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Southern hybridization analysis of Clostridium botulinum type A chromosomal DNA indicated the presence
of six copies ofthe 23S rRNA gene. Fragments ofDNA encoding 23S rRNA were amplified by polymerase chain
reaction and cloned in Escherichia coli. Three clones examined by restriction enzyme and sequence analysis
were found to be derived from different operons. Sequence determination of the entire insert of two clones
revealed nine nucleotide changes in the genes coding for 23S rRNA (99.7% sequence identity) between operons
encoded on the same chromosome, showing microheterogeneity in the rRNA operons of this organism.

The species Clostridium botulinum comprises a diverse
group of gram-positive, anaerobic, spore-forming, rod-
shaped bacteria (5). C. botulinum type A produces a botuli-
num neurotoxin (BoNT/A) which, with toxins of type B
(BoNT/B) and type E (BoNT/E), is responsible for the
majority of cases of foodborne human botulism (17). Strains
of C. botulinum have been grouped together under a com-
mon name because of their ability to produce BoNT. Within
toxin-producing C. botulinum, four distinct groups have
been identified on the basis of phenotypic characteristics
(12). In addition, some strains of Clostridium barati and
Clostridium butyricum have been reported to produce BoNT
(16), and strains which phenotypically resemble C. botuli-
num but are nontoxigenic have been described (10). These
inconsistencies clearly demonstrate that the classification
and nomenclature of the C. botulinum group are unsatisfac-
tory. Chromosomal DNA-DNA pairing studies have revealed
considerable heterogeneity within the C. botulinum group of
species (14, 15, 22). It is known that this technique can only be
used to measure the relationship of closely related organisms
(i.e., strains within a species or closely related species). There
is growing recognition that rRNA sequencing is one of the
most powerful and precise methods for determining the
phylogenetic interrelationships of bacteria (25), but little is
known of sequence variation in rRNA operons (rm) of
bacteria other than Escherichia coli (4) or species of Bacillus
(20). As the foundation for an investigation of the genealogical
relationships within the C. botulinum complex of species, we
have determined the nucleotide sequence of the large subunit
rRNA gene and intergenic spacer regions ofmore than one rm
operon of C. botulinum type A. We report microheterogene-
ity between the operons, including regions encoding 23S
rRNA, and comment on the implications of this for determin-
ing close genetic interrelationships.

Analysis of cloned ma operons. C. botulinum type A
(NCTC 7272) was grown anaerobically in reinforced clostrid-
ial medium (Oxoid) at 37°C, and chromosomal DNA was
prepared by the method of Farrow et al. (7). Polymerase
chain reaction (PCR) products were generated in a reaction
with primers designed to conserved regions of 16S and 5S
rRNA (5'-AATCATCATGCCCCTTATGACCTGGCTA-3'
[positions 1197 to 1224, E. coli numbering] and 5'-TTAAGT
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TCCATGTTCGGTATGGGAA-3' [positions 33 to 57, E. coli
numbering], respectively) by using 1 U of Taq polymerase
(Amersham International) under the following conditions:
denaturation at 95°C for 5 min followed by 25 cycles of
denaturation at 92°C for 1 min, annealing at 50°C for 1 min,
and primer extension at 72°C for 5 min. Amplification was
completed by a final incubation at 72°C for 10 min. Template
DNA was at final concentration 20 ng/,ul, and deoxynucle-
otides (BCL) were at final concentration 200 ,uM. The
fragments were cloned into the EcoRV site of pBluescript
KS+ (Stratagene) after modification as described previously
(6). From a cloning experiment, three recombinant plasmids
were isolated (designated pCBA2, pCBA4, and pCBA5)
containing DNA inserts (ca. 3.5 kb) encoding 23S rRNA.
Sequence analysis using the dideoxynucleotide chain termi-
nation method (6, 21) revealed the organization of the cloned
rm operons to be a classical 16S rRNA-spacer-23S rRNA-
spacer-5S rRNA structure. The restriction maps of the three
recombinant plasmids were found to be similar but not
identical (Fig. 1). Approximately 400 bases at the 16S rRNA
end of the PCR fragment was missing in clone pCBA4. This
was revealed by sequencing (Fig. 2) and is probably due to
nuclease activity during cloning. This accounts for the loss
of the SmaI site in pCBA4, but the BamHI of pCBA2 is
within the coding region for 23S rRNA and is absent from the
other two clones. Sequence analysis showed that in pCBA2,
the nucleotide at position 100 (Fig. 3) is a G instead of the A
of pCBA4 and pCBA5. This base substitution introduces a
BamHI site into pCBA2. A ScaI site is present towards the
end of genes coding for 23S rRNA (rDNA) in pCBA2 and
pCBA5 but absent from pCBA4. The base substitution
which introduces the ScaI site into pCBA5 is at position 2182
of 23S rRNA (Fig. 3).

Further evidence that the clones are distinct from each
other, and therefore are likely to represent different operons,
was obtained from analysis of the 16S-23S rRNA- and
23S-5S rRNA-spacer regions (Fig. 2 and 4). The 16S-23S
rRNA-spacer sequences of pCBA2 and pCBA4 are very
similar (three mismatches in 187 nucleotides), whereas that
of pCBA5 has a deletion of approximately 70 nucleotides
(Fig. 2). In contrast, the 23S-5S rRNA-spacer sequences of
pCBA2 and pCBA5 are almost identical and contain a
deletion of approximately 40 bp compared with that of
pCBA4 (Fig. 4). Sequence analysis of these spacer regions
has not revealed the coding for tRNA molecules. tRNA
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FIG. 1. Restriction map of plasmids pCBA2, pCBA4, and pCBA5. Deletions are shown with respect to pCBA4.

molecules are found in the 16S-23S rRNA intergenic spacers
of all E. coli rrn operons (26) and some of those of Strepto-
coccus pneumoniae (2), Plesiomonas shigelloides (6), and
Listeria monocytogenes (23). Studies on Clostridiumperfrin-
gens have revealed the presence of 10 rm operons, and the
authors suggest two of these may contain coding for tRNA
molecules between the 16S and 23S rDNA (9). However,
since preliminary Southern blot analysis has revealed the
presence of six copies of the gene on the C. botulinum type
A chromosome (Fig. 5), the sequence data shown here do
not exclude the possibility of tRNA encoded in the inter-
genic spacer regions of the other rm operons. There is no
evidence in the sequence for inverted repeats upstream and
downstream of the 23S rDNA, such as make up the RNase
III sites used in rRNA processing in gram-negative organ-
isms such as E. coli (27) and Caulobacter crescentus (8). In
gram-positive organisms, a different consensus sequence
implicated in rRNA processing has been described (9). This
sequence is found in all gram-positive organisms so far
sequenced, including mycoplasmas (13, 19), Streptomyces

pCBA2
pCBA4
pCBA5

pCBA2
pCBA4
pCBA5

pCBA2
PCBA4
pCBA5

coelicolor (3), and C. perfringens (9). These sequences, with
some modifications, are found in the 16S-23S and 23S-5S
rDNA-spacer regions of C. botulinum type A (Fig. 4 and 5).

Analysis of 23S rDNA. The complete nucleotide sequence
of the region encoding 23S rRNA of C. botulinum type A
determined from pCBA4 (2,896 nucleotides) is shown in Fig.
3. Sequence determination of the same region of a second
clone (pCBA5) revealed 99.7% identity (corresponding to
nine nucleotide differences; Fig. 3). Two of the differences
between the clones (positions 150 and 174; Fig. 3) are
base-paired. Other nucleotide heterogeneity occurred in
open regions or in positions of uncertain secondary struc-
ture. Although it is usual for the product of more than one
PCR experiment to be sequenced to confirm the data, the
sequence deviation shown here is too high to be attributable
to Taq polymerase (error rate estimated to be approximately
1 in 9,000 nucleotides [24]) and, together with the sequence
variation of the intergenic spacer regions, is clearly evidence
of microheterogeneity within rm operons of this organism. It
has been shown that recombination of DNA leading to the
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TCCTTTCTAA GGAGAATAGAAAGAAGAAAATTCTTTCTAAAGGCTGAATTCTCTGTTTAA

CTAAAGGCTGAATTCTCTGTTTAA
TCCTTTCTAA GGAGAATAGAAAGAAGAAAATTCTTTCTAAAGGCTGAATTCTCTGTTTAA

16S rRNA
* 100 *I

TTTTGAGAGACCATTCTCTCAAAATGAAGTTAAACATTAGTTTGTTTAACTAAGTGATTGTACC
TTTTGAGAGACCATTCTCTCAAAATGAAGCTAAACATTAGTTTGTTTAGCTAAGTGATTGTACC
TTTTGAGAGACCA

* l*** ***** 1*
AAATAATAGATTTGGAACATCAACTTATGTTCTTTGAAAATTGCACAGTGAATAAGTAAAGCTA
AAATAATAGATTTGGAACATCAACTTATGTTCTTTGAAAATTGCACTGTGAATAAGTAAAGCTA

AGAGTTTCTCAAAATGTTCTTTGAAAATTGCACAGTGAATAAGTAAAGCTA

200
AAGGTATAAAAATCCTTTGTAAGAATACAATTTTAA
AAGGTATAAAAATCCTTTGTAAGAATACAATTTTAA
AAGGTATAAAAATCCTTTGTAAGAATACAATTTTAA

LGG GTCAAGCTA

GGTCAAGCTA
GGTCAAGCTA

23S rRNA

FIG. 2. Nucleotide sequence of 16S-23S rDNA intergenic spacer region of pCBA2, pCBA4, and pCBA5. Nucleotide differences are

indicated by * above the sequence. Plasmids pCBA2 and pCBA5 contain an additional -350 nucleotides of 16S rDNA (data not shown). The
end of 16S rDNA and the start of 23S rDNA are indicated. Arrows under the sequence show inverted repeats believed to be important for
processing rRNA (9).
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GGTCAAGCTACAAAGGGCGCATGGTGAATGCTTGGCACTAGGAGCCGAAGAAGGACGCGATAAGCTGCGATAAGCCTTGGGTAGCCGCAAATAGGCTGA

* I* * SmaI
GATCCAGGGATTTCCGAATGAGGAAACTCACATGGGTAACCCCATGTATCATGCACTGAATACATAGGTGTATGAGGGTAAAiSGAACTGAAACAT

C T A
eClaI *

CTAAGTACCCGGAGGaaGauaAAGAAAAARTGAZTTTCCTAAGTAGCGGCGAGCGAACGGGAAAGAGCCCAAACCAGAAACTTGTTTCTGGGGTTGCGGAT
G

* BglII
AGATCATAAAAGAAGAGGTATCTTAATCGAAGAGGGCTGGAACGCCCTACCATAGAAGGTAATAGTCCTGTAGGTAAAAAGAGAAAACTTCGAGATCAA

A

IAI

AGGGAAAGGAAGAAAAGTCCCGGAAGGAGTGAAATAGAACCTGAAACCGTGTGCCTACAACCGATCGGAGCACGTTAAAGTGTGACGATGTGCTTTTTGT

IScaI
AGAACGAGCCAGCGAGTTACGCTATGTAGCAAGGTTAAh=TAAGGTATGGAGCCGAAGGGAAACCGAGTCTGAAAAGGGCGAAAAGTTGCATGGTGT

AccI NcoII
AACCGAAACCGGGTGACCTATCCATGGCCAGGTTGAAGCGAGAGTAAAATC TCGTGGAGGACCGAACCACGTTGGTGTTGAAAAACCATGGGATGAGC

TGTGGATAGCGGAGAAATTCCAATCGAACTCGGAGATAGCTGGTTCTCCTCGAAATAGCTTTAGGGCTAGCGTCGTGTAATTGAGTAATGGAGGTAGAGC

ACTGAATGGGCTAGGGGCTATAGTAGTTACCGAACCCTATCAAACTCCGAATGCCATATACTTGTATCACGGCAGTCAGACTGCGAATGATAAGATCCGT

AGTCAAAAGGGAAACAGCCCAGACCATCAGCTAAGGTCCCAAAGTGTAAGTTAAGTGGAAAAGGATGTGGGATTTCTAAGACAACTAGGATGTTGGCTTA

Ii

GAAGCAGCCACTCATTTAAAGAGTGCGTAATAGCTCACTAGTCAAGAGATCCTGCGCCGAAGATGTCCGGGGCTCAAACTTACCACCGAAGCTATGGGTG

TACACTATGTGTACGCGGTAGAGGAGCTTTCTGTATGGGTTGAAGTCGTACCGTAAGGAGCGGTGGACTGTACAGAAGTGAGAATGCTGGCATAAGTAGC

GAGAAATAAGTGAGAATCTTATTGGCCGAAAACCTAAGGTTTCCTGAGGAAGGTTCGTCCGCTCAGGGTTAGTCGGGACCTAAGCCGAGGCCGAAAGGTA

GGTGATGGACAATCGGTTGATATTCCGATACCGCCTATTTACGTTTGAGAAATGGGGTGACGCAGTAGGATAAGATGTGCGCACTATTGGATGTGCGTCT

*-
1501 AAGCACTTAGGCATGCTTGATAGGCAAATCCGTCGAGCTAAGCTGAGGTGTGATGGGGAGCCATTTATGGCGAGGTATCTGATTCCACACTGCcAAGAAA

A
* II

1601 AGCCTCTCTCGAGTGAATAGGTGCCCGTACCGCAAACCGACACAGGTAGGTGAGGAGAGAATCCTAAGGCCATCGGAAGAATTGCTGTTAAGGAACTCGG
A

*
1701 CAAATTAACCCCGTAACTTCGGGAGAAGGGGTGCCTACGAA^AGTAGGCCGCAGAGAATAGGCCCA.AGCAACTGTTTAGCAAAAACACAGGTCTCTGCTAA

G

18 01 AGCGAAAGCTGATGTATAGGGGCTGACGCCTGCCCGGTGCTGGAAGGTTAAGGGGAACACTTAGCGTAAGCGAAGGTGTGAACTTAAGCCCCAGTAAACG

1901 GCGGCCGTAACTATAACGGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAATGGCGTAATGATTTGGGCACTGTCTCAACAGCA

2001 AATCCGGCGAAATTGTAGTGCAAGTGAA ,ATGCTTGCTACCCGCGATTGGACGGAAAGACCCCGTAGAGCTTTACTGTAGCTTAGCACTGAATCTCGGTA

* ScaI
2101 TTGTCTGTACAGGATAGGTGGGAGACTTGGAAACTTGGGCGTCACGTGAGTGGAGTCATCCTTGGGATACCACCCTGACAGCACTGGGGTTC TAACCGGC

2201 GGCCATGAATCTGGTCACGGGACATTGTTAGGTGGGCAGTT TGACTGGGGCGGTCGCCTCCTAAAAAGTAACGGAGGCGCCCAAAAGTTCCCTCAGCGCG

KpnI
2 301 GTCGGAAATCGCGCGAAGAGTGCAAAGGCAGAAGGGAGCTTGACTGCGACACATACAGGTGGAGCAGGGACGAAAGTCGGGCTTAGTGATCCGGTGGTAC

2 401 £QTCGTGGGAGGGCCATCGCTCAACGGATAAAAGCTACCTCGGGGATAACAGGCTGATC TCCCCCAAGAGTCCACATCGACGGGGAGGTTTGGCACCTCGA

2 501 TGTCGGCTCGTCGCATCCTGGGGCTGAAGTAGGTCCCAAGGGTTGGGCTGTTCGCCCATTAAAGCGGCACGCGAGCTGGGTTCAGAACGTCGTGAGACAG

IP UI I*cI

2 701 CAGTGGCACAGCTGGTAGCTATGTTGGGACTGGATAAACGCTGAAAGCATCTAAGCGTGAAGCCAACC TCAAGATGAGATTTCCCATAGCGTAAGCTAG
A HincII

2801 TAAGACTCCTGGGAAGCACCAGGTTGATAGGTCAGAGATGTAAGCATGGCAACATGTTAAGTTGACTGATACTAATAAGTCGAGGGCTTGACCAA

FIG. 3. Complete nucleotide sequence of 23S rRNA encoded by pCBA4. The nine nucleotide changes in pCBAS are indicated by *above
the sequence, with the base substituted shown below. Restriction sites shown in Fig. 1 are indicated by underlining.

creation of chimeric molecules is possible during PCR of
very similar target genes, e.g., those of RNA viruses (18).
Because there are multiple copies of rRNA operons, these
genes fall into this category. Meyerhans et al. (18) estimated
that the frequency of recombinant clones was at maximum
5% and showed that this could be reduced up to sixfold by a
long elongation step in PCR. To reduce such recombina-
tional events by minimizing incomplete elongation, a lengthy
elongation step (5 min at 72°C) was used over a low number
of cycles (25 cycles). Under such conditions, the possibility

of producing chimeric PCR products should be considered
remote. Comparison of the C. botulinum 23S rRNA gene
sequences with those of other low G+C gram-positive
bacteria (e.g., L. monocytogenes [23], Bacillus cereus [1],
Bacillus subtilis [11]) revealed 79.9 to 80.5% sequence iden-
tity. No large insertions or deletions in the 23S rRNA were
evident. The 23S rRNA has a G+C content of 51% com-
pared with a total genomic G+C content of 27%. This is
similar to the situation in C. perfringens (9).
rRNA sequence data are being used increasingly to deter-
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AATAAAATTCACTGTGTAGTTTTGAAAGAATA
AATAAA TTCACTGTGTAATTTTGAGAGAAACAATAAAAATTGTTAAATC
A TAAAATTCACTGTGTAATTTTGAAAGAACA

* <

**** ** **** *1*
ATCTTTCAAAGAAAATAAA

TCTATTGACAAATTGCAAAAAAAGCAATTATAATGTTAAATA
TCTTTCAAAGAAAATAAA

150
AAGGTAACACCCG TTCCCATACCGAACATGGAACTTAA
AAGGTAACACCCG TTCCCA
AAGGTAACACCCG TTCCCATACCGAACATGGAACTTAA

PCRprimer

TCTGGTGATTATGGCTTG
TCTGGTGATTATGGCTTG
TCTGGTGATTATGGCTTG

5S rRNA

FIG. 4. Nucleotide sequence of 23S-5S rDNA intergenic spacer region of pCBA2, pCBA4, and pCBA5. Nucleotide differences are

indicated by * above the sequence. The end of 23S rDNA and the start of 5S rDNA are indicated. A region believed to be important in rRNA
processing (9) is indicated by an arrow under the sequence.

mine the phylogenetic interrelationships of microorganisms.
Up until recently, most rRNA sequence data were generated
by reverse transcription of an rRNA template. This method
is prone to errors, however, and commonly results in ca. 1 to
2% sequencing ambiguities. With the development of PCR
technology, determination of rRNA sequence from rDNA
has become standard. This technique allows the amplifica-
tion and sequencing of rm operons, whether or not the
rRNA that they encode is expressed; three such operons are

represented in the clones obtained here. If in other organ-

isms, as in E. coli and B. subtilis, there is a major species of
rRNA, a slight error is built into the data obtained by
sequencing cloned rDNA derived from PCR, because all
operons have a (potentially) equal chance of amplification
and being cloned but have nonidentical sequences. For
phylogenetic studies, data obtained from direct sequencing

A B C

7

6 i
5

3-_

2
1.8-

FIG. 5. Southern blot analysis of C. botulinum type A chromo-
somal DNA. Lanes correspond to digestion of chromosomal DNA
with the restriction enzymes HaeIII (A), HindIII (B), and PvuII (C).
The blot was probed with oligonucleotide (5'-GGCATGCACCGT
GCGCCCTT'-3') complementary to the 5' end of 23S rDNA (posi-
tions 13 to 32, E. coli numbering; Fig. 3). Numbers on the left
correspond to size in kilobases.

of PCR products are likely to reduce this error as a consen-
sus sequence is obtained from the PCR of the rrn operon
pool. Although operon microheterogeneity does not pose a
problem for phylogenetically distant organisms, such con-
siderations are increasingly important when close genealog-
ical relationships such as those between some strains of the
C. botulinum complex of species are measured.

Nucleotide sequence accession number. The sequence data
have been deposited in the EMBL-GenBank data base under
accession number X65602.
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