236 also fell into this
taxonomic group, as did the butanol-producing organism C.
acetobutyliwm ATCC 43084, which was isolated from cassava
roots, a starch-based substrate.
Taxonomic group II. Taxonomic group II contained saccharolytic C. acetobwylicwn strains belonging to biotype and DNA
fingerprint group 2. This group included C. acetobutylicum
NCP 262 and several other closely related strains utilized by
NCP in South Africa from 1945 to 1983 for industrial production of acetone and butanol. In addition, this taxonomic group
contained strain NRRL B643, which was deposited in the
NRRL culture collection by CSC in 1946 as an example of one
of their main production strains. This strain appears to be the
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TABLE 4. Levels of sequence similarity and evolutionary distances based on an alignment of approximately 1.320 nucleotides of the 16S
rRNAs (positions 100 to 1434; £. coli numbering) of four solvent-producing clostridial strains and other clostridia
% Sequence similarity or evolutionary distancea
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only culture of an organism originally designated ··cJostJidiwn
saccharo-buryl-acetonicum-liquefaciens" to be deposited in a
culture collection. The initial patent describing this new saccharolytic member of the genus Clostridium was filed by Arzberger in 1938 (2). This organism was utilized by CSC as its
main production strain in the United States, as \Vell as by the
lister Commercial Solvents plant at Bromborough. Great Brit.1in, for the majority of their AB fermentations with molasses
following its introduction in 1938. NCP began performing the
AB fermentation process in South Africa in 1936 by using
maize mash as the fermentation substrate (42). In 1945 the
NCP plant was converted from maize to blackstrap molasses by
using the "C. saccharo-butyl-aceconicum-liquefaciens" strains
supplied by CSC in the United States and by Commercial
Solvents in England (32). All of the NCP strains belonging to
taxonomic group II appear to have been derived from the
original industrial, saccharolytic. solvent-producing strain.
Taxonomic group III. Taxonomic group III consisted of the
·c. saccharoperbutylacetonicwn" strains belonging to biotype
and DNA fingerprint groups 3 and 4. The original "C. saccharoperbwylacetonicum" strain, strain N1-4 (= ATCC 13564),
was isolated from soil in Japan by Bongo and Nagata in 1959
and was patented by Hongo in 1960 (11, 12). This strain was
used by the Sanraku Distiller's Company for industrial production of acetone and butanol from molasses. However, the fermentation process with this strain was beset by phage infections, with contamination occurring 12 times in 1 year (12).
Strain N!-504 (= ATCC 27022), which reportedly was a
·hage-resistant mutant of the ori2:inal strain N1-4, exhibited an
:.:nti;ely different spectrum of phage susceptibility than all of
the other phage-resistant mutant strains derived from N1-4
(34). The differences in the biory·pe characteristics and DNA
fingerprints of N1-4 and N1-504 suggest that the latter strain
arose as a separate isolate rather than a phage-resistant mutant
of strain Nl-4. However, the partial16S rRNA gene-sequences
of N1-4 and Nl-504 were identical, suggesting that Nl-504 is a
derivative of parent strain Nl-4.

Taxonomic group IY. Ta;xonomic group IV \vas the largest of
the four taxonomic groups and contained the saccharolytic
strains belonging to biotype and DNA fingerprint groups 5
through 9. All of the strains belonging to biotype and DNA
fingerprint group 5 originated from the NCP strain collection,
and no examples of this group appear to have been deposited
in any of the major culture collections. These strains were used
by NCP in South Africa in combination with the NCP strains
belonging to group 2 for industrial production of solvents from
1945 until 1983. Although the group 5 NCP strains almost
certainly originated from solvent-producing clostridial strains
supplied by esc, their origins and development remain obscure.
The strains belonging to biotype and DNA fingerprint group
6 include type strain C. acetobwylicum NCIMB 8052, which
was originally deposited in the ATCC. This strain has been
worked with extensively by researchers in Great Britain. It is
apparent from the biotyping and DNA fingerprint analysis
results that this strain does not resemble the C. acetoburvlicum
type strains deposited in the A TCC, DSM, and NRRL and

from the 16S rRNA gene sequence analysis results that it is
identical to the C. bel)"en"nckii type s!rain. The director of the
NCIMB has been informed of this anomaly, and users are
being notified accordingly. The original strains of solvent-producing clostridia belonging to group 6 appear to have been
isolated and developed initially by esc as industrial production strains as part of the program to convert the AB fermentation process from a starchMbased substrate to a sugar-based
substrate. Strains patented under the name "ClostJidium saccharo-acetohutylicum" appear to have been the first saccharolytic CUltureS isolated by CSC \Vhich produced high yields Of
solvents from molasses. The initial patent for this strain was
obtained by Arzberger in 1936 (1). This patent was followed by
two additional patents which described variants of "C. saccharo-acetobutylicwn," one obtained by \Voodruff et al. in 1937
(48) and one obtained by McCoy in 1938 (28). This bacterium
appears to have been used as a production strain for fermen-
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tation of molasses both by CSC in the United States and at the
newly opened Commercia l Solvents fermentatio n plant in the
United Kingdom from around 1935 until it \vas superseded by
"C. saccharo-bu tyl-acetonic wn-liquefac iens." A culture of a
prototype strain of "C. sacclwro-ac erobutylicw n" used by esc
was deposited in the NRRL culture collection by McCoy in
1945 and is currently listed as C. acetoburylicwn "NRRL B591.
The DNA fingerprint of this strain was identicCil to the DNA
fingerprints of two strains of "C. madisonii," a saccharolytic
Clostridium species described and patented in 1946 by McCoy
(29). "C. madisonii," which was ceded to the Wisconsin
Alumni Research Foundation , was later used as an industrial
production strain in Puerto Rico (34). The DNA fingerprint
patterns of the strains described above were identical to the
DNA fingerprint patterns of the other C. acetobw;dicum
ATCC, DSM, NCIMB, and NRRL strains belonging to group
6, which originallv came from the Wisconsin strain collection
and are liste-d as NC!MB 8049 (= DSM 1739 = ATCC 10132
= NRRL B594), NCIMB 6444, NCIMB 6445, and NRRL
B597.
Only one strain, C. acetoburylicwn ATCC 39058, belonged to
biotype and DNA fingerprint group 7. This strain is a butanolresistant mutant that was developed from the original parent
strain (ATCC 39057) isolated by enrichment culture on Jerusalem artichoke medium at the Institute Francaise du Petrole as
part of an initiative to produce butanol and isopropanol for use
as blending agents to enable methanol to be added to petrol as
a fuel extender (24).
Strain NRRL B593, which was classified as a C. beijerinckii
strain, belonged to group 8. Group 9 contained three strains,
strain NRRL B596 (listed as a C. acerobutylicwn strain) and
strains NRRL B592 and NRRL B466 (classified as C. beJierinckii strains). No solvent-pro ducing strains classified as C.
beijcrinckii strains \v·ere used as industrial production strains;
however, a number of strains which were patented as ''Clostn.diwn propyl-bury licum" (31 ), "Closllidium viscifaciens" (41 ),
and '·Clostridium amy/o-saccharobutyl-prop_vlicwn" (3) strains
were similar in some respects to strains classif?.ed as C. beijerinckii strains (19).
Phylogenet ic relationship s and nomenclatu re. On the basis
of their partial 16S rRNA gene sequences, the prototype
strains of solvent-pro ducing clostridia were found to fall in
rRNA homology group I of Johnson and Francis (18), which
recently has been referred to by Collins et al. as cluster I (6).
To determine the genealogical relationships of the solventproducing clostridia in homology group I or cluster I more
accurately, the complete 16S rRNA gene sequences of representative prototype strains of four taxonomic groups were determined.
The results obtained from a comparativ e sequence analysis
of complete (or almost complete) 16S rRNA sequences confirmed that the type strain of C. acetobutylicwn, ATCC 824,
which was described by Weyer and Rettger in 1927 (45), is only
distantly related to the saccharol:ii c strains of solvent-producing clostridia. This result is consistent with the findings of
Johnson and Francis (18) which placed ATCC 824T in subgroup IJ of rRNA homology group I, which was quite distinct
from subgroup IA containing C. belj"erinckii, C. butyn·wm, and
the saccharolytic, nonproteoly tic strains of C. botulinum. The
strains which form ta'\onomic group I include the original
strains classified as C. acetobun1ic wn, and therefore strains
belonging to this group should retain the species name C.
acetobwylic um.
Taxonomic groups II, IlL and IV, represented by strains
NCP 262, Nl-4, and NCIMB 8052T, respectively, exhibited
high levels of 16S rRNA gene sequence similarity (>97%).
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According to the criteria recommend ed by Stackebran dt and
Goebel, it is not possible by using 16S rRNA gene sequences
alone to determine whether these three taxonomic groups of
solvent-producing clostridia constitute three separate species
or are variants of a single species (43). At this level of similarity
DNA-DNA hybridization techniques provide a superior
method for discriminating between species and strains; a DNA
reassociatio n value of 70% or more indicates that organisms
belong to the same species (43). The results obtained from
genomic DNA-DNA hybridizatio n studies (17) indicate that
these three taxonomic groups of saccharolytic solvent-producing clostridia do constitute three separate species, which means
that the strains belonging to these groups should be reclassified.
Ta'\onomic group II contains industrial strains which were
used by both esc and NCP as their main production strains
during the latter stages of operation of the AB fermentatio n
process. In 1945 esc deposited a culture of their main production strain in the NRRL culture collection, and it appears
that the original name used to identify this strain in the patent
literature was "C saccharo-bw yl-acetonicu m-liquefacie ns."
Strain NRRL B643 was found to have a genomic DNA profile
identical to that of NCP 258 and very similar to that of NCP
262: both NCP 258 and NCP 262 were derived from cultures
supplied to NCP by eSC in 1945 when the NeP fermentatio n
process was converted from maize mash to molasses. The similarity of the genomic DNA fingerprints produced by all of th::
NCP strains belonging to this group suggests that they all
descended from the original ··c. saccharo-butyl-aceronicumliqucfacicns " strain patented by esc. As this \Vas the original
name used in the patent literature to identify strains belonging
to taxonomic group II, it seems appropriate that this name
should be retained despite being cumbersom e.
Taxonomic group III contains strains isolated by Hongo
which were described and patented as "C. saccharoper bwylac·
etonicum" strains (11). Although this taxon is not recognized as
a valid species, a number of culture collections continue to list
these strains under the name "C. sacclwrope rbutylaceto niwm,"
and it seems appropriate that the original name for this group
be retained.
The saccharolytic solvent-pro ducing clostridial strains belonging to taxonomic group IV include various strains which
have been named in the patent literature "C. saccharo-acetoburylicwn" and ''C. madisonii," as wei! as strains presently
classified as C. beije1inckii and C. acetoburylicum strains. As
determined by a comparativ e 16S rRNA gene sequence analysis, the representati ve prototype strain of ta'\onornic group IV
is identical to the type strain of C. beJfen·nckii. Since C. beiJeriJKkii is a legitimate species. it seems appropriate that all of the
strains belonging to this taxonomic group be reclassified as C.
beJj"ednckii strains.
From the results obtained in this study which support the
original findings of Johnson and Francis (18) it is apparent that
many saccharolytic strains currently classified as C. acetobutylicum strains differ markedlv from the C. acetobutvlic wn strains
originally isolated for theif ability to produce ~olvents from
starch-base d substrates. \\'e concluded that numerous saccharolytic solvent-producing clostridia which were isolated and
patented from the mid-1930s onward make up an entirely
different assemblage of solvent-pro ducing clostridia and include representati ves of at least three closely related but ap-·
parently distinct species.
Studies to phenotypically characteriz e the various groups of
solvent-producing clostridia belonging to the four species are
under way in our laboratory.
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ADDENDUM

After this paper was submitted, the 165 rRNA gene sequences of C. aceroburylicwn ATCC 824T, DSM 1731, NCIMB
8052T, and NCP 262 were published by Wilkinson et al. (47).
These authors also concluded that C. acetobutylicum NCIMB
8052T exhibited 100% 165 rRNA sequence relatedness with
the type strain of C. beijerinckii and was only distantly related
to strains ATCC 824T and DSM 1731. Wilkinson et al. also
found that C. acetoblltylicwn NCP 262 is closely related to
strain NCIMB 8052T (47).
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