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Clostridium botulinum is a heterogeneous Gram-positive species that comprises four genetically and physiologically
distinct groups of bacteria that share the ability to produce botulinum neurotoxin, the most poisonous toxin known
to man, and the causative agent of botulism, a severe disease of humans and animals. We report here the complete
genome sequence of a representative of Group I (proteolytic) C. botulinum (strain Hall A, ATCC 3502). The genome
consists of a chromosome (3,886,916 bp) and a plasmid (16,344 bp), which carry 3650 and 19 predicted genes,
respectively. Consistent with the proteolytic phenotype of this strain, the genome harbors a large number of genes
encoding secreted proteases and enzymes involved in uptake and metabolism of amino acids. The genome also
reveals a hitherto unknown ability of C. botulinum to degrade chitin. There is a significant lack of recently acquired
DNA, indicating a stable genomic content, in strong contrast to the fluid genome of Clostridium difficile, which can
form longer-term relationships with its host. Overall, the genome indicates that C. botulinum is adapted to a
saprophytic lifestyle both in soil and aquatic environments. This pathogen relies on its toxin to rapidly kill a wide
range of prey species, and to gain access to nutrient sources, it releases a large number of extracellular enzymes to
soften and destroy rotting or decayed tissues.

[Supplemental material is available online at www.genome.org. The sequence and annotation of the Clostridium
botulinum chromosome and plasmid have been deposited in the EMBL database under accession nos. AM412317 and
AM412318, respectively. Microarray data have been deposited in ArrayExpress under accession no. E-TABM-264.]

Clostridium botulinum is a Gram-positive organism, a member of
the firmicutes, that produces one of several toxins collectively
known as botulinum neurotoxin, which are the most potent tox-
ins known to man and induce a potentially fatal paralytic con-
dition in humans and various animal species known as “botu-
lism.” In humans, the most commonly reported types of botu-
lism are food-borne botulism, infant botulism, and wound
botulinum. Consumption of contaminated food in which neu-
rotoxin has been produced can result in food-borne botulism, a
severe disease with a high fatality rate. As little as 30 ng of neu-

rotoxin can be fatal (Peck 2006). Infant botulism is an intestinal
toxemia that affects children <12 mo of age; a similar disease also
very rarely affects adults, and occurs when competing bacteria in
the normal intestinal microbiota have been suppressed (e.g., by
antibiotic treatment). Infant botulism has been reported in many
countries, and in the United States, it is the commonest mani-
festation of the disease. Some reports suggest a link to sudden
infant death syndrome (Arnon 2004; Fox et al. 2005). Wound
botulism is an infection in which growth and neurotoxin forma-
tion occur in a wound in the body (Werner et al. 2000; Brett et al.
2004). Until recently, this disease was very rare; however, a sig-
nificant number of cases have now been reported in many coun-
tries, primarily associated with intravenous drug abuse. For ex-
ample, in the United Kingdom, wound botulism was not re-
ported prior to 2000, but a total of 112 suspected cases were
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reported between 2000 and 2005, all involving heroin injection
(Anonymous 2006).

The botulinum neurotoxins have been subdivided into
seven distinct serotypes (types A to G), although variations
within an individual serotype are evident. The ability to produce
the botulinum neurotoxin is confined to the genus Clostridium.
Although all botulinogenic clostridial strains have traditionally
been classified as C. botulinum, it is recognized that C. botulinum
contains four distinct genetic and physiological groupings:
Group I (proteolytic C. botulinum) strains produce one or some-
times two toxins of type A, B or F; Group II (nonproteolytic C.
botulinum) strains produce toxins of type B, E, or F; Group III
strains produce toxins of type C or D; and Group IV strains pro-
duce toxin of type G (Lund and Peck 2000). In addition, strains
of Clostridium butyricum and Clostridium baratii have also been
isolated that produce type E and F neurotoxins, respectively.
Food-borne botulism is most commonly caused by Group I and
Group II C. botulinum, while infant and wound botulism are most
frequently caused by Group I C. botulinum (Peck 2005). Each of
the four C. botulinum groupings also has a nonneurotoxinogenic
counterpart (e.g., Clostridium sporogenes for Group I, Clostridium
novyi for Group III). In more recent years, the application of 16S
rRNA sequencing technology has unequivocally demonstrated
that the four groupings are composed of distinct species. In the
case of those groups important to human botulism, Group I
strains, regardless of toxin type, are highly related to one another
(99.7%–100% 16S rRNA sequence identity) and together with C.
sporogenes form a single phylogenetic unit (Hutson et al. 1993b).
Neurotoxin-forming Group II strains (and their nontoxinogenic
counterparts) form a distinct line that is quite separate from
other saccharolytic clostridia and phylogenetically far removed
from the Group I strains (Hutson et al. 1993a).

In this study, we have determined the genome sequence of
a representative of Group I (proteolytic) C. botulinum (strain Hall
A, ATCC 3502). Including C. botulinum, seven clostridial ge-
nomes are currently available; one nonpathogenic solventogenic
species, Clostridium acetobutylicum (Nolling et al. 2001); and three
toxigenic species, including three strains of Clostridium perfrin-
gens (Shimizu et al. 2002a; Myers et al. 2006), Clostridium tetani
(Bruggemann et al. 2003), and Clostridium difficile (Sebaihia et al.
2006). These genomes provide an excellent opportunity for com-
parative analysis of the clostridia and will undoubtedly provide
valuable insights into the lifestyle, metabolic diversity, pathoge-
nicity, and evolution of these organisms.

Results and Discussion

General features of the genome and comparative genomics

The major features of the genome are listed in Table 1 and Figure
1. The genome of proteolytic C. botulinum strain Hall A (ATCC

3502) consists of a chromosome of 3,886,916 bp and a plasmid,
pBOT3502, of 16,344 bp, which carry 3650 and 19 coding se-
quences (CDS), respectively. The %GC content (26.8%) of the
plasmid is slightly lower than that of the chromosome (28.2%).

Plasmid pBOT3502, which is not similar to other sequenced
clostridial plasmids, contains a large CDS (CBOP01), encoding a
protein of 1194 amino acids that shows significant similarity
with the alpha-subunit of DNA polymerase III (DnaE), the closest
match being the chromosomally encoded DnaE of C. perfringens.
This class of protein is not normally associated with plasmid
replication. Homologs have been noted on Ti-plasmids, but in
these cases, additional genes encoding other, more traditional,
plasmid replication proteins are also present. The sole involve-
ment of CBOP01 in replication of pBOT3502 has been demon-
strated through the subcloning of the region encompassing this
gene into replicon cloning vectors (M.H.J. Wells-Bennik, K. Med-
endorp, A.T. Carter, and M.W. Peck, unpubl.). Other CDSs are
likely to be involved in plasmid stability (CBOP05) and mobili-
zation (CBOP11 and CBOP12), but the most prominent CDSs are
those encoding a biosynthetic and transport system apparently
dedicated to the production of a bacteriocin (CBOP15-19) that
shares 40% identity, at the amino acid level, with a boticin of
proteolytic C. botulinum strain 213B (Dineen et al. 2000). Given
the CDSs present in the plasmid, the major pressure for retention
of pBOT3502 by the host is likely to be the production of boticin,
which may offer a competitive advantage to the strain, outweigh-
ing the metabolic burden imposed by plasmid maintenance.

Unlike the highly mosaic genome of C. difficile (Sebaihia et
al. 2006), there is no evidence of recent horizontal gene acquisi-
tion in the C. botulinum genome, apart from some selfish ele-
ments; two prophages, two prophage remnants, and 12 trans-
posases (only one of which is intact), which are dispersed
throughout the chromosome.

There is very little overall synteny between the genomes of
the sequenced clostridia, confirming further the heterogeneity of
the Clostridium genus. To identify sets of genes that are shared or
unique to C. botulinum, reciprocal FASTA analysis of the C. botu-
linum CDSs was performed against four sequenced clostridial ge-
nomes, C. acetobutylicum, C. perfringens strain 13, C. tetani, and C.
difficile. There are only 568 C. botulinum CDSs (16%) that are
shared with all the other sequenced clostridia, while 1511 CDSs
(41%) have orthologs in at least one, but not all, of the sequenced
clostridia, and 1571 CDSs (43%) are unique to C. botulinum, com-
pared to the other four sequenced clostridial genomes. The
shared CDSs mainly encode core functions, whereas the CDSs
that are unique to C. botulinum encode accessory functions
(Supplemental Fig. S1). The distribution of C. botulinum unique
genes is markedly nonhomogeneous around the genome (Fig. 1);
there is no readily apparent reason for this, although a remark-
ably similar distribution was recently described in the genome of
C. perfringens (Myers et al. 2006).

Table 1. General features of the clostridial genomes

C. botulinum C. difficile C. acetobutylicum C. perfringens strain 13 C. tetani

Size (bp) 3,886,916 4,290,252 3,940,880 3,031,430 2,799,250
G+C content (%) 28.24 29.06 30.93 28.60 28.75
Coding sequence 3650 3774 3740 2660 2368
Coding density 0.93 0.87 0.93 0.87 0.85
Average gene size (bp) 875 943 920 946 1011
rRNA operons 9 11 11 10 6
tRNA 80 87 73 96 54
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Neurotoxin genes and virulence factors

The main virulence factor of C. botulinum, the neurotoxin, is
produced as a noncovalently bound complex with two or more
nontoxic protein components, hemagglutinin, and nontoxic
nonhemagglutinin. To date, the phenotypic and genotypic des-
ignation of the proteins and genes involved in the production of
clostridial neurotoxins (of both C. botulinum and C. tetani) has
been both unconventional and has lacked consistency. In this
annotation we have, therefore, adopted cnt (Clostridial Neuro-
Toxin) as the prefix for genes involved in the production of botu-
linum, and tetanus, neurotoxins. All botulinum and tetanus neu-
rotoxin genes are cntA. All nontoxic, nonhemagglutinin (NTNH)
genes are cntB; the genes encoding hemagglutinin proteins are
designated as cntC, cntD, and cntE, and replace ha34, ha17, and
ha70, respectively; and the gene that encodes the regulatory pro-
tein that controls their expression is cntR. The genes of the vari-
ous toxins and their accessory proteins are clustered either on the
chromosome (Group I C. botulinum and Group II C. botulinum), a
prophage (Group III C. botulinum), or a plasmid (Group IV C.
botulinum). In Group I (proteolytic) C. botulinum strain Hall A
(ATCC 3502), they are organized in two divergent transcriptional
units on the chromosome, cntAB and cntCDE, which bracket the
regulatory gene, cntR. The whole cluster is flanked on the right

end by three transposases, and on the
left end by a single transposase. The as-
sociation of this locus with mobile ele-
ments (transposases) raises the possibil-
ity that the whole locus may be mobile,
and it may have been laterally acquired,
although there is no direct evidence that
it has been transposed as a unit. It may
also explain why strains can appear to
lose the ability to form neurotoxin when
repeatedly cultured in the laboratory
(Lund and Peck 2000). The sequence of
the neurotoxin gene and the organiza-
tion of the neurotoxin gene cluster are
typical of that for subtype A1 toxin, and
closely resemble that of other strains
(Dineen et al. 2003; Smith et al. 2005).
There are no other full or partial neuro-
toxin genes in the genome.

Following synthesis of the neuro-
toxin, proteolytic cleavage of the toxin
at one-third the distance from the N ter-
minus, to produce the Heavy and Light
Chains, is required for toxicity. The
identity of the protease responsible is
not known. One study has previously
purified a 62-kDa protein from culture
supernatant of C. botulinum that is be-
lieved to carry out this proteolytic nick-
ing (Dekleva and Dasgupta 1990). Poly-
acrylamide gel electrophoresis revealed
that the 62-kDa protease, which is spe-
cific for the arginyl peptidyl bond, is
composed of 15.5- and 48-kDa polypep-
tides. Interestingly, the structure and
substrate specificity of this enzyme are
reminiscent of those of the secreted al-
pha-clostripain from Clostridium histo-

lyticum (Dargatz et al. 1993), a homolog (74% amino acid iden-
tity) of which is present in C. botulinum (CBO1920). The C. his-
tolyticum alpha-clostripain is a trypsin-like cysteine
endopeptidase with strict specificity for the arginyl bond. It is
synthesized as an inactive prepro-enzyme that undergoes an au-
tocatalytic cleavage to generate 15.4- and 43-kDa polypeptides,
which associate to form a heterodimeric active enzyme (Dargatz
et al. 1993). Furthermore, both the C. histolyticum alpha-
clostripain and the C. botulinum 62-kDa protease require a reduc-
ing agent and calcium for full activity and are susceptible to the
same protease inhibitors. These data strongly suggest that the C.
botulinum ortholog of alpha-clostripain (CBO1920) is the endog-
enous protease responsible for the proteolytic nicking of the neu-
rotoxin of C. botulinum. At this stage it is not clear whether the
sole purpose of this protease is to carry out the post-translational
processing of the neurotoxin, or if it also contributes to the over-
all proteolytic activity of C. botulinum (see below). A gene encod-
ing clostripain (CPE0846) is also present in C. perfringens, and has
been found to be positively regulated by the two-component
system VirR/VirS (Shimizu et al. 2002b).

A prominent feature of the C. botulinum genome that is ab-
sent from all the other sequenced clostridial genomes is the pres-
ence of a nine-gene cluster (CBO0486–0494) highly similar to the
streptolysin S (SLS) biosynthetic operon (sagA–I) from Streptococ-

Figure 1. Circular representations of the genome of C. botulinum. The circles represent (from the
outside in): (1 and 2) All CDS (transcribed clockwise and anticlockwise); (dark blue) pathogenicity/
adaptation; (black) energy metabolism; (red) information transfer; (dark green) surface-associated;
(cyan) degradation of large molecules; (magenta) degradation of small molecules; (yellow) central/
intermediary metabolism; (pale green) unknown; (pale blue) regulators; (orange) conserved hypo-
thetical; (brown) pseudogenes; (pink) phage and IS elements; (gray) miscellaneous. (3) (Blue) CDSs
shared with sequenced clostridia. (4) (Red) C. botulinum-unique CDSs relative to the sequenced clos-
tridia. (5) Virulence factors discussed in the text; (brown) streptolysin; (red) neurotoxins; (blue) six
metalloproteases; (black) type IV pilus; (green) flagellar and chemotaxis operons; (orange) flagellar
glycosylation island. (6) RNA genes; (blue) rRNAs; (red) tRNAs; (purple) stable RNAs. (7) G+C content
(plotted using a 10-kb window). (8) GC deviation [(G � C)/(G + C) plotted using a 10-kb window];
(khaki) values >1; (purple) values <1.
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cus spp. The SLS is a cytolysin that is responsible for the hemo-
lytic phenotype, and is an important virulence factor of Strepto-
coccus spp. (Datta et al. 2005).

CBO2038 encodes a putative secreted protein containing a
thrombospondin type 3 repeat (PF02412). This domain is asso-
ciated with proteins that are involved in binding to components
of extracellular matrices such as fibronectin and collagen. This
CDS is part of a gene cluster comprising CBO2043, which en-
codes a protein similar to the myosin-cross-reactive antigen from
Streptococcus pyogenes (Kil et al. 1994), orthologs of which are also
present in C. perfringens (CPE0378) and C. tetani (CTC1855), but
not in C. acetobutylicum and C. difficile.

Extracellular enzymes and general metabolism

Production of extracellular proteases by proteolytic clostridia has
been associated with food spoilage and pathogenicity. The
highly proteolytic nature of Group I (proteolytic) C. botulinum is
reflected in the genome by the presence of several protease-
encoding CDSs. In addition to the putative alpha-clostripain
(CBO1920, mentioned above), the C. botulinum genome encodes
several other proteases including six thermolysin-like metallo-
proteases (CBO1441–1446); a collagenase (CBO1620); two puta-
tive hemolysins (CBO1450 and CBO1589); a C-terminal pepti-
dase (CBO3389); and a zinc-metallopeptidase (CBO3606). All
these proteases appear to have an N-terminal signal sequence,
which suggests that they are likely to be secreted.

Interestingly, the genes encoding the six thermolysin-like
metalloproteases (CBO1441–1446) are tandemly arrayed, and the
proteins they encode are highly similar (60%–80% amino acid
identity) to each other. This six-gene locus is absent in all the
other sequenced clostridia. Moreover, the block of DNA encom-
passing these protease genes displays an anomaly in the strand-
specific GC bias (a bias toward G on the lagging strand, the re-
verse of that normally observed) (Fig. 1). Since there is no evi-
dence that this DNA was recently horizontally acquired, the most
likely explanation for this GC bias anomaly is that it is due to an
inversion following a recent recombination event. It should be
noted that the last CDS in this cluster, CBO1441, contains a
frameshift mutation, and it is not clear if this protein is func-
tional.

The proteinaceous products, peptides and amino acids, pro-
duced by the C. botulinum extracellular proteases can be taken up
by a large number (40) of transporters. Several clostridia are able
to ferment amino acids in a coupled oxidation–reduction reac-
tion known as the Stickland reaction, in which the reduction of
one amino acid (electron acceptor) is coupled to the oxidation of
another amino acid (electron donor) (Stickland 1935). Analysis
of the C. botulinum genome revealed the presence of fermenta-
tion pathways for several amino acids. Glycine is reduced by a
glycine reductase complex (CBO1255–1264/Grd), and oxidized
by a glycine cleavage system (CBO0696–699); thus it can serve
both as an oxidizing and reducing agent in the Stickland reac-
tion. Proline is reduced by a proline reductase complex
(CBO2460–2490/Prd).

C. sporogenes, the non-neurotoxigenic counterpart of Group
I C. botulinum, can ferment phenylalanine and leucine (Bader et
al. 1982). Two gene clusters that encode key enzymes in the
fermentation pathways of these two amino acids were identified
in the C. botulinum genome. The first system, CBO2192–2199, is
similar to 2-hydroxyisocaproyl-CoA dehydratase (HadAIBC)
from C. difficile, in the pathway of leucine fermentation (Kim et

al. 2005). The second, CBO3283–3292, which is missing in the
other sequenced clostridial genomes, is highly similar to phenyl-
lactate dehydratase (FldAIBC) from C. sporogenes, which is in-
volved in the fermentation of phenylalanine (Dickert et al.
2002).

Although amino acids are a significant energy source for
proteolytic clostridia, these organisms can also ferment sugars.
Analysis of the genome revealed the presence of a large number
of genes consistent with the degradation of complex polysaccha-
rides and metabolism of a variety of sugars.

Chitin is the second most abundant polysaccharide after
cellulose; it is an insoluble linear homopolymer of N-acetyl-D-
glucosamine (GlcNAc), and is the major component of inverte-
brate exoskeletons and fungal cell walls. The C. botulinum ge-
nome encodes five putative secreted chitinases, CBO0728,
CBO1057, CBO1081, CBO1212, and CBO2832, none of which
have been found in other sequenced clostridial genomes. They
all contain a catalytic domain classified in family 18 of glycosyl-
hydrolases (PF00704), either alone or in association with addi-
tional domains such as a fibronectin type III (PF00041) and a
carbohydrate-binding domain (PF02839). All but one (CBO1212)
of these chitinases have an N-terminal signal sequence indicating
that they are secreted into the extracellular environment (Fig. 2).
One of these chitinase genes, CBO2832, is part of a gene cluster
(CBO2832–2839) that is potentially involved in the transport
and metabolism of GlcNAc, the product of chitin hydrolysis by
chitinases. This gene is also convergently transcribed with an-
other CDS, CBO2831, that encodes a predicted secreted protein
that is weakly similar to chitinases but has no apparent catalytic
or chitin-binding domains. We have also identified two addi-
tional CDSs, CBO1958 and CBO2105, that encode secreted pro-
teins having a C-terminal chitin-binding domain, but lacking the
chitinase catalytic domain. CBO1958 is also highly similar (79%
amino acid identity) to another putatively secreted protein,
CBO1966. However, the latter lacks both the chitin-binding and
catalytic domains. Similar noncatalytic chitin-binding proteins
have been found in chitinolytic organisms (Howard et al. 2003;

Figure 2. Schematic representation of the C. botulinum chitinolytic sys-
tem. (CBD) Chitin-binding-domain; (SS) signal sequence; (FN3) fibronec-
tin type III domain; (GH18) family 18 domain of glycosylhydrolases;
(LysM) LysM domain.

Genome sequence of Clostr idium botul inum

Genome Research 1085
www.genome.org

 Cold Spring Harbor Laboratory Press on April 26, 2024 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Vaaje-Kolstad et al. 2005). Although the precise function of these
proteins is unknown, it has been suggested that they may play a
role in the initial interaction of the bacteria with chitin-
containing surfaces (Montgomery and Kirchman 1994). In order
to assess whether these proteins are involved in the degradation
of chitin, we performed a chitinase assay. The presence of small
zones of clearing on chitin-layered plates confirmed the ability of
the sequenced Hall A strain and also proteolytic C. botulinum
strain 213B to degrade chitin (Fig. 3). Chitin degradation was
not, however, detected in nonproteolytic C. botulinum strain
CDC 7854. Collectively, these data suggest that C. botulinum Hall
A strain has an active chitinolytic system, enabling it to use chi-
tin as a source of carbon and nitrogen. This is not surprising
considering that C. botulinum, as a free-living organism, colonizes
diverse soil and marine environments where chitin-containing
organisms, such as insects, fungi, and crustaceans, are abundant.

Starch is another abundant polysaccharide that consists of a
linear polymer, amylose, and a branched polymer, amylopectin.
Complete degradation of starch requires the combined action of
several enzymes, alpha-amylase, beta-amylase, pullulanase, and
glucoamylase. Of these only one, a secreted beta-amylase
(CBO1203), appears to be produced by C. botulinum. This enzyme
catalyzes the removal of maltose molecules from the nonreduc-
ing ends of the starch polymers. The lack of other starch-
hydrolyzing enzymes in C. botulinum suggests that this bacterium
is unable to completely degrade whole starch but nevertheless
can degrade starch-derived polysaccharides. This is consistent
with earlier studies that showed that proteolytic C. botulinum
strains were unable to hydrolyze starch in conventional tests
(Dezfulian and Dowell 1980; Smith and Sugiyama 1988), yet
starch and maltose could support growth (Whitmer and Johnson
1988).

Unlike some saccharolytic clostridia, proteolytic C. botuli-
num does not appear to have the capacity to degrade cellulose,
the most abundant polysaccharide in nature.

The C. botulinum chromosome harbors two genes that code
for two putatively secreted lipases, CBO0863 and CBO2061. Li-
pase activity leads to the production of a thin pearly layer on and
around colonies formed on media containing egg yolk, and is
exploited as a simple diagnostic test for the detection of C. botu-
linum (Mills et al. 1985; Lund and Peck 2000).

For uptake and phosphorylation of sugars and sugar deriva-
tives, C. botulinum deploys 15 phosphoenolpyruvate (PEP)-
dependent phosphotransferase systems (PTS), a greater number
than have been found in any of the sequenced clostridial ge-
nomes with the exception of C. difficile. The C. botulinum PTS

complement includes representatives of five of the seven known
PTS families (Barabote and Saier 2005), and the individual pro-
teins show conservation of domain structure and functional resi-
dues or motifs. The majority of phosphotransferase genes are
located adjacent to genes encoding cognate enzymes for metabo-
lism of the phosphorylated PTS products as well as transcrip-
tional regulators, implying that expression is coordinately in-
duced in the presence of the substrate. The C. botulinum genome
contains a single gene encoding each of the general PTS energy-
coupling proteins enzyme I (CBO3438) and HPr (CBO2398),
which mediate the transfer of phosphate from the donor PEP to
the substrate-specific enzyme II complexes. As in C. acetobutyli-
cum, C. perfringens, and C. tetani, but in contrast to C. difficile and
the majority of other bacteria, these genes in C. botulinum are not
contiguous and appear to be expressed monocistronically.

Proteolytic C. botulinum strain Hall A has a complete gly-
colysis pathway, but an incomplete TCA cycle. C. botulinum ap-
pears to be capable of both acidogenic (production of acetate and
butyrate) and solventogenic (production of butanol and ethanol)
fermentations. Interestingly, there are two copies each of the
genes encoding phosphotransbutyrylase (Ptb) (CBO3118 and
CBO3427) and butyrate kinase (Buk) (CBO3426 and CBO3428),
which constitute the butyrate formation pathway. Unlike C.
acetobutylicum, C. botulinum is unable to produce acetone because
it lacks the gene (adc) that encodes the terminal enzyme (aceto-
acetate decarboxylase) in the acetone formation pathway.

Components of the cell surface

Bacteria exhibit different cell surface structures according to the
environmental niches they inhabit. These components play an
important role in sensing and surviving environmental chal-
lenges and interaction with other organisms. Therefore, the char-
acterization of the cell surface components of C. botulinum and
comparison with other sequenced clostridia could provide an
insight into their lifestyles and the environmental niches they
colonize.

The chemotaxis process allows motile bacteria to sense en-
vironmental cues and to respond by moving toward attractants
and away from repellents. Methyl-accepting chemotaxis proteins
(MCP) play a key role in this process. MCPs have membrane-
associated N-terminal sensor domains that bind to attractants
and repellents (Scott et al. 1993) and intracellular methyl-
accepting signaling domains that transduce the external signal to
the intracellular chemotaxis machinery (Kim et al. 1999). C. botu-
linum encodes 24 putative MCPs, only one of which, CBO3558,
designated SonO, has been characterized. SonO was recently
identified as a sensor of nitric oxide (NO), which is extremely
toxic to C. botulinum, and the protein crystal structure has been
solved (Nioche et al. 2004). C. botulinum encodes more MCPs
than C. tetani (15), C. difficile (1), and C. perfringens (0), but fewer
than C. acetobutylicum (38), suggesting that C. botulinum and C.
acetobutylicum have a relatively elaborate sensing capability, and
can respond to a wider range of environmental cues (attractants
and repellents) relative to C. tetani, C. difficile, and C. perfringens.

The C. botulinum genome carries 84 putative chemotaxis-
and flagella-related proteins, 54 of which are predominantly or-
ganized into two operons (CBO2637–2666 and CBO2730–2753).
Overall, the gene content and order in these two operons is con-
served between C. botulinum, C. acetobutylicum, and C. tetani, but
to a lesser extent in C. difficile. In contrast, C. perfringens lacks all
the flagellar and chemotaxis genes, which is consistent with it

Figure 3. Chitinase assay. Chitin degradation was assessed on chitin-
overlaid agar plates as described in Methods. Small zones of clearing are
evident around colonies of proteolytic C. botulinum strains Hall A (A) and
213B (B), but not around colonies of nonproteolytic C. botulinum strain
CDC 7854 (C).
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being defective in flagellar-mediated motility. The remaining 30
C. botulinum chemotaxis- and flagella-related CDSs are dispersed,
singularly or in pairs, throughout the chromosome.

C. botulinum possesses five CDSs that putatively encode the
structural subunits of the flagellar filament (CBO0242, CBO2666,
CBO2695, CBO2730, and CBO2731), more than in C. acetobutyli-
cum (4), C. tetani (4), C. difficile (1), and C. perfringens (0). C.
botulinum has an additional CDS, CBO0798, that is similar to
only the N-terminal domain of a flagellin structural subunit.

The two major flagellar and chemotaxis gene clusters of C.
botulinum are separated by two gene clusters (CBO2678–2689 and
CBO2696–2729) that potentially encode proteins involved in the
biosynthesis, modification, polymerization, and export of poly-
saccharides. One of these clusters, CBO2696–2729, is flanked on
the right by two almost identical (98.9% amino acid identity)
flagellin structural genes, CBO2730 and CBO2731, that have
been recently identified as the genes encoding the major struc-
tural components of the flagellar filament (Paul et al. 2007); and
on the left by a third flagellin gene (CBO2695). The colocaliza-
tion of this polysaccharide biosynthesis locus and the flagellin
structural genes is similar to that of the flagellar glycosylation
locus in Campylobacter jejuni (Szymanski et al. 2003).

Polysaccharide biosynthesis loci, located at an equivalent
location to that of C. botulinum, were also identified in C. aceto-
butylicum and C. tetani, CAC2168–2202 and CTC1692–1714, re-
spectively, but not in C. perfringens (defective in flagellar-
mediated motility). However, although these loci share a few
genes at their 5�-ends, the majority of their genes are either dif-
ferent or highly divergent, suggesting that they produce different
glycan structures. In C. difficile only the ortholog (CD0240) of the
first CDS of the C. botulinum polysaccharide biosynthesis cluster
(CBO2729), which encodes a glycosyltransferase, is present. The
C. acetobutylicum and C. tetani polysaccharide biosynthesis clus-
ters and the glycosyltransferase (CD0240) of C. difficile also lie
directly downstream from one flagellin gene, CAC2203/flaC,
CTC1715, and CD0239/fliC, respectively.

Interestingly, motility accessory factors (MAF) of the Cj1318
family were also identified within the polysaccharide biosynthe-
sis loci of C. botulinum (CBO2728), C. acetobutylicum (CAC2168,
CAC2196, and CAC2202), and C. tetani (CTC1697 and
CTC1714). In addition to Campylobacter, members of the Cj1318
family have only been identified in the genomes of Helicobacter,
Treponema, and Leptospira; all of which were reported to modify
their flagellins with glycan (Wyss 1998; Schirm et al. 2003).

The location of the C. botulinum, C. acetobutylicum, and C.
tetani polysaccharide biosynthesis loci adjacent to the flagellar
operon and the similarity in both gene content and organization
to the known flagellar glycosylation locus of C. jejuni strongly
suggest that these loci are most probably involved in the glyco-
sylation of flagellins in these clostridial species. This view is sup-
ported by several lines of evidence: (1) The whole locus as well as
the flagellar operon are missing in C. perfringens. (2) The modifi-
cation of C. acetobutylicum flagellin protein, CAC2203/FlaC, is
sensitive to neuraminidase treatment, suggesting it is glyco-
sylated with a sialic-acid-like sugar (Lyristis et al. 2000). (3) The
flagellin of C. difficile has been reported to be post-translationally
modified (Tasteyre et al. 2000), and the modification is likely to
be glycan, however, with significantly fewer putative glycosyla-
tion genes associated with the flagellin genes. The modification
probably differs from that of C. botulinum, C. tetani, and C. aceto-
butylicum; (4) Flagellin glycosylation has also been reported in
Clostridium tyrobutyricum (Arnold et al. 1998).

C. botulinum has a second gene cluster that is also potentially
involved in the biosynthesis of a surface polysaccharide struc-
ture, CBO3092–3114. Both C. acetobutylicum (CAC2310–2337)
and C. tetani (CTC2252–2270) have similar loci at an equivalent
location to that of C. botulinum. However, putative polysaccha-
ride biosynthesis loci in C. perfringens (CPE0613–0629) and C.
difficile (CD2767–2801) are located elsewhere in their genomes.
In addition, the genome of C. perfringens carries another gene
cluster, CPE0461–0511, which is absent in all the other se-
quenced clostridia, and which potentially encodes the necessary
functions for capsule biosynthesis. Among the sequenced clos-
tridia, the presence of a capsule-like structure has been reported
only in C. perfringens (Sheng and Cherniak 1997) and C. difficile
(Davies and Borriello 1990; Baldassarri et al. 1991).

Type IV pili are important for the tight adhesion of bacteria
to host cells and solid surfaces and mediate bacterial twitching
motility. All the sequenced clostridia appear to produce type IV
pili as indicated by the presence of gene clusters that encode the
necessary functions for the assembly of this cell surface append-
age; CBO1900–1909, CAC2096–2105, CPE1836–1844, CTC1595–
1604, CD3290–3297, and CD3503–3513, in C. botulinum, C.
acetobutylicum, C. perfringens, C. tetani, and C. difficile, respec-
tively. The prepilins encoded in the sequenced clostridia exhibit
similarities to type IV prepilins (Craig et al. 2004). Among the
sequenced clostridia, the presence of pili has been previously
reported in C. difficile (Borriello et al. 1988) and more recently in
C. perfringens (Varga et al. 2006).

S-layer proteins form crystalline arrays on the surface of nu-
merous bacteria and archaea (Sara and Sleytr 2000). A small re-
gion of the genome was identified that contained CDS that en-
code several putative S-layer proteins (CBO00374, CBO0378,
CBO0379, and CBO0380). These proteins all contain three cell
wall binding domains, the role of which is to anchor proteins to
the cell surface, and are similar to the S-layer protein, SlpA, of C.
difficile (Calabi et al. 2001). The amino acid compositions of
CBO0378 and CBO380 are comparable to that determined for an
antigenic cell wall protein of proteolytic C. botulinum type A
strain 190L (Takumi et al. 1983), suggesting that these genes may
encode the S-layer proteins for Hall A.

Sporulation and germination

Sporulation is a key event in the life cycle of C. botulinum. There
are 111 CDS to which sporulation and germination functions
have been assigned.

Initiation of the sporulation cascade in aerobic Bacillus spe-
cies is dependent on the concentration of Spo0A and its phos-
phorylation state (Hoch 1993). As an orphan response regulator,
the phosphorylation state of Spo0A is dependent on several his-
tidine kinases (such as KinA-E in Bacillus subtilis) that phosphory-
late Spo0A via a phosphorelay system (Spo0F and Spo0B) (Bur-
bulys et al. 1991; Strauch et al. 1992). The phosphorelay system
is also negatively influenced by the activity of various phospha-
tases including RapA, RapB, and RapE, which are specific to
Spo0F∼P (Perego et al. 1996). The initial signaling steps that lead
to phosphorylation of Spo0A in Clostridium species appear to be
different from those in Bacillus species. C. botulinum Hall A lacks
homologs of the kin histidine kinases, the phosphorelay system
(spo0F and spo0B), and the rap phosphatases. Virtually all of these
genes are also absent from other sequenced clostridia (for review,
see Paredes et al. 2005). The C. botulinum genome carries five
orphan kinases (CBO0336, CBO0340, CBO0780, CBO1120, and

Genome sequence of Clostr idium botul inum

Genome Research 1087
www.genome.org

 Cold Spring Harbor Laboratory Press on April 26, 2024 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


CBO2762) that could potentially phosphorylate Spo0A. A major-
ity of the other key genes of the B. subtilis sporulation cascade are
present within the C. botulinum genome and those of other se-
quenced clostridia.

Germination of spores is believed to be mediated by recep-
tors that reside in the inner spore membrane, which are encoded
by tricistronic operons. There are three tricistronic germinant
receptor gene clusters in the genome of C. botulinum Hall A,
CBO0123–0125 (gerXA1-XB1-XC1), CBO1975–1977 (gerXA2-
XB2-XC2), and CBO2797–2795 (gerXA3-XB3-XC3). One of these
gene clusters (CBO1975–1977/gerXA2-XB2-XC2) is flanked by
two additional gerXB genes, CBO1974 and CBO1978. In addition,
there is one orphan gerXB homolog elsewhere in the chromo-
some (CBO2300). Germinant receptor gene clusters have been
described previously in proteolytic C. botulinum (strain NCTC
7273) and C. sporogenes (strain NCIMB 701792) (Broussolle et al.
2002). The operon described in proteolytic C. botulinum strain
NCTC 7273 is most closely related to the CBO2797–2795 operon
(89%–99% amino acid identity of encoded proteins), while in-
terestingly, the gerAA and gerAB genes described in C. sporogenes
strain NCIMB 701792 are most closely related to the CBO1975–
1977 operon (82%–84% amino acid identity of encoded pro-
teins). Multiple copies of the ger clusters are also present in C.
acetobutylicum (three copies) and C. tetani (four copies). Interest-
ingly, C. perfringens appears to have only one bicistronic ger clus-
ter (CPE648–649, lacking a gerXB homolog). Surprisingly, there
are no ger genes similar to those of Clostridium and Bacillus spe-
cies in the C. difficile genome (Sebaihia et al. 2006), suggesting
that the initiation of the germination process in C. difficile is
different from that in other Clostridium and Bacillus species.

Regulation

There have been few studies of the regulatory systems of C. botu-
linum to date. The genome contains 28 two-component systems,
eight orphan histidine kinases, and eight orphan response regu-
lators. The genome also contains 15 sigma factors, including six
that are absent in other sequenced clostridia.

In low-GC Gram-positive bacteria,
the PTS has been shown to play a crucial
role in the regulation of catabolic genes
and operons, as a result of the action of
a metabolite-activated protein kinase
(HPrK) that phosphorylates the PTS
phosphocarrier protein HPr on a serine
residue. HPr(ser)-P then interacts with
the catabolite control protein CcpA to
induce specific DNA binding and regula-
tion of gene expression. In addition to
HPr (CBO2398), genes encoding ho-
mologs of the essential elements of this
mechanism of carbon catabolite repres-
sion, HPrK (CBO2608) and CcpA
(CBO0100), are present in the C. botuli-
num genome, as is the case in other se-
quenced clostridia. The proteins of C.
botulinum, C. acetobutylicum, and C. per-
fringens are closely related to each other
(�63% amino acid identity) but more
distantly related to those in C. difficile.
Nevertheless, it appears that all of these
clostridia may exhibit a global mecha-

nism of regulation of carbohydrate metabolism that is similar to
that demonstrated in other Gram-positive organisms.

The one regulatory system that has been explored in any
detail is that controlling neurotoxin synthesis. Expression of the
cntABCDE genes of C. botulinum and cntA of C. tetani is regulated
by CntR (previously designated BotR/TetR). These proteins func-
tion as specific alternative �-factors that are seemingly related to
a new subgroup of the sigma 70 family that includes TcdR of C.
difficile and UviA of C. perfringens, which regulate production of
toxins A and B and a bacteriocin, respectively (Raffestin et al.
2004; Dupuy and Matamouros 2006). The sequence to which
CntR binds is very highly conserved (Dupuy and Matamouros
2006). A search of the genome reveals that there are no other
examples of a sequence that closely conforms to this consensus,
suggesting that the expression of those genes concerned with C.
botulinum neurotoxin production are the only genes regulated by
this specialized �-factor.

Given the timing of neurotoxin production (late exponen-
tial and early stationary phase), it seems likely that neurotoxin
gene expression may be subject to quorum sensing. Indeed, C.
botulinum carries two pairs of genes, located in close proximity to
one another, agrB1/D1 (CBO0332 and CBO0332A) and agrB2/D2
(CBO0338 and CBO0339), that encode homologs of components
of the accessory gene regulator (agr) system of Staphylococcus au-
reus (Fig. 4). The staphylococcal locus comprises four genes—
agrC, agrA, agrB, and agrD—and mediates the global regulation of
a battery of virulence factors (for review, see Novick 2003). The
secreted octapeptide signal molecule involved (AIP, autoinducer
peptide) is derived from an internal fragment of AgrD through
the action of the AgrB transmembrane protein. The agrC and agrA
genes encode a sensor kinase and a response regulator of a two-
component system, respectively. Although not identified during
the annotation of the C. perfringens strain 13 genome, a gene
encoding a protein equivalent to AgrD is present downstream
from CPE1561/agrB, and for simplicity, this gene is termed
CPE1560A (Fig. 4). An equivalent single pair of genes (agrBD) is
also present in C. acetobutylicum (CAC0078 and CAC0079) and C.
difficile (CD2750 and CD2749A) (Fig. 4) but not in C. tetani. All of

Figure 4. Organization of the accessory gene regulator (agr) loci in clostridia and S. aureus. Similar
genes are shown in the same color. Significant functions are: (blue) autoinducer maturation protein
(AgrB); (red) autoinducer peptide (AgrD); (green) two-component sensor kinase (AgrC); (pink) two-
component response regulator (AgrA); (light blue and orange) membrane proteins; (purple) signal
transduction proteins with GGDEF and HD domains; (yellow) two-component sensor kinases.
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the clostridial AgrB homologs possess the Cys and His residues
found in the conserved region within this class of protein (Qiu et
al. 2005). Moreover, the putative AgrD peptides crucially retain
the invariant Cys residue essential for post-translational produc-
tion of AIPs, as well as the critical conserved C-terminal process-
ing-signal motif “+EP+XP” (McDowell et al. 2001).

Consistent with a role in quorum sensing, CAC0078/agrB
has recently been shown to be expressed at high levels at the
late-exponential phase of growth in C. acetobutylicum (Alsaker
and Papoutsakis 2005). This regulation is likely to be mediated
via the structural equivalents of the staphylococcal agrC and agrA
genes (CAC0080 and CAC0081) that are located immediately ad-
jacent to CAC0079. In contrast, there are no two-component
systems similar to the staphylococcal agrC and agrA genes within
the vicinity of either of C. botulinum argB1/D1 and argB2/D2, nor,
indeed, of the agrBD homologs in C. perfringens or C. difficile (Fig.
4). In C. botulinum, the only two genes (CBO1186 and CBO1187)
that encode a two-component system with significant similarity
to AgrC and AgrA are present elsewhere in the genome.

However, it is noticeable that downstream from both the C.
botulinum argB1/D1 and its equivalent in C. perfringens lies one
gene (CBO0333 and CPE1560, respectively; Fig. 4) that encodes a
putative signal transduction protein containing the Pfam motifs
GGDEF (PF00990) and HD (PF01966), both of which are found in
signal transduction proteins. In addition, the second agrBD locus
(argB2/D2) of C. botulinum is flanked by two genes encoding two
orphan sensor kinases (CBO0336 and CBO0340) (Fig. 4) that are
highly similar to each other (56% amino acid identity). It is not
known at this stage if any of these proteins have any role in AIP
sensing. If they do, this may occur via an unknown response
regulator.

In the case of C. perfringens, the virR/virS two-component
system plays a central role in virulence factor production
(Shimizu et al. 2002b), through sensing of a small, diffusible mol-
ecule, substance “A,” thought to be a peptide (Shimizu et al.

1997). The AgrD peptide (CPE1560A) may represent this signal
molecule. In this respect, it is intriguing to note that the closest
homologs of the C. perfringens virR gene in C. difficile and C.
botulinum (CD3255/rgaR and CBO0575, respectively) are or-
phans. Interestingly, the orphan response regulator of C. difficile
(CD3255/RgaR) has recently been shown to positively regulate
the expression of the agrB/CD2750 gene (O’Connor et al. 2006).

Comparative genomic hybridizations

We have designed a DNA microarray that includes 94% of the
predicted CDS of C. botulinum Hall A (ATCC 3502). Comparative
genomic hybridization experiments were performed on nine pro-
teolytic C. botulinum strains, producing different toxin types [A1,
A3, A(B), B, and F], and two C. sporogenes strains, NCIMB 8053
and NCIMB 10696 (Fig. 5). A higher degree of relatedness was
identified between strains of proteolytic C. botulinum than re-
ported previously for C. difficile strains (Sebaihia et al. 2006). The
two type A1 strains were most similar to Hall A, sharing 95%–
96% of their CDS (Fig. 5). The other seven strains of proteolytic
C. botulinum [toxin types, A3, A(B), B, and F] shared 87%–91% of
the CDS, while the two nontoxigenic C. sporogenes strains shared
84%–87% of the CDS with Hall A. The strains generally clustered
according to toxin type (Fig. 5), although it is interesting to note
that C. sporogenes strain NCIMB 8053 associated more closely
with several proteolytic C. botulinum strains than with C. sporo-
genes strain NCIMB 10696. The high divergence of the Clos-
tridium genus is confirmed by the failure of DNA from C. difficile
strain 630 and nonproteolytic C. botulinum strain Eklund 17B to
hybridize to the array to any significant extent (data not shown).
CDS for the two prophages (�-Cb1 and �-Cb2) represent ∼3% of
the Hall A genome, but are not present in any of the other strains,
even the two type A1 neurotoxin producers. There is evidence,
however, that isolated CDS within these prophages are shared,
implying that other strains may harbor their own distinct

Figure 5. Comparative genomic analysis of strains of proteolytic C. botulinum and C. sporogenes strains using microarrays. Horizontal colored bars
indicate array competitive hybridization. Vertical lines represent CDS present (yellow lines), absent or highly diverged (blue lines), and uncertain (gray
lines). The plasmid CDS are on the left, followed immediately by the first gene in the chromosome (CBO001), and the last chromosomal CDS (CBO3650)
is on the right. For strains of proteolytic C. botulinum, the toxin types are included in square brackets; two strains of C. sporogenes (NCIMB 8053 and
NCIMB 10696) are also included. The position of the two prophages (�-Cb1 and �-Cb2) and the potential flagellin glycosylation island (FGI) are
indicated by arrows.
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prophages. Interestingly, the potential flagellar glycosylation is-
land of Hall A strain (CBO2696–CBO2729, discussed above, and
marked FGI in Fig. 5) is also present in the two other strains
forming type A1 neurotoxin, but is missing in the other strains of
C. botulinum and C. sporogenes examined. These data suggest that
either the flagellins of the non-A1 neurotoxin strains are not
post-translationally modified by glycosylation, or are glyco-
sylated with different glycan structures, the synthesis of which is
encoded by flagellar glycosylation genes that are substantially
different from those of type A1 neurotoxin-producing strains.
Polymorphism in the flagellin glycosylation islands and struc-
tural diversity of the glycan structures have been observed in
different strains of Pseudomonas aeruginosa (Arora et al. 2004;
Schirm et al. 2004).

Conclusion

Analysis of the C. botulinum genome revealed novel and interest-
ing aspects of its lifestyle. The genome supports the view of C.
botulinum as an essentially saprophytic organism that uses its
toxin to rapidly kill a host for subsequent saprophytic utilization.
The fact that it does not spend long periods associated with a
living host may explain its relatively stable genome, contrasting
with that of C. difficile, which can spend long periods coexisting
with its host, and has a highly variable genome correlating with
this highly dynamic niche. C. botulinum is both a proteolytic and
chitinolytic bacterium, producing several extracellular proteases
and chitinases. The combined action of the adhesins, extracellu-
lar matrix-binding proteins, proteases, and cytolysin may con-
tribute to the softening and extensive destruction of tissues of
rotting carcasses of dead animals; whereas the chitinolytic sys-
tem may be deployed to degrade chitin-containing invertebrate
species such as insects, fungi, and crustaceans. C. botulinum may
well deploy the plasmid-encoded boticin to defend this nutrient-
rich source against different microbial competitors. In addition
to metabolism of peptides and amino acids, the bacterium has a
significant capacity for uptake and metabolism of sugars and re-
lated molecules.

Like many of the clostridial genome projects before it, the
data generated have provided a fascinating insight into the
physiology of this pathogen. Exploitation of this information in
hypothesis-driven research has, however, until now been se-
verely impeded by a general absence of clostridial mutational
tools for functional genomic studies. This deficiency has recently
been solved through the generation of a gene knockout system
for C. difficile (O’Connor et al. 2006) and a new system that has
been shown to be applicable to a range of clostridial species (N.P.
Minton, unpubl.). The availability of such systems will consider-
ably aid future analysis of clostridial genomes.

Methods

ATCC 3502 is one of the most widely studied C. botulinum
strains. It was deposited at the ATCC in 1940 by I.C. Hall, and is
listed as Hall Strain 174. This strain belongs to C. botulinum
Group I (proteolytic C. botulinum) and forms type A1 neurotoxin.
The Health Protection Agency Center for Emergency Responsive-
ness and Preparedness at Porton Down (formerly the Center for
Applied Microbiology, CAMR) obtained this strain from the
ATCC in 1987 as freeze-dried ampoules from Batch MED-38 (pre-
pared in 1981). The strain has been deposited with the NCTC as
NCTC 13319.

Cloning and sequencing
The initial genome assembly was obtained from 69,632 paired
end sequences (giving 9.15-fold coverage) derived from four ge-
nomic shotgun libraries (all in pUC18 with insert sizes of 1.5–2.0
kb and 2.0–2.2 kb, 2.2–2.5 kb, and 2.5–4.0 kb) using dye termi-
nator chemistry on ABI3700 automated sequencers; 1604 paired-
end sequences from one pBACe3.6 library with insert sizes of
15–23 kb (a clone coverage of 3.9-fold) were used as a scaffold. A
further 9343 directed sequencing reads were generated during
finishing.

Sequence analysis and annotation
The sequence was assembled, finished, and annotated as de-
scribed previously (Sebaihia et al. 2006), using Artemis (Ruther-
ford et al. 2000) to collate data and facilitate annotation. The
DNA and predicted protein sequences of C. botulinum were com-
pared to the sequenced clostridial genomes using the Artemis
Comparison Tool (ACT) (Carver et al. 2005). Orthologous gene
sets were calculated by reciprocal best-match FASTA comparisons
with subsequent manual curation. Pseudogenes had one or more
mutations that would prevent translation; each of the inactivat-
ing mutations was checked against the original sequencing data.
Horizontally acquired DNA was identified by anomalies in G+C
content and GC deviation, combined with the presence of mo-
bility elements such as transposases and integrases. All such re-
gions were subject to manual checking and curation.

Microarray design
A 100–500 bp probe for each CDS was produced by PCR using
genomic DNA of C. botulinum Hall A (ATCC 3502) as template.
PCR products were checked by agarose gel electrophoresis and
purified by precipitation with isopropanol. Array printing buffer
was 0.3� saline sodium citrate, 50% dimethyl sulfoxide (DMSO).
The probes were spotted onto gamma amino propyl silane-
coated GAPS II slides (Corning) using a Stanford arrayer (Thomp-
son et al. 2001). Owing partly to the very low G+C content and
to multiple-copy CDS, several loci failed primer and/or predicted
PCR product specificity analysis (assessed using BLAST). It was
only possible to include probes for 3433 CDS (out of 3650 pre-
dicted, ∼94%). The array also included a probe for each CDS
identified for the plasmid pBOT3502.

Preparation of genomic DNA
Genomic DNA was purified from exponentially growing cells by
lysis in lysozyme/mutanolysin, incubation in proteinase K/SDS,
followed by a standard phenol/chloroform extraction procedure.
Final pellets were dissolved in TE (10 mM Tris-HCl at pH 8.0, 1
mM EDTA). Genomic DNA was digested to completion with
Sau3A1 (Promega) and purified by phenol/chloroform extrac-
tion. Genomic DNA was labeled overnight (∼14 h) with Cy5-
dCTP or Cy3-dCTP fluorescent nucleotides (Amersham) using a
BioPrime Array CGH kit (Invitrogen) and purified for hybridiza-
tion using QiaQuick PCR cleanup columns (QIAGEN).

Microarray hybridization and data analysis
For each experiment, 2 µg of Cy5-labeled Hall A (reference) DNA
and 2 µg of Cy3-labeled test DNA were hybridized onto the array
under a glass coverslip in a humidified dual microarray hybrid-
ization chamber (Monterey Industries) overnight at 54°C. DNA
microarrays were then scanned using an Axon GenePix 4000A
microarray laser scanner (Axon Instruments) using GenePixPro
5.1 software. All data were subsequently analyzed using the R
statistical language and environment (http://www.r-project.org),
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specifically with the tools available from the Bioconductor
Project (http://www.bioconductor.org), predominantly the
LIMMA Bioconductor package (Smyth 2004; http://www.
bioconductor.org/packages/bioc/1.9/html/limma.html). Fluores-
cence data were background-subtracted using a Bayesian model-
based algorithm (Kooperberg et al. 2002), then normalized
within each array, using “printtiploess” to correct for spatial and
other artifacts. Scatterplots and/or box plots of the raw and nor-
malized fluorescence values were manually inspected prior to
proceeding with linear model fitting, according to the appropri-
ate design matrix, with empirical Bayesian smoothing/
moderation of the standard errors. The linear modeling was out-
put as toptables, comprising log2-based coefficients (test vs. ref-
erence fold ratios), with appropriate significance statistics for
each locus on the array in each genome tested. Coefficients were
imported into GACK (Kim et al. 2002), and a trinary analysis was
performed to assign present/uncertain/absent or diverged status
to all loci in all samples. EPP thresholds of 0% and 100% were
applied. GACK output was plotted as a heatmap, with loci or-
dered by physical location in the C. botulinum (Hall A) genome.

Chitin degradation assay
The ability to degrade chitin was determined by spotting C. botu-
linum cultures onto layered peptone-yeast extract-glucose-starch
(PYGS) agar plates (Stringer et al. 2005), in which the upper layer
additionally contained 2% finely ground chitin. Clearing was
assessed after incubating for 8 d at 30°C under a headspace of
H2/CO2 (90/10). Cell extract from the chitinolytic bacterium
Streptomyces griseus was included for comparison.
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