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Abstract

The NCIMB 8052 strain of Clostridium beijerinckii
contains nine copies of a novel insertion sequence,
ISCb1, belonging to the IS4 family. The 1764 bp element
has 18 bp inverted repeats at its extremities, and
generates 11 bp target repeats upon insertion. It
contains a 1365 bp ORF whose predicted product (455
amino acids) resembles bacterial transposases. The
highly conserved DD(35)E motif is present, as are
signatures characteristic of the N3 and C1 domains of
bacterial transposases. Codon usage of the ORF is
somewhat different from that of other C. beijerinckii
genes, suggesting that ISCb1 may have been acquired
from another organism by horizontal gene transfer in
the evolutionary past. One ISCb1 copy lies close to
the site of insertion of Tn1545 in a mutant strain, C10,
which shows a reduced tendency to degenerate (i.e.
loss of the potential to form solvents) compared with
the wild type. In the C10 strain, the characteristic
pattern of DNA fragments detected by an IS-specific
probe was altered, but this was due to the Tn1545
insertion itself, rather than an ISCb1-mediated genome
re-arrangement. There is currently no evidence that
the element is involved in strain degeneration, since
12 independently isolated spontaneous mutants that
had lost the ability to form solvents had the same ISCb1
profile as that of the wild type strain. The element is
apparently restricted to a series of closely related
solvent-forming clostridia.

Introduction

Insertion sequences (IS) are widely distributed throughout
the prokaryotic world (Mahillon and Chandler, 1998).
Although phenotypically “silent” themselves, they are often
associated with the acquisition of accessory functions, such

as pathogenic and virulence determinants in a variety of
organisms, including Clostridium perfringens (Brynestad
et al., 1997; Cornillot et al., 1995). Insertion sequences
are an important component of bacterial chromosome
architecture, and are frequently involved in plasmid
integration (Low, 1996) and chromosomal re-arrangements
(Haack and Roth, 1995; Louarn et al., 1985; Savic et al.,
1983).

Clostridium beijerinckii NCIMB 8052 is one of the
solvent-forming clostridia (Jones and Woods, 1986). During
laboratory batch culture with a readily used carbon source
such as glucose, bacteria grow exponentially, producing
mainly acetate and butyrate as fermentation end products,
which results in acidification of the culture medium. Co-
incident with the end of the exponential phase of growth,
bacterial metabolism is re-adjusted to give neutral end
products, which are mainly acetone and butanol. This,
together with re-assimilation of the acetate and butyrate
produced previously, permits survival for several hours,
during which endospores are usually formed (Jones and
Woods, 1986). During prolonged periods of laboratory
culture, degenerate mutants arise that have lost the ability
to form solvents and endospores (Jones and Woods, 1986;
Woolley and Morris, 1990).

One potential reason for strain degeneration is genetic
instability, such as loss of extra-chromosomal genetic
elements, or the occurrence of deletions and/or other
chromosomal re-arrangements. For example, degenerate
variants of Clostridium acetobutylicum strains arise via loss
of a megaplasmid, which encodes several of the enzymes
specifically concerned with solventogenesis (Cornillot et
al., 1997; Cornillot and Soucaille, 1996; Stim-Herndon et
al. 1996). Gross chromosomal re-arrangements are well
documented in streptomycetes, and in industrial strains
they are frequently associated with degeneration of
antibiotic hyper-production (Gravius et al., 1993). In this
investigation we have characterised a novel IS from C.
beijerinckii NCIMB 8052. The data currently available
suggest that it does not play a major role in the
degeneration of solvent production, to which this organism
is particularly prone (Woolley and Morris, 1990).

Results

Detection of a Reiterated Sequence
in C. beijerinckii NCIMB 8052
Strain C10 of C. beijerinckii was isolated after Tn1545
mutagenesis of the wild type (NCIMB 8052) by screening
for organisms with a reduced tendency to degenerate
(Kashket and Cao, 1995). Southern hybridisation using an
aphA-3-specific probe detected a single ca. 9.5 kbp HindIII
junction fragment in strain C10 DNA (data not shown),
indicating that this strain harbours a single copy of Tn1545.
This 9.5 kbp HindIII fragment was isolated from C10 DNA
and the clostridial DNA contained within it was sequenced
(see experimental procedures). It encompasses the left
end of Tn1545 (including the aphA-3 gene) and contains
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2638 bp of flanking chromosomal DNA. Immediately
adjacent to the transposon end is a 486 nt segment that
could potentially form a very stable secondary structure
(∆G = 431 kJ/mole-data not shown) followed by two ORFs
(Figure 1). The predicted (92 aa) product of the first ORF
resembles Bacillus subtilis SinR (37% identity and 57%
similarity over a 51 residue overlap) and the product of an
ORF from Staphylococcus aureus NCTC 8325 (48%
identity and 72% similarity over an 88 residue overlap).
The predicted product of the second ORF (455 aa) shows
slight similarity to bacterial transposases, including those
of IS1384 from Pseudomonas putida (15% identity and
26% similarity with g2995640 over a 350 residue overlap)
and IS1194 from Streptococcus thermophilus (17% identity
and 24% similarity with g2665345 over a 381 residue
overlap).

When employed as a hybridisation probe, the 9.5 kbp
HindIII fragment detected multiple HindIII fragments from
the chromosomes of both the wild type and the C10 strain
(Figure 2A). The uppermost of the seven bands detected
had a reduced mobility in C10 DNA. This altered band
corresponds to the cloned HindIII fragment that was
targeted by Tn1545 insertion and detected by the aphA-3
probe (see above). An identical pattern of hybridisation was
obtained when a 378 bp EcoRI-HindIII sub-fragment from
the Tn1545-distal end of the cloned DNA (Figure 1) was
employed as probe (Figure 2B). These results indicated
that a reiterated element lay close to the site of Tn1545
insertion in the C10 strain.

Determination of the Size of the Reiterated Sequence
It seemed most likely that the reiterated element would
encompass at least the larger ORF shown in Figure 1 and
evidence supporting this contention was obtained in
ligation-anchored PCR experiments. DNA from the wild
type strain was digested with HindIII and then ligated with
an equivalent quantity of HindIII-digested pMTL20
(Chambers et al., 1988). The ligation mixture was employed
as template using as primers either 29S or 29S2 together
with either the M13 universal or the M13 reverse primer.
After PCR amplification, a family of between four and six
amplicons was obtained, derived from the various HindIII
fragments seen in Figure 2. All the amplicons were reduced

in size by about 150, 230 and 490 bp after digestion with
either SphI, or StuI or BclI, respectively, but not after
digestion with PvuI (data not shown). These results
established that the reiterated sequence extends through
the SphI, StuI and BclI sites that are within the large ORF,
but not as far as the PvuI site within the sinR-like gene
(see Figure 1).

To pinpoint the ends of the reiterated element more
precisely, DNA samples from the wild type strain were
digested with either HindIII (left end) or XbaI (right end)
and ligated with similarly digested pBluescriptKS+ (to
provide the second priming site). Using a combination of
the KS primer together with either DWL (left end) or DW2

Figure 1.  Diagram of the chromosomal region adjacent to the Tn1545 insertion point in strain C10.  The end of Tn1545 (filled box), a region able to form a
stable secondary structure (double headed arrow), and the sinR-like gene (arrow) are shown, as is the IS (open box) together with its associated ORF and
terminal inverted repeats (IRL and IRR). The positions of landmark restriction sites are indicated, as are the inserts cloned in plasmids pEK13, pEK29 and
pEK30. The scale below the diagram is in kbp.

Figure 2.  A reiterated sequence in the C. beijerinckii chromosome.  In part
A, genomic DNA from strains NCIMB 8052 and C10 was digested with
HindIII and probed with a sub-fragment of the insert from pEK29 (see Figure
1), lacking the terminal 378 bp EcoRI-HindIII segment.  In part B, C.
beijerinckii NCIMB 8052 DNA was cleaved with a range of restriction
enzymes and probed with pEK30 DNA. The size markers are bacteriophage
lambda DNA digested with HindIII (Part A, lane 1) PstI and BstEII (Part B
lanes 1 and 8). (The 4.36 kbp HindIII fragment in Part A, lane 1, is under-
represented owing to its interaction with the 23.1 kbp fragment during
electrophoresis.)



Clostridium beijerinckii Insertion Sequence   109

Figure 3.   N
ucleotide sequence of ISC

b 1.   D
N

A fragm
ents encom

passing the ends of ISC
b 1 w

ere obtained using either ligation-anchored PC
R

 (LE1, LE2, R
E1, R

E2) or inverse PC
R

 (C
A889, C

A890) w
ith w

ild type
D

N
A as tem

plate.  The sequences of these segm
ents w

ere identical to that of the corresponding segm
ent of ISC

b 1, as show
n in the Figure (nt 1-103 for LE1 and LE2; nt 1-524 and 1673-1764 for C

A889; nt 1-518 and
1673-1764 for C

A890; nt 1734-1764 for R
E1 and R

E2).  They are aligned in the Figure together w
ith the left end of the elem

ent from
 strain C

10 D
N

A (nt 1-1577).  The nucleotide sequence of ISC
b 1 is in upper case w

ith
the rare BssH

II site (nt 1348-1353) in bold, and the flanking sequences in low
er case.  The 18 bp inverted repeats at the ends of the elem

ent are indicated below
 ISC

b 1  and the 11 nt duplications of the target sequences
in D

N
A from

 clones C
A889 and C

A890 are underlined. The predicted product of the O
R

F is show
n below

 the D
N

A sequence in upper case bold, using the single letter am
ino acid code, and the segm

ents encom
passing

the conserved N
3 and C

1 m
otifs of bacterial transposases (see text) are underlined.



110   Liyanage et al.

(right end), multiple amplicons were obtained. Two
amplicons from each reaction were cloned and sequenced.
The sequences of the two DWL amplicons (called LE1 and
LE2) were compared with that of the insert in pEK13
(Tn1545 junction fragment from strain C10). All three
sequences were identical from the DWL priming site to co-
ordinate 1145 in Figure 1. Thereafter, their sequences
diverged. The sequences of the two DW2 amplicons (called
RE1 and RE2) diverged at a point 187 nt beyond the HindIII
site at the extremity of the insert in pEK13 (see Figure 1).
These data, effectively fixing the locations of both
extremities of the reiterated element, are summarised in
Figure 3.

The Reiterated Sequence is an Insertion Sequence
The sequence data obtained above revealed that the
reiterated element has a size of 1764 bp and that it has
imperfect 18 bp inverted repeats (13/18 matches) at its
extremities (Figure 3). The 1365 bp ORF with weak
similarity to bacterial transposases (see above) lies
between bases 140 and 1504. These features suggested
that the reiterated element is an insertion sequence (IS).
We therefore determined whether there are duplications
of host sequences on either side of the element in the
bacterial chromosome.

Inverse PCR was employed to isolate the host DNA
sequences immediately adjacent to two different copies of
the element in the bacterial genome. The putative IS lacks
sites for RcaI and BspLU11I, both of which have A + T-rich
target sequences and cleave C. beijerinckii DNA frequently.
Target DNA from the wild type strain was digested with
these enzymes and their compatible ends ligated at a low
DNA concentration, to favour the generation of circular
products. The ligation mixture was employed as template
for inverse PCR using primers DWAL1 and DWAR1, which
prime DNA synthesis outwards towards the ends of the
element. Multiple amplicons were obtained two of which
were cloned and sequenced. These data (see CA889 and
CA890 in Figure 3) revealed the presence of an 11 bp
duplication on either side of the element confirming that it
is an IS. They also confirmed the previously deduced
extremities of the element. This is the first example of an
IS from C. beijerinckii, and it has been denoted ISCb1.

Analysis of the DNA sequences flanking ISCb1 in
CA890 (accession number AJ250470) revealed that it has
disrupted an ORF that could encode a response regulator
of the AraC/XylS family (33% identity and 57% similarity to
B. subtilis yfiF over an 82 residue overlap). The DNA
sequences flanking ISCb1 in CA889 (accession number
AJ250471) probably correspond to an intergenic, non-
coding region of the bacterial chromosome

C. beijerinckii NCIMB 8052 Contains at Least
Nine Copies of ISCb1
Inspection of the data shown in Figure 2 suggests that two
of the seven bands corresponding to HindIII fragments
bearing ISCb1 may be doublets. Their hybridisation
intensity is enhanced compared with that of the other
bands. Southern hybridisation experiments were carried
out using DNA digested with a variety of enzymes that
cleave clostridial DNA frequently but do not cleave ISCb1.
Digestion with BspLU11I + RcaI gave nine hybridising
fragments (Figure 2B) indicating that there are at least nine
copies of ISCb1 in C. beijerinckii NCIMB 8052. Their

locations in the bacterial chromosome were investigated
by probing SmaI and ApaI macro-restriction fragments of
the wild type strain with an ISCb1-specific probe. This
experiment (Figure 4A) revealed a complex pattern of
hybridising fragments corresponding to four of the profiles
previously reported, together with at least three additional
profiles not previously described (Wilkinson and Young,

Figure 5.  Distribution of ISCb1 among C. beijerinckii strains representing
twelve different DNA fingerprint groups.  DNA samples were digested with
BspLU11I, and probed with pEK30 DNA.

Figure 4.  Detection of ISCb1 in ApaI and SmaI macro-restriction fragments
from C. beijerinckii DNA.  Macro-restriction fragments were prepared from
strains NCIMB 8052 (Part A) and C10 (Part B) as described previously
(Wilkinson and Young, 1995).  An ISCb1-specific probe (pEK30) was
employed in part A and an aphA-3-specific probe (see Experimental
procedures) in part B.  Bands corresponding to macro-restriction fragment
profiles that had been identified previously (Wilkinson and Young, 1995)
are indicated.  Note that the SmP’/ApJ’ profile detected in part B has been
shifted relative to its counterpart in part A, owing to the presence of a copy
of Tn1545 (25.3 kbp - Caillaud et al., 1987a) in the hybridising fragments.
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1995). One of the profiles detected is SmP'/ApJ' (Figure
4A). A modified form of this profile was detected when strain
C10 DNA was hybridised with an aphA-3-specific probe
(Figure 4B). In strain C10, the macro-restriction fragments
detected are about 25 kbp larger, since they contain Tn1545
(Caillaud et al., 1987a).

The distribution of ISCb1 amongst other C. beijerinckii
strains was determined. One representative strain was
chosen from each of the five different fingerprint groups of
Keis et al. (1995), together with seven other C. beijerinckii
strains which represent a further seven DNA fingerprint
groups (Keis, 1996). The element was detected in 5 of the
12 strains tested (Figure 5). A more extensive survey was
made of the eight strains comprising fingerprint group 6
(viz NCIMB 6445, NCIMB 8049, NCIMB 8052, NCIMB
8653, NCIMB 10132, NRRL B591, NRRL B594 and 214
(Keis et al., 1995)). The patterns of hybridisation after
digestion of the DNA with either HindIII or BspLU11I were
all identical (data not shown). The remaining four strains
in which the element was present are either the sole
representatives of their fingerprint group (NCIMB 9581 and
NCIMB 12404) or one of two strains comprising their group
(NCIMB 9362, NCIMB 9579). Multiple copies of ISCb1 were
present in each of the five strains representing five different
fingerprint groups in Figure 5. Although each representative
strain showed a distinct hybridisation profile (using
BspLU11I-digested DNA), there appeared to be common
bands in some profiles (Figure 5).

Does ISCb1 Provoke Degeneration
in C. beijerinckii NCIMB 8052?
A small collection of degenerate mutants was obtained by
plating the wild type strain to give a low colony density on
CBM (O’Brien and Morris, 1971) and purifying organisms
from colony outgrowths, as described previously (Kashket
and Cao, 1995). DNA was isolated from twelve independent
mutants, digested with RcaI + BspLU11I, separated
electrophoretically, blotted and probed with an ISCb1-
specific probe. The hybridisation patterns of all strains were
identical to that shown in Figure 2B, indicating that ISCb1-
mediated genome rearrangements do not make a major
contribution to strain degeneration on agar-solidified CBM.

Discussion

The results reported in this communication indicate that
C. beijerinckii NCIMB 8052 and closely related strains
contain a novel 1764 bp IS, which we have called ISCb1,
that appears to belong to the IS4 family (Mahillon and
Chandler, 1998; Rezsöhazy et al., 1993). The predicted
455 aa product of the single ORF encoded by the element
has weak similarity to bacterial transposases from IS1194
(S. thermophilus) and IS1384 (P. putida). Moreover,
residues 288-291 (DAAF) and 421-435 (YKIRVAVE
KNINHFK) (Figure 3) correspond to the D(1)[G/A][Y/F] and
[Y/L](2)R(2)[I/L/V]E(6)K signatures characteristic of the N3
and C1 domains of bacterial transposases (Rezsöhazy et
al., 1993). The underlined residues in these signatures are
part of a highly conserved DD(35)E catalytic triad (Mahillon
and Chandler, 1998). One of several aspartic acid residues
located upstream from the N3 signature (Figure 3) could
potentially correspond to the first residue of the catalytic
triad. The C. beijerinckii element apparently generates 11
bp repeats of its target sequence, which is within the range
of 9-12 bp reported for the IS4 family (Mahillon and
Chandler, 1998). The ends of the element have imperfect,
18 bp inverted repeats (13/18 bases matching), with a
terminal A residue, which is unusual for IS4 family
members. Curiously, the base compositions of the left and
right ends are very dissimilar, with 24/40 and 9/40 bases
being G or C at the left and right ends, respectively. The
G+C-rich sequences at the left end form a family of short
G+C-rich inverted repeats, which are commonly
encountered at the ends of insertion sequences and
transposons (Mahillon and Chandler, 1998).

The IS has an overall G+C content of 33.2 mole
percent. In the solventogenic clostridia, intergenic regions
tend to be even more A+T-rich than coding regions (Young
et al., 1989), whereas both coding and non-coding regions
of ISCb1 have very similar G+C contents. Although the
overall G+C content of the coding region does conform to
that of other C. beijerinckii (and C. acetobutylicum) genes,
there are some interesting differences in codon usage. The
first codon position has a higher proportion of A+U residues
and this is compensated by a lower proportion of A+U
residues in the third codon position. This is due, in large
measure, to an increased abundance of several codons
ending in C, viz: CUCleu = 14% (6/23); GGCgly = 36% (5/
14); UUCPhe = 36% (11/31); UGCcys = 69% (9/13). (These
codons are used at the following frequencies in C.
beijerinckii and C. acetobutylicum, respectively: CUCleu =
2% and 3%; GGCgly = 8% and 9%; UUCPhe = 19% and

Table 1. Comparison of the G + C Contents of the Three Codon Positions
in the ISCb1 ORF with those for Other Genes from Clostridium beijerinckii
NCIMB 8052 and Clostridium acetobutylicum ATCC 824

C. beijerinckii C. acetobutylicum IS ORF

Coding    GC% 32.9 33.1 33.9

1st letter GC% 44.9 45.5 41.9
2nd letter GC% 35.6 34.5 34.0
3rd letter GC% 18.2 19.3 25.9

Table 2. Primers Employed for PCR and Sequencing

Primer Sequence (5' → 3')a Co-ordinatesb

or Reference

29R GGAAGGAGGATTGTAAAATG 696 → 715
29R2 GAGCACCAAGCAATA 1015 → 1029
29S GTCAAAAGCAGCATCTCC 2159 → 2142
29S2 CCGAGGCCATTAGTA 1960 → 1946
C10P1 CCTAACTCGGTAGACACTTGCAT 234 → 212
C10P2 ACTGTCTACTGTCTACTAAGC 288 → 268
DWAL1 CTGTTGGCATATCGGTTCAG 1688 → 1669
DWAR1 TTAAGAAGTCgACTATTATATTTG 2794 → 2817
DW2 ATCCATGTACAAATTCCTTATGT 2434 → 2456
DWL atcctgcagAAATTGCATGCTTTCTTAAA 1819 → 1800
DWL3 AGCCGCAGAAGTCTCTTAGTT 1575 → 1555
DWL4 TCATATATATGACTCCTTTCTGAG 1287 → 1264
TNLE GGATAAATCGTCGTATCAAAG (Trieu-Cuot

et al., 1991)

aLower case letters indicate nt changes introduced to create restriction sites
(italics)
bnumbers refer to positions in Figure 1
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18%; UGCcys = 24% and 29%.) These differences in codon
usage, together with the higher than average G + C content
of the non-coding regions, suggest that ISCb1 may have
been acquired from another organism by horizontal gene
transfer in the evolutionary past.

The solventogenic clostridia are a heterogeneous
assemblage of organisms (Keis et al., 1995; Wilkinson and
Young, 1993; Wilkinson et al., 1995) and ISCb1 shows a
rather restricted distribution among them (Figure 5). A
search of the completed sequence of the C. acetobutylicum
ATCC 824 genome (http://www.genomecorp.com/
sequence_center/bacterial_genomes/) revealed that ISCb1
is not present in this organism. It is apparently confined to
a subset of C. beijerinckii – like strains, i.e. biotype/DNA
fingerprint group 6 of Keis et al. (1995), together with four
other fingerprint groups, each containing one or two strains
(Keis, 1996). It is significant in this context that the element
contains a rare BssHII restriction site (Figure 1). This was
one of the enzymes employed for genomic fingerprinting
by Keis et al. (1995) and ISCb1 therefore contributed to
their scheme for discriminating strains. All eight members
of group 6 had identical genetic fingerprints (Keis et al.,
1995) and they all showed identical ISCb1 profiles. The
four other strains in which the element was found (viz.
NCIMB 9362, NCIMB 9579, NCIMB 9581 and NCIMB
12404) showed different ISCb1 profiles (Figure 5). Although
the number of discrete bands varied from one strain to
another, some common bands appeared to be present.
The fact that these strains show different ISCb1 profiles
constitutes circumstantial evidence of the occurrence IS-
mediated genome re-arrangements in the comparatively
recent evolutionary past. Experiments are currently in
progress to determine whether the element is capable of
transposition in C. beijerinckii NCIMB 8052.

Four of the nine copies of ISCb1 have been located
on the C. beijerinckii NCIMB 8052 chromosome in
hybridisation experiments with SmaI and ApaI macro-
restriction fragments. It should now be possible further to
refine the physical map of the bacterial chromosome
(Wilkinson and Young, 1995) using the enzyme BssHII,
together with IS-specific probes, to determine the precise
positions and orientations of all nine copies of ISCb1.

The reason why strain C10 shows a reduced tendency
to degenerate is not yet understood. Analysis of the
sequence adjacent to the right end of the transposon failed
to reveal the presence of an open reading frame that would
be disrupted by Tn1545 insertion. However, were this 486
bp region transcribed, the resulting RNA would form a very
stable hairpin structure (∆G = -431 kJ/mole). It is tempting
to speculate that this might correspond to a regulatory RNA
molecule, whose disruption in the mutant is associated with
a reduced tendency to degenerate. Further exploration of
this hypothesis will necessitate isolation of the entire gene
from the wild type strain and characterisation of the
phenotype that results when it is replaced by a mutated
derivative generated in vitro.

Experimental Procedure

Bacterial Strains and Growth Media
Clostridial strains were grown using either medium T.5, which is a modified
(Kashket and Cao, 1993) form of medium TYA (Ogata and Hongo, 1973)
containing 0.5% (w/v) glucose, or CBM (O’Brien and Morris, 1971), or
supplemented tryptone-yeast extract-glucose medium as described
previously (Keis et al., 1995), solidified with 1.2 % agar, as appropriate.

Erythromycin (25 µg/ml) was incorporated into the growth medium for strain
C10 of C. beijerinckii (Kashket and Cao, 1995), which harbours a single
copy of Tn1545. LB medium supplemented with ampicillin (100 µg/ml) was
employed to select and grow E. coli DH5α strains harbouring recombinant
pMTL20 and pBluescript KS+ plasmids.

DNA Manipulations
Standard procedures (Sambrook et al., 1989) were employed for all DNA
manipulations. The Tn1545 left end junction fragment was isolated from
strain C10 by electrophoretic separation of HindIII digested DNA, purification
of fragments in the 8.5 – 10 kbp range and cloning in pBluescript KS+.
Plasmid pEK13 containing the desired fragment, which includes the Tn1545
aphA-3 gene, was obtained by selecting kanamycin-resistant transformants
of E. coli DH5α. The clostridial DNA within pEK13 was sequenced using
the dideoxy chain termination procedure (Sanger et al., 1977) with various
plasmid sub-clones, some of which are shown in Figure 1, in combination
with several of the primers listed in Table 2. Sequence assembly and analysis
was undertaken using the GCG suite of programs (Devereux et al., 1984)
(Wisconsin Package Version 9.1, Genetics Computer Group, Madison,
Wisconsin) at the UK Daresbury laboratory. Database comparisons were
undertaken at the National Centre for Biotechnology Information web site
(http://www.ncbi.nlm.nih.gov/) using BLAST, gapped BLAST and psi-BLAST
(Altschul et al., 1990; Altschul et al., 1997). Analysis of codon usage was
undertaken at the Kazusa DNA Research Institute web site (http://
www.kazusa.or.jp/codon/countcodon.html) using data corresponding to 126
coding sequences from C. acetobutylicum (41861 codons), 14 coding
sequences from C. beijerinckii (4537 codons) and the 455 codons
corresponding to the ISCb1 ORF. The entire C. acetobutylicum genome
sequence has now been determined (http://www.genomecorp.com/
sequence_center/bacterial_genomes/), but annotation is still in progress
and the full complement of gene products is not therefore currently available
for codon usage analysis.

The various primers employed for sequencing and for PCR are listed
in Table 2. PCR products were cloned in either pMTL20 (Chambers, et al.,
1988) or pBluescript KS+ (Stratagene).

Ligation-Anchored PCR
Ligation-anchored PCR was employed to isolate fragments LE1 and LE2,
containing the left end of two different copies of ISCb1. HindIII fragments of
wild type DNA were ligated with HindIII-digested pBluescript KS+ and
employed for PCR using primers DWL and KS. Between five and seven
amplicons of different sizes were obtained in different experiments. Two
amplicons were isolated, digested with HindIII + PstI, cloned in HindIII +
PstI-digested pBluescript KS+ and sequenced, using primers DWL, DWL3
and DWL4. A similar method was employed to isolate fragments RE1 (950
bp) and RE2 (850 bp), containing the right end of ISCb1. XbaI fragments of
wild type DNA were ligated with XbaI-digested pBluescript KS+ and the
ligation mixture was employed for PCR using primers, DW2 and KS. Five
or more amplicons of different sizes were obtained in different experiments.
Two of them were isolated, digested with HindIII + XbaI, cloned into HindIII
+ XbaI-digested pBluescript KS+ and sequenced using the standard M13
reverse and KS primers.

Inverse PCR
The ends of two different copies of ISCb1 together with flanking DNA were
isolated using inverse PCR. Wild type DNA was digested with RcaI +
BspLU11I, self-ligated at a low DNA concentration and subjected to PCR
using primers DWAL1 and DWAR1. About five amplicons were generated.
Two of them were cloned in pMTL20 and sequenced using the standard
M13 universal and reverse primers.

Southern Hybridisations
DNA fragments were transferred to Hybond N membranes (Amersham)
and hybridised with digoxigenin-labelled probes (Boehringer) using standard
procedures. Plasmid pAT187 (Trieu-Cuot et al., 1987), which contains an
aphA-3 gene very similar to that of Tn1545 (Caillaud et al., 1987b), was
employed as an aphA-3-specific probe. Plasmid pEK30 (Figure 1) was
employed as an ISCb1-specific probe. In all hybridisations, a small quantity
of digoxigenin-labelled phage λ DNA was included to detect the size
markers. Macro-restriction fragments of clostridial DNA were prepared as
described previously (Wilkinson and Young, 1995).

Nucleotide Sequence Accession Numbers
The nucleotide sequences reported in this paper have been deposited in
the EMBL database under the following accession numbers: AJ250468
(ISCb1), AJ250469 (sequences between the left end of Tn1545 and the
left end of ISCb1 in the C10 strain), AJ250470 and AJ250471 (sequences
flanking two copies of ISCb1 from the wild type strain).
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