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Use of molecular techniques to investigate the genome and toxin gene clusters of Clostridium botulinum has enormously advanced understanding of the bacterium

and its ability to produce botulinum toxin [1–3]. Botulinum neurotoxin (BoNT) exists in 7 toxin types (designated A–G) that are distinguished by the inability of

polyclonal antibodies that neutralize one toxin type to neutralize any of the other 6 toxin types [4]. Some C. botulinum strains produce 2 botulinum toxins,

designated Ab, Ba, Af, and Bf, with the uppercase letter identifying the predominant neurotoxin [5–9], while 1 strain (Af84) contains 3 neurotoxin genes [10].

Additionally, some type A strains contain a complete but inactive type B neurotoxin gene (A[B]) [11], while others contain a partial type B toxin gene (A[B′])] [12].

Variants (ie, subtypes) within BoNTs have been identi�ed and designated with the serotype followed by an Arabic number (eg, A1, A2, etc.) [4, 10]. The extent of

subtype nucleotide sequence diversity varies among the 7 toxin types. Type F is the most diverse, with sequence diversity as high as 25% among its 7 subtypes,

while type B has only up to 4% sequence diversity among its 7 subtypes [3].

The bont gene that encodes botulinum neurotoxin is part of a toxin gene cluster that includes several nontoxin accessory genes. Two main bont gene cluster

organizations are known. The hemagglutinin (ha) toxin gene cluster is found in C. botulinum types A1, A5, B, C, D, and G strains, while the orfX toxin gene cluster is

found in C. botulinum types A1-A4, E, and F and in Clostridium butyricum type E and Clostridium baratii type F strains [13–15]. The toxin gene cluster is a mobile

genetic element that may reside either in the chromosome, in a plasmid, or in a bacteriophage [1, 14, 16–18]. Speci�c insertion sites of the toxin gene cluster within

the chromosome and within certain plasmids were recently identi�ed [10, 19]. In C. botulinum group I strains, all chromosomal ha toxin gene clusters are located in

the oppA/brnQ locus, and all chromosomal orfX toxin gene clusters are located either in the arsC or the pulE loci [10, 19].

The isolation of proteolytic C. botulinum strain IBCA10-7060 toxin type Bh from an infant botulism patient brought to recognition botulinum toxin type H, the �rst

new botulinum toxin type to be identi�ed in almost half a century [20]. We report here genomic studies of C. botulinum strain IBCA10-7060. We used gene

sequencing, comparative genomics, and phylogenetic analyses to identify and characterize the novel BoNT type H gene (bont/H) and determined that it di�ers

substantially from all other bont genes. We additionally determined the gene content and organization of the type H toxin gene cluster and found that it has a

unique chromosomal location. However, the type B toxin gene cluster was in the same locus as other chromosomal ha toxin gene clusters in group I C. botulinum

strains [19].

METHODS

Bacterial Strains and Culture Conditions

C. botulinum type Bh strain IBCA10-7060, originally isolated from the feces of an infant botulism patient, was subcultured anaerobically from a frozen stock culture

on 4% egg yolk agar plates and incubated for 48 hours at 35°C. Isolated colonies were inoculated into 20 mL of prereduced trypticase-peptone-glucose-yeast

extract broth, incubated anaerobically for 24–48 hours at 35°C, and harvested by centrifugation at 3450 g. The cell pellets were stored at −75°C.

DNA Extraction

Genomic DNA for Sanger sequencing was extracted using the MagNA Pure Compact instrument with Nucleic Acid Isolation Kit I and the Bacteria Puri�cation

Protocol (Roche Applied Science) according to the manufacturer's instructions. Genomic DNA for next-generation sequencing was extracted using the Qiagen

DNeasy Blood and Tissue Kit according to the protocol for Gram-positive bacteria.

DNA Sequencing

The genome of C. botulinum strain IBCA10-7060 was sequenced by combining Sanger sequencing of short PCR products and next-generation sequencing. The type

H and type B toxin gene clusters were initially sequenced with the Sanger method. Polymerase chain reaction (PCR) was performed with Ex Taq HS DNA Polymerase

(Takara Bio) with thermocycling conditions of initial heating of 95°C for 2 minutes followed by 30 cycles of 94°C for 20 seconds, 55°C for 30 seconds, and 72°C for 1

minute. The PCR amplicons were puri�ed with the QIAquick PCR puri�cation kit (Qiagen) and sequenced using an Applied Biosystems 3730XL DNA Analyzer. The

resulting amplicon sequences were assembled with Sequencher (Gene Codes) and annotated with vector NTI (Invitrogen) to create the complete bont/H and bont/B

toxin gene cluster sequences.

For next-generation sequencing, a high-quality draft genome sequence was generated by combining both standard and long-insert 454 Titanium (656K reads

yielding 60-fold genome coverage) and shotgun Illumina GAiix (30.3 M reads yielding 379-fold genome coverage) data. The 454 data were assembled with

Newbler, version 2.3, and the Illumina data were assembled with Velvet, version 0.7.63. These initial assemblies were integrated using parallel Phrap version SPS

4.24, and the integrated assembly was examined with Consed. The �nal de novo genome assembly included 51 contigs with a total genome size of 4.1 Mbp and an

average G + C content of 28.0%.

Phylogenetic and Similarity Analyses

The gene sequences used in this study were aligned with ClustalW and then hand edited and analyzed using Mega 5 software [21]. Pairwise sequence identities were

computed with the Mega 5 software and the Emboss pairwise sequence alignment algorithm. Possible recombination events were explored using SimPlot [22]. The

SimPlot analyses were generated with a sliding window of 200 bp that was moved 20 bp between each data point.

RESULTS

The Novel bont/H Neurotoxin Gene

The initial Sanger sequencing of the botulinum toxin gene clusters of strain IBCA10-7060 identi�ed a novel bont gene within an orfX neurotoxin gene cluster and a

type B bont gene within a hemagglutinin neurotoxin gene cluster. Subsequent Illumina and 454 next-generation sequencing of the entire genome of strain

IBCA10-7060 generated 51 contigs, with a total genome size of 4.1 Mbp. The novel bont/H and its toxin gene cluster were contained in a contig of 918 184 bp. The

bont/B toxin gene cluster was contained in a separate contig of 49 646 bp.

BoNT/H was found by pairwise sequence alignment analysis to di�er substantially from all other toxin types and subtypes (Table 1). The nearest sequence identity

was with BoNT/F5 (76.4% and 63.5% nucleotide and amino acid identity, respectively). The other BoNT/F subtypes shared no more than 69.0% and 52.8%

nucleotide and amino acid identity, respectively, with BoNT/H. Notably, BoNT/H was only 53.7%–66.0% and 32.3%–50.9% identical to the nucleotide and amino

acid sequences, respectively, of the other 6 BoNT types (ie, A, B, C, D, E, and G).

Table 1.

Comparison of Nucleotide and Amino Acid Pairwise Sequence Identities of Botulinum Neurotoxin (BoNT) Type H to Known BoNT Subtypes

BoNT Subtype  Sequence Identity, %

Nucleotides  Amino Acids 

A1  66.0  50.9 

A2  65.2  49.9 

A3  65.7  49.1 

A4  65.0  49.7 

A5  65.5  50.3 

B1  59.9  40.6 

B2  60.5  41.3 

B3  60.2  41.3 

B4  59.4  41.7 

B5  60.4  41.4 

B6  60.2  41.2 

B7  60.6  41.5 

C  53.7  32.8 

C/D  56.1  32.3 

D  56.9  33.8 

D/C  54.6  33.3 

E1  65.6  48.7 

E2  65.8  48.7 

E3  65.5  48.5 

E4  65.5  48.4 

E5  65.6  48.4 

E6  65.6  48.8 

E7  65.3  48.7 

E8  65.6  48.7 

E9  66.2  48.9 

F1  69.0  52.8 

F2  67.1  50.5 

F3  67.7  50.3 

F4  67.9  51.7 

F5  76.4  63.5 

F6  67.7  50.8 

F7  67.6  52.5 

G  59.8  40.6 

One representative of each subtype is shown. See Figure 1 for GenBank accession numbers.

View Large

We sequenced the 2 botulinum toxin gene clusters of Clostridium botulinum strain IBCA10-7060 type Bh. The sequence of bont/H di�ered substantially from the sequences

of the 7 known bont genes for toxin types A–G. The 5′ one-third terminus of bont/H that codes for the botulinum toxin light chain di�ered markedly from the light chain

coding sequences of toxin types A–G. The 3′ two-thirds terminus of bont/H that codes for the botulinum toxin heavy chain contained a novel HN translocation domain

coding sequence and a nonneutralizing type A–like HC binding domain coding sequence. bont/H was part of an orfX toxin gene cluster that was located at a unique

chromosomal site distant from those used by other botulinum toxin gene clusters. The bont/B sequence was similar to that of subtype bont/B2 and was located within its

ha toxin gene cluster at the oppA/brnQ site. Our �ndings further establish that C. botulinum IBCA10-7060 produces novel BoNT/H.

Figure 1.
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