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Comparative genomic hybridization analysis of 32 Nordic group I Clostridium botulinum type B strains
isolated from various sources revealed two homogeneous clusters, clusters BI and BII. The type B strains
differed from reference strain ATCC 3502 by 413 coding sequence (CDS) probes, sharing 88% of all the ATCC
3502 genes represented on the microarray. The two Nordic type B clusters differed from each other by their
response to 145 CDS probes related mainly to transport and binding, adaptive mechanisms, fatty acid
biosynthesis, the cell membranes, bacteriophages, and transposon-related elements. The most prominent
differences between the two clusters were related to resistance to toxic compounds frequently found in the
environment, such as arsenic and cadmium, reflecting different adaptive responses in the evolution of the two
clusters. Other relatively variable CDS groups were related to surface structures and the gram-positive cell
wall, suggesting that the two clusters possess different antigenic properties. All the type B strains carried CDSs
putatively related to capsule formation, which may play a role in adaptation to different environmental and
clinical niches. Sequencing showed that representative strains of the two type B clusters both carried subtype
B2 neurotoxin genes. As many of the type B strains studied have been isolated from foods or associated with
botulism, it is expected that the two group I C. botulinum type B clusters present a public health hazard in
Nordic countries. Knowing the genetic and physiological markers of these clusters will assist in targeting

control measures against these pathogens.

Clostridium botulinum produces a potent neurotoxin during
its growth. The toxin causes a potentially lethal paralytic dis-
ease, botulism, in humans and animals. The classical food-
borne botulism follows the consumption of toxin-containing
food or drink, while infant and adult intestinal botulism results
from in vivo spore germination, outgrowth, and toxin produc-
tion in the gut. Apart from attenuated intestinal microbial
population, other factors affecting the colonization of C. bot-
ulinum in the intestinal forms of botulism are not known.

Based on their physiology and genetic background, C. bot-
ulinum strains are divided into groups I to IV (13). Strains of
groups I and II are associated with human disease. Group I
strains produce neurotoxin serotypes A, B, and/or F, while
the group II strains produce type B, E, or F toxin. Physiolog-
ically, groups I and II differ markedly from each other as well
as from groups III and IV. Genomic analysis of group I and II
C. botulinum strains by 16S rn sequencing (13), ribotyping
(10), and amplified fragment length polymorphism (11, 15, 16)
is consistent with the divergent physiologies of the two groups
(18).

Nordic C. botulinum group I strains show a remarkable ho-
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mogeneity (15, 20, 21, 23). In a large pulsed-field gel electro-
phoresis (PFGE) analysis, the majority of group I strains iso-
lated from various sources from Finland, Norway, and
Denmark formed type B neurotoxin and clustered into two
large groups, with the members of each group sharing identical
or nearly identical restriction patterns (20, 23). Many of these
strains were recovered from honey for human consumption
(23), and one strain was related to an infant botulism case (22).
Apart from a recent study showing that strains of the two type
B clusters, further referred to as clusters BI and BII, differ in
their abilities to grow at extreme temperatures (12), the phys-
iological, epidemiological, and genetic markers of the two clus-
ters are not known. An understanding of such traits will assist
in designing control measures against these potential food- and
environment-borne pathogens.

The availability of group I C. botulinum genome sequences
has enabled the construction of whole-genome DNA microar-
rays and a comprehensive genomic analysis of C. botulinum
strains (26, 27). In this paper, we describe a comparative
genomic hybridization (CGH) analysis of 32 Nordic group I C.
botulinum type B cluster BI or BII strains with a DNA mi-
croarray based on the protein-coding sequences (CDS) in the
ATCC 3502 genome. Strains within each cluster showed no
substantial variation. Furthermore, strains belonging to the
two clusters differed by their responses to 145 CDS probes,
suggesting differential resistance to toxic compounds and a
relatively large antigenic variability. Sequencing of botB in a
representative cluster Bl strain and a representative cluster BII
strain revealed subtype B2 neurotoxin genes in both strains.
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TABLE 1. Strains of group I Clostridium botulinum included in the
genomic analysis

Place and yr

Strain Origin of isolation® Cluster
ATCC 3502 United States NK, 1920s
B-129/1 Bees, Finland DFEH, 2002 BI
KV-16/4 Beeswax, Finland DFEH, 2001 BI
KV-8/5 Beeswax, Finland DFEH, 2001 BI
KV-41/3 Beeswax, Finland DFEH, 2001 BI
90-K/5 Beeswax, Finland DFEH, 2000 BI
515-K/2 Beeswax, Finland DFEH, 2000 BI
KS-3/5 Pollen from bee bread, DFEH, 2001 BI
Finland
KS-57/7 Pollen from bee bread, DFEH, 2001 BI
Finland
KS-102/10 Pollen from bee bread, DFEH, 2002 BI
Finland
525-S/8 Pollen from bee bread, DFEH, 2000 BI
Finland
KH-64/2 Comb honey, Finland DFEH, 2001 BI
KH-51/1 Comb honey, Finland DFEH, 2001 BI
He-3323 Horse feces, Finland DFEH, 2002 BI
He-3396 Horse feces, Finland DFEH, 2002 BI
M-153/1 Soil, Finland DFEH, 2002 BI
M-197/17 Soil, Finland DFEH, 2002 BI
M-1/3 Soil, Finland DFEH, 2001 BI
M-18/3 Soil, Finland DFEH, 2001 BI
M-170/4 Soil, Finland DFEH, 2002 BI
3213/5 Soil, Finland DFEH, 2000 BI
P-120/6 Vacuum cleaner dust, DFEH, 2002 BI
Finland
NKH-50/1 Comb honey, Norway DFEH, 2003 BI
DA-32/1 Honey, Denmark DFEH, 2003 BI
DA-58/1 Honey, Denmark DFEH, 2003 BI
KV-39/1 Beeswax, Finland DFEH, 2001 BII
518-K/3 Beeswax, Finland DFEH, 2000 BII
KH-318/1 Comb honey, Finland DFEH, 2003 BII
KS-44/10 Pollen from bee bread, DFEH, 2001 BII
Finland
M-43/15 Soil, Finland DFEH, 2001 BII
M-193/15 Soil, Finland DFEH, 2002 BII
M-171/14 Soil, Finland DFEH, 2002 BII
M-195/20 Soil, Finland DFEH, 2002 BII

“NK, not known (isolated by I. C. Hall in the United States in the 1920s);
DFEH, Department of Food and Environmental Hygiene, University of Hel-
sinki, Helsinki, Finland.

MATERIALS AND METHODS

Clostridium botulinum strains. A total of 32 group I C. botulinum type B strains
isolated from various geographical sources and ecological niches in the Nordic
countries in 2000 to 2003 were analyzed (Table 1 and Fig. 1). All strains were
previously shown to carry a type B neurotoxin gene, botB (21, 24). PFGE analysis
showed that these strains fell into two large genetically homogeneous clusters
(20, 23). The genome-sequenced group I C. botulinum type Al strain ATCC 3502
(Hall A) (28) was used as a hybridization reference.

DNA extraction. Each strain was streaked from a spore suspension onto an
anaerobic blood agar plate and incubated anaerobically at 37°C for 48 h. A single
colony was further inoculated into 10 ml of anaerobic tryptose-peptone-glucose-
yeast extract (TPGY) medium and incubated overnight at 37°C. Genomic DNA
was extracted from the remaining culture as previously described (15), dissolved
in 100 wl of sterile distilled water, and stored at —70°C until use. For biological
replicates, the DNA of each strain was extracted twice.

DNA microarrays. The DNA microarrays based on the C. botulinum ATCC
3502 genome (27) were constructed at the Institute of Food Research. The
ATCC 3502 genome contains 3,648 chromosomal CDSs and 18 plasmid CDSs.
These CDSs cover 82% of the entire genome of the ATCC 3502 strain, leaving
18% of the genome for intergenic space. Each microarray slide contained two
arrays, one array consisting of 3,421 PCR amplicon probes of 100 to 500 bp,
representing 3,403 (93.3%) chromosomal CDSs and 18 (100%) plasmid CDSs in
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the ATCC 3502 genome. Specific probes could not be designed to or amplifica-
tion products were not obtained for the remaining 245 (6.7%) chromosomal
CDSs in the ATCC 3502 genome; hence, they were excluded from the array. In
addition, each array contained 31 amplicons representing the C and N terminals
of type Al, A3, B, C, D, E, F, and G botulinum neurotoxin genes and genes
encoding the nontoxic neurotoxin-associated proteins.

Probe preparation. A total of 6 ug of genomic DNA of each C. botulinum
strain was randomly labeled with fluorescent dye (BioPrime DNA labeling sys-
tem; Invitrogen Corporation, Carlsbad, CA). The 50-pl labeling reaction mix-
tures contained 0.3 pg/pl random primers (Invitrogen); 0.2 mM dATP, dGTP,
and dTTP (Promega Corporation, Madison, WI); 0.1 mM dCTP (Promega); 40
pM Cy3-dCTP (GE Healthcare, Buckinghamshire, United Kingdom) (type A
control strain) or Cy5-dCTP fluorescent dye (GE Healthcare) (type B test
strains); and 0.8 U/pl Klenow fragment (Invitrogen). The reaction mixtures were
incubated at 37°C for 1 to 2 h, and the reaction was stopped by adding 5 pl of 0.5
M EDTA (pH 8.0; Invitrogen). For each hybridization, the Cy5-labeled DNA
from each type B strain was combined with similarly prepared, Cy3-labeled
reference DNA from ATCC 3502, and the mixture was purified with a DNA
purification kit (QIAquick PCR purification kit; Qiagen, Hilden, Germany) and
finally eluted with 42 pl of elution buffer (Qiagen). A volume of 24 ul of
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FIG. 1. Sites of isolation of Finnish group I C. botulinum type B
strains. Cluster BI strains have been marked with normal type, and
cluster BII strains have been marked with boldface type.
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hybridization buffer (10X SSC [1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate] [Invitrogen], 0.08 M HEPES buffer [Sigma-Aldrich Chemie, Steinheim,
Germany], 16.5X Denhardt’s solution [Invitrogen], and 0.75% sodium dodecyl
sulfate [SDS] [Invitrogen]), 70 pg/ml human Cot-1 DNA (Invitrogen), and 1.4
pg/pl yeast tRNA (Invitrogen) were added to a final volume of 70 pl. The probe
mixtures were denatured in a vigorously boiling water bath for 5 min and cooled
down.

Hybridization and washes. Before hybridization, UV-cross-linked array slides
were incubated in prewarmed prehybridization buffer (1% bovine serum albumin
[Sigma-Aldrich], 6X SSC, and 0.5% SDS) at 65°C for 1 to 2 h. After prehybrid-
ization, the slides were washed three times for 5 min with sterile distilled water
and dried by centrifugation for 15 s in a minicentrifuge. A coverslip (LifterSlip
25X 601-2-4789; Erie Scientific Company, Portsmouth, NH) was placed on top of
each microarray slide covering both arrays, and 70 pl of each probe mixture was
pipetted under the coverslip, avoiding air bubble formation. The slides were
hybridized overnight at 54°C. The hybridized slides were washed twice for 15 min
with 2X SSC-0.2% SDS prewarmed to 50°C, twice for 10 min with 0.5X SSC at
room temperature, twice for 8 min with 0.1X SSC at room temperature, and
once for 3 min with 0.01X SSC and 0.05% Tween 20 at room temperature,
followed by drying (as described above).

The two DNA extracts of each strain were hybridized onto separate slides, with
each slide containing two arrays, yielding four replicate hybridizations per strain.

Scanning, image processing, and data normalization. The slides were scanned
(Axon GenePix Autoloader 4200 AL; Westburg, Leusden, The Netherlands) at
532 and 635 nm using a 10-um resolution. Image processing was done with
GenePix Pro 6.0 software. Foreground and local background intensities of each
spot were characterized by the mean and median pixel values of the spot,
respectively. Spots with segmented foreground areas of less than 50 pixels and
spots whose foreground intensities in the control channel (Cy3) were less than
1,000 raw intensity units above the background were excluded from the analysis
(11.4% of all spots). Local background was subtracted from the foreground
signal, and the intensity values of two replicate spots for each CDS on a slide
were averaged. Ratios between Cy5 and Cy3 intensities were converted into a
logarithmic scale, and the slide-dependent median was subtracted. Based on
self-self-hybridizations with ATCC 3502 DNA, the amount of noise was esti-
mated to be small; the standard error of signal log ratios was less than 0.13,
indicating good hybridization quality.

Thresholding signal intensities and hierarchical clustering. In order to set a
threshold for the presence and absence of CDSs, GACK software was used (17).
The method is based on estimating the spread of signal log ratios of present
CDSs by fitting a normal curve to the histogram of all signal log ratio values of
a slide. The threshold is slide dependent. To select the CDSs most reliably
differentiating between strains, the GACK trinary categorization was used. This
method estimates if a CDS is present, absent, or highly divergent or if it belongs
to the middle category representing no reliable labeling (slightly divergent
CDSs). The thresholds for the estimated probability of presence (EPP) were set
to 100% for present CDSs and 0% for absent or highly divergent CDSs. These
settings give the most stringent conditions for a CDS to be declared in the two
categories. Hierarchical clustering of strains was determined using the statistical
computing package R (14). A dendrogram was created based on averaged
GACK values of replicate slides (Fig. 2). Euclidean distances were computed
between strains, and hierarchical clustering was created using an average linkage
method.

CDSs discriminating between clusters BI and BII. Based on GACK trinary
categorization, the numbers of “CDS present” and “CDS absent/highly diver-
gent” calls were calculated within each cluster for each CDS. When finding CDSs
that were present in cluster BI and absent in cluster BII, no “CDS absent/highly
divergent” call was allowed for any cluster BI strain, and no “CDS present” call
was allowed for any cluster BII strain. The opposite requirement was applied
when finding the CDSs present in cluster BII and absent in cluster BI. The
statistical significance of the difference between the clusters for having or lacking
the CDS was obtained by Fisher’s exact test. A P value was calculated for each
CDS, and the list of P values was then converted into false-discovery-rate (FDR)
values. There were 149 CDSs with FDR values of <0.01 and 145 CDSs with FDR
values of <0.001. Since the list of 145 CDSs is based on very stringent criteria,
it contains only highly reliable CDSs for differentiating between the two clusters.

Validation of DNA microarray results with PCR. To verify the DNA microar-
ray results, two CDSs (CBO2590 and CBO3250) with a wide range of signal log
ratios for all 32 type B strains were selected for PCR. CBO2590 probe spots gave
low intensity values and CBO3250 spots gave high intensity values for the control
channel in all slides. PCR was carried out in a 25-pl reaction mixture volume
containing 1X buffer, 200 wM of each deoxynucleotide triphosphate, 0.5
pM of each primer (CBO2590-f [5'-TGCTGAGCATAACCAAACTG-3'] and
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FIG. 2. Dendrogram of 32 Nordic group I C. botulinum type B
strains and ATCC 3502 based on CGH analysis with ATCC 3502
microarrays. The two clusters have been marked as clusters BI and BII.
The scale describes the Euclidean distance between two strains, i.e.,
the square root of a sum of squared gene-wise differences. Since the
trinary GACK method gives values of —1, 0, and 1 for gene absent/
highly divergent, unreliable labeling, and gene present, respectively,
the squared difference of one gene present in one strain and absent in
another strain equals [1 — (—1)]? = 4. Thus, a Euclidean distance of
20 corresponds to 100 genes missing in one strain and present in
another strain, and a Euclidean distance of 40 corresponds to 400
genes missing in one strain and present in another strain.

CBO02590-r [5'-CTGAAGTCCCAGGACATGTAGA-3'], or CBO3250-f [5'-CC
ATTGTTCCACCTCCTCAT-3'] and CBO3250-r [5'-TGTGTCCAGAAGCAG
CTAAAA-3]), and 1 IU of DNA polymerase (DyNAZyme; Finnzymes, Espoo,
Finland). A total of 10 to 20 ng of DNA from each C. botulinum type B strain was
used as a template. The reaction conditions included an initial denaturation step
at 95°C for 5 min and 30 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 1 min,
followed by a final extension step at 72°C for 3 min. The amplification products
were visualized under UV light in 2% agarose gels following staining with
ethidium bromide.

Validation of DNA microarray results with DNA sequencing. In addition to
PCR, amplification fragments representing 12 CDSs predicted to discriminate
between strains within cluster BI or BII based on signal log ratios or GACK
results were sequenced using primers described in Table S1 in the supplemental
material. Sequencing was carried out using an Applied Biosystems ABI Prism
3130x1 genetic analyzer (1). Sequence data were analyzed with Staden package
release 1.6.0 (32), where base calling was done using Phred (7). Sequences were
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TABLE 2. Variable CDSs in the Nordic group I Clostridium botulinum type B strains in relation to ATCC 3502 chromosomal and
plasmid CDSs*

No. of CtI?Ss No. of Ct]?Ss No. of CDSs TotéanSo. of No. (%) of
Cluster BI ustor B MEgfom o)y, discriminating
CDS functional class strains but strains but all‘ tt)’/;_)e‘B ATCC 3502 C]f)SS tm e’alc h
not cluster not cluster St rgl_n(sj chromosome un;: 10;? &
BII strains BI strains studie and plasmid class
Cell processes
Chemotaxis and mobility 1 1 3 68 5(7)
Chaperones 15 0 (0)
Protection responses 1 1 5 2 (40)
Cell killing 1 4 10 5(50)*
Detoxification 2 11 2(18)
Drug/analog sensitivity 1 14 1(7)
Radiation sensitivity 1 0 (0)
Transport/binding proteins 4 10 6 156 20 (13)
Amino acids and amines 1 38 1(3)
Cations 3 36 3(8)
Carbohydrates, organic acids, and alcohols 1 35 1(3)
Anions 8 0(0)
Other substances 4 44 4 (10)
Adaptation
Adaptations, atypical conditions 8 0 (0)
Osmotic adaptation 1 4 1(25)
Fe storage 5 36 5(14)
Cell division 23 0 (0)
Differentiation/sporulation 5 2 81 7(9)
Macromolecule degradation
Degradation of DNA 10 0 (0)
Degradation of RNA 1 9 1(11)
Degradation of polysaccharides 10 0 (0)
Degradation of proteins, peptides, glycoproteins 1 5 50 6 (12)
Macromolecule synthesis 12 211 12 (6)
Amino acid biosynthesis 54 0 (0)
Biosynthesis of cofactors, carriers 1 3 1 86 5(6)
Central intermediary metabolism 1 1 109 2(2)
Degradation of small molecules 86 0(0)
Energy metabolism, carbon 1 2 113 3(3)
Fatty acid biosynthesis 6 18 6(33)
Nucleotide biosynthesis 24 0 (0)
Periplasmic/exported/lipoproteins 1 8 1(13)
Inner membrane 2 4 2 (50)
Outer membrane constituents 2 0 (0)
Surface polysaccharides and antigens 1 13 40 14 (35)*
Surface structures 1 7 1(14)
Gram-positive membrane 1 14 11 281 26 (9)
Gram-positive exported protein/lipoprotein 2 5 5 91 12 (13)
Gram-positive surface-anchored protein 4 0 (0)
Gram-positive peptidoglycan, teichoic acid 1 1 43 2(5)
Ribosome constituents 1 2 63 3(5)
Horizontally acquired elements
Phage-related functions and prophages 1 4 111 166 116 (70)*
Plasmid-related functions 4 5 4 (80)*
Transposon/IS element-related functions 3 4 12 7 (58)*

Continued on following page
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TABLE 2—Continued

No. of CDSs No. of CDSs No. of CDSs Total no. of No. (%) of
E]r::ti Télll gziizlrlt];ﬁ missing from prgs]e):ts in discriminating
CDS functional class strains but strains but all type B ATCC 3502 CDSs In cach
not cluster not cluster BI St 3 3 chromosome u ;: 0,,a
BII strains strains studie and plasmid class
Pathogenicity 1 1 16 2(13)
Regulation 5 0 (0)
Two-component system 2 1 74 3(4)
RNA polymerase core enzyme binding 1 15 1(7)
Defined regulatory families
AsnC 2 0 (0)
AraC 2 4 24 6(25)*
GntR 2 18 2 (11)
Lacl 2 0 (0)
LysR 6 0(0)
MarR 1 12 1(8)
TetR 1 1 12 2(17)
DeoR 5 0 (0)
LuxR (GerR) 1 0(0)
MerR 1 10 1(10)
ArsR 1 5 1(20)
PadR 3 4 3(75)*
Other regulatory proteins 3 1 85 4(5)
Unknown function, conserved proteins 3 26 48 642 77 (12)
Not classified 1 14 15 383 30 (8)
Total 17 128 268 3,421 413 (12)
“x, significant (P < 0.05) overrepresentation of a functional class as tested with one-sided Fisher’s exact test.
> The CDS functional classification is done according to data presented previously by Sebaihia et al. (27).
aligned with ClustalW, and they were cut to have equal lengths. Pairwise simi- Nucleotide seq e accessi bers. The sequence data for the amplifi-

larities were computed between all sequences.

Sequencing of botB. The botB genes of cluster I strain M-18/3 and cluster II
strain KV-39/1 were sequenced (5) using primers described in Table S2 in the
supplemental material.

Growth in the presence of sodium arsenite. The arsenic resistance of three BI
strains (M-1/3, P-120/6, and DA-58/1) and three BII strains (KH-318/1, KS-44/10,
and M-43/15) was tested in TPGY medium in the absence and presence of
sodium arsenite. In brief, 100 pl of a spore suspension of each strain was
inoculated into 10 ml of anaerobic TPGY broth and incubated overnight at 37°C
under anaerobic conditions, followed by subculture into 10 ml of fresh TPGY
broth and overnight incubation under the same conditions. A volume of 40 wl of
each culture was further transferred into 4 ml of fresh anaerobic TPGY broth
containing 0, 0.05, 0.1, 0.5, or 1 mM sodium arsenite (As[III]; Sigma-Aldrich).
Five replicate 350-ul aliquots of each suspension were pipetted into wells of
sealable 100-well microtiter plates and incubated at 37°C for 24 h in an auto-
mated turbidity reader (Bioscreen C microbiology reader; Growth Curves, Hel-
sinki, Finland) placed in an anaerobic workstation. The optical density in each
well at 600 nm was read at 2-h intervals. Means of all replicates and all individual
strains of a cluster were calculated and plotted on a time-turbidity curve.

Growth in the presence of cadmium chloride. The cadmium resistance of
cluster BI and BII strains was studied as described above for arsenic using four
replicates and an 18-h total incubation period without and with 5 mM cadmium
chloride (Sigma-Aldrich). The difference between cluster BI and BII strains was
evaluated by calculating maximum growth rates from the exponential phase of
growth curves fitted with DMFit (2). The median values of the four replicates for
all individual strains were calculated. The statistical significance of the difference
between the two clusters was tested using a Student’s ¢ test.

Microarray data accession number. The microarray data reported here have
been deposited in the Array Express database under accession number
E-TABM-309.

cation fragments representing the 12 CDSs predicted to discriminate between
strains within cluster BI or BII reported here were submitted to the EMBL
database under accession numbers AM774033 to AM774040, AM774049 to
AM774099, and AM774101 to AM774126 (see Table S1 in the supplemental
material). The sequence data for the botB genes of cluster I strain M-18/3 and
cluster II strain KV-39/1 have been deposited in the EMBL database under
accession numbers FM865704 and FM865705, respectively.

RESULTS

Overall genetic diversity. A total of 413 CDSs (11.3% of all
ATCC 3502 CDSs and 12.1% of ATCC 3502 CDSs repre-
sented on the microarray) were variable among the 32 group I
C. botulinum type B strains and the ATCC 3502 type A refer-
ence strain (Table 2). Numbers of CDSs that are different
between the type B strains and ATCC 3502 are presented for
each functional category in the fourth column of Table 2. In
general, all the type B strains studied lacked the plasmid
(Cb245.01 to Cb245.18)-, two prophage (CBO1682 to CBO1754
and CBO2312 to CBO2391)-, and the flagellar glycosylation is-
land (CBO2696 to CBO2732)-related CDSs present in ATCC
3502 (27).

CGH analysis of group I C. botulinum type B clusters BI and
BII. The CGH analysis of the Nordic type B strains clustered
the 32 strains into two homogeneous clusters, called clusters BI
and BII, distinct from ATCC 3502. No substantial strain-to-
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FIG. 3. Phylogram of the botB sequences from Nordic cluster BI
strain M-18/3 and cluster BII strain KV-39/1 and 27 previously pub-
lished botB sequences. Both Nordic strains clustered together with
strains previously identified as belonging to subtype B2 (11).

strain variation was observed within each cluster (Fig. 2). This
was confirmed with sequencing of DNA fragments represent-
ing 12 CDSs showing the greatest variation in signal log ratios
or predicted by GACK to be variably present within cluster BI
or within cluster BII. Strains representing the same cluster
showed 99.3 to 100% identity in the sequenced DNA frag-
ments (see Table S1 in the supplemental material).

A total of 145 gene probes discriminated between clusters BI
and BII, with 128 CDSs being present exclusively in cluster BII
strains and 17 CDSs being present exclusively in cluster BI
strains. Numbers of CDSs that are different between clusters
BI and BII are presented for each functional category in Table
2. Some of the differential CDSs and related physiological
phenomena are discussed in more detail in Discussion.

To verify the DNA microarray results, CBO2590, giving
low-intensity values on the array, and CBO3250, giving high-
intensity values on the array, were selected for PCR. The array
signal log ratios of all strains for the two probe spots ranged
from 0 to —3.5, with no clear cutoff for the presence and
absence of CDSs. All the eight cluster BII strains yielded a
positive PCR result (i.e., a DNA fragment of the expected size
with the intensity of a control DNA) for both CBO2590 and
CBO3250 CDSs. In addition, two cluster BI strains (515-K/2
and M-1/3) yielded a weak positive result (i.e., a very faint
fragment of the expected size visualized on an agarose gel
when 10 pl of the reaction mixture was loaded within the
agarose gel) for CBO2590, and two cluster BI strains (515-K/2
and He-3323) yielded a weak positive result for CBO3250. The
cutoff hybridization signal log ratios of —0.4 and —0.25 for
CBO2590 and CBO3250, respectively, corresponded to a
100% PCR-positive result. The cutoff log ratios for the GACK
EPP of 100% for all genes were in the range of —0.6 to —0.15
(median, —0.23). As for the missing or divergent CDSs, the
cutoff signal log ratios for the GACK EPP of 0% varied be-
tween —1.1 and —0.5 between slides (median, —0.77). A total
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FIG. 4. Growth of cluster BI strains (M-1/3, P-120/6, and DA-58/1)
(marked with open symbols) and cluster BII strains (KH-318/1, KS-
44/10, and M-43/15) (marked with solid symbols) in the presence of 0
to 0.1 mM sodium arsenite (diamonds, 0 mM; squares, 0.05 mM,;
triangles, 0.1 mM) (A) or 0 to 5 mM cadmium chloride (diamonds, 0
mM; triangles, 5 mM) (B). Each curve represents the means of five
(A) or four (B) replicate measurements of the three individual strains.
ODy, optical density at 600 nm.

of 22 out of 24 (92%) cases with a 0% EPP prediction with
microarrays gave a negative PCR result.

Nucleotide sequence of botB. The botB genes in cluster I
strain M-18/3 and cluster II strain KV-39/1 shared 99.6% se-
quence identity, corresponding to 99.7% similarity at the
amino acid level. Most differences were observed in the C
terminal of the heavy chain. Compared to 27 botB gene se-
quences available in the public domain, botB of both of our
strains clustered together with subtype B2 (Fig. 3).

Growth in the presence of sodium arsenite. Cluster BII
strains KH-318/1, KS-44/10, and M-43/15 showed growth in the
presence of 0.05 and 0.1 mM (3.7 and 7.5 mg/liter) sodium
arsenite, while growth was not observed with cluster BI strains
M-1/3, P-120/6, and DA-58/1 under the same conditions (Fig.
4A). The growth of all cluster BI and BII strains was prevented
by the addition of 0.5 mM sodium arsenite (Fig. 4A).

Growth in the presence of cadmium chloride. In the absence
of cadmium chloride, cluster BII strains KH-318/1, KS-44/10,
and M-43/15 grew at a 1.2-fold-higher rate than did cluster BI
strains M-1/3, P-120/6, and DA-58/1 (P < 0.005) (Fig. 4B).
However, in the presence of 5 mM cadmium chloride, the same
cluster BI strains grew at a twofold-higher rate than did cluster
BII strains (P < 0.01) (Fig. 4B).
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DISCUSSION

CGH analysis of 33 group I C. botulinum strains revealed
that a total of 413 CDSs, thus, 12.1% of all ATCC 3502 CDSs
(11.3% of ATCC 3502 CDSs represented on the microarray),
were variable among these strains, suggesting that the “core
gene set” of all the group I C. botulinum type B strains exam-
ined in the present study were 88 to 89% of the ATCC 3502
CDS:s. Sebaihia et al. (27) previously reported that nine group
I strains, representing a wider range of toxinotypes and geo-
graphical locations than in the present study, possessed 87 to
96% of the CDSs of ATCC 3502. While further testing with a
more heterogeneous strain collection is required to confirm
the true group I C. botulinum “core gene set,” it is apparent
that the findings for group I C. botulinum contrast greatly with
data from a previous genomic analysis of 75 Clostridium difficile
strains, which shared only 20% of CDSs (31). Our results thus
support the theory of a stable genome (27) and a limited
overall diversity among group I C. botulinum strains (15, 21).

CGH analysis clustered the 32 Nordic group I C. botulinum
type B strains into two homogeneous groups similar to those
previously observed using PFGE (20, 23). Sequencing of DNA
fragments of CDSs representing the greatest strain-to-strain
variation within a cluster showed 99.3 to 100% identity be-
tween strains of the same cluster, indicating that strains within
each cluster were highly similar. However, as the array probes
represent only protein coding sequences, covering only 28% of
the ATCC 3502 genome, genome sequencing or hybridization
onto tiled genome arrays are needed to finally judge whether
the two clusters consist of genetically identical strains or
whether diversity exists.

Of the 145 CDS probes discriminating between clusters BI
and BII, 128 CDSs were present exclusively in BII strains
(Table 2), suggesting that cluster BII strains are more closely
related to ATCC 3502 than are cluster BI strains. Reflecting
the environmental origin of group I C. botulinum, the most
apparent differences between the two clusters were related to
resistance to toxic compounds such as arsenic and cadmium,
which are frequently detected in the environment. While the
CDS for the arsenate reductase gene arsC (CBO0751) was
present in all strains studied, ars4 and arsB (CBO0755 and
CBOO0756, respectively), encoding the ATP-dependent arsen-
ite efflux pump, and arsR (CBO0753) and arsD (CBO0754),
encoding frans-acting repressors, were present exclusively in
the cluster BII strains. Therefore, the cluster BII strains were
anticipated to tolerate a higher arsenic concentration in their
growth medium than were cluster BI strains. Further labora-
tory tests on three cluster BI strains and three cluster BII
strains confirmed that the cluster BII strains (KH-318/1, KS-
44/10, and M-43/15) were able to grow in the presence of up to
0.1 mM sodium arsenite, while no growth was observed for the
cluster BI strains (M-1/3, P-120/6, and DA-58/1) under the
same conditions. The ars resistance system was originally de-
scribed for bacteria as being plasmid-borne but was later found
to be chromosomally located in many bacterial species (28, 33).
The ars operon in ATCC 3502 is flanked by mobile elements
such as transposase and phage-related CDSs. While our cluster
BI strains lacked many such CDSs (CBO0744 to CBO0747 and
CBO0749), the presence of several other associated CDSs
(CBO0732 to CBO0735, CBO0738 to CBO0742, CBO0762,
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and CBOO0768) in both cluster BI and BII strains suggests a
phage-mediated background of the arsenic resistance genes.
The acquisition of arsenic resistance in Nordic C. botulinum
cluster BII strains is probably an evolutionary response to high
levels of environmental arsenic contamination; ground waters
and soil in certain areas in Finland have been reported to have
high arsenic concentrations in excess of 0.01 mM (http://www
ymparisto.fi/default.asp?contentid=291469&lan=EN), while
typical concentrations in European rivers are 100-fold lower
(29).

All the C. botulinum type B strains studied carried the cadA
operon, related to cadmium resistance, consisting of cadA
(CBO0478), which encodes a cadmium exporter, and cadC,
which codes for a transcriptional regulator (CBO0477). In
Staphylococcus aureus, a plasmid carrying cadAC was associ-
ated with resistance to 50 to 100 uM of Cd**, while strains
lacking this gene tolerated only 1/10 of this cadmium concen-
tration (24). All the 32 Nordic type B strains were able to grow
in the presence of 5 mM cadmium chloride, suggesting the
presence of an active cadAC operon in both cluster BI and BII
strains. However, all the three tested BI strains (M-1/3,
P-120/6, and DA-58/1) showed significantly higher growth rates
in the presence of 5 mM cadmium chloride than did the cluster
BII strains tested (KH-318/1, KS-44/10, and M-43/15), while
their growth in the absence of cadmium was significantly
slower than that of the cluster BII strains. The difference may
be explained by the presence of cadmium resistance mecha-
nisms other than those that are efflux related. All cluster BI
strains carried exclusively CBO0841, which shares 50 to 60%
amino acid similarity to cadmium transporters in several
other prokaryotes and 52% similarity to cadD in S. aureus.
This gene resembles cadB, which has been suggested to
confer cadmium resistance by binding Cd** in the mem-
brane rather than by promoting cation efflux (25). In S.
aureus, cadD conferred resistance to cadmium sulfate at a
lower level than did cadAC (6).

The surface structures of C. botulinum vegetative cells have
not been widely investigated, probably because this bacterium
is generally considered to cause disease through exogenous
neurotoxin production rather than being infectious or invasive.
Considering the generally small genetic homogeneity of group
I C. botulinum strains, a marked variation in the compositions
of cell wall and surface structure-related CDSs between the
two type B clusters and also between the type B strains and
ATCC 3502 was observed. A total of 24 CDSs related to
gram-positive cell wall or surface antigens were differential
between cluster BII and BI strains, and 34 CDSs were missing
from all the type B strains. In the absence of further genomic
information, these data indicate that the two type B clusters
studied may represent antigenically distinct lineages, which
also differ from ATCC 3502. A recent insight into the available
clostridial genomes confirmed the vast variety of membrane
protein- and surface antigen-encoding genes between different
clostridial species (4).

The ATCC 3502 genome contains two loci putatively en-
coding polysaccharide capsule formation (locus I contains
CBO2678 to CB0O2729, and locus II contains CBO3092 to
CBO3114). While all our type B strains lacked 31 of the 51
CDSs of locus I, they possessed 20 out of 21 CDSs of locus II.
The CDSs present in all strains included several putative gly-
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cosyltransferase CDSs as well as those encoding the suggested
core capsule synthesis proteins, namely, O-antigen polymerase
(CBO3098), chain length determinant protein (CBO2689),
and UDP-N-acetylglucosamine 2-epimerase (CBO3100 and
CBOO0148) (4). These results strongly suggest C. botulinum
cells to be capable of capsule formation under some circum-
stances. Capsule formation in other bacteria is considered to
protect the bacteria against phagocytosis or assist in adhesion
and virulence. As an environmental organism, C. botulinum
may benefit from features assisting in adhesion to plant mate-
rial or dead epithelial tissues. More importantly, considering
that infant botulism, which is the most common form of human
botulism in the United States today, and adult infectious bot-
ulism are due to colonization and subsequent in vivo toxin
production by group I C. botulinum strains in the gut, the
proposed ability to form a capsule and large antigenic variabil-
ity may play an important role in the pathogenesis of the
intestinal forms of human botulism.

Apart from the two regulators controlling the arsenic resis-
tance operon, the cluster BII strains exclusively contained 10
other regulatory CDSs, of which the PadR family members
have been related to phenolic acid metabolism (3) and the
AraC/XylS members have been associated with carbon metab-
olism, virulence, and the stress response (9). In addition to
PadR and AraC/XylS family regulators, CDSs present exclu-
sively in cluster BII strains were related to signal transduction
systems. Although the specific role of these regulators in the
physiology of the cluster BII C. botulinum strains has yet to be
elucidated, they probably contribute to the ability of cluster BII
strains to better adapt to environmental stresses than cluster
BI strains. Accordingly, the cluster BII strains together with
ATCC 3502 were previously reported to grow at lower tem-
peratures than were cluster BI strains (12).

All the Nordic group I C. botulinum type B strains carried
botB and the CDSs encoding the nontoxic nonhemagglutinin
component, three hemagglutinins, and the transcriptional neu-
rotoxin regulator. No additional entire or partial neurotoxin-
related CDSs were present in the type B strains. The botB
sequences of both cluster BI strain M-18/3 and cluster BII
strain KV-39/1 clustered together with the subtype B2 genes
detected in group I C. botulinum strains (11). Subtype B2
seems to be the most common type B subtype equally distrib-
uted around the world (11): subtype B2 strains have been
isolated from North America, Europe, and East Asia. How-
ever, although the narrow genetic diversity among the 32 type
B strains studied suggests that all the strains may represent
toxin subtype B2, further sequencing efforts are required to
confirm their neurotoxin subtype.

The fact that the cluster BI and BII strains had nearly iden-
tical botB sequences but seemed to be genetically and antigeni-
cally different suggests that the neurotoxin gene cassettes have
generally an independent evolutionary background distinct
from that of the C. botulinum organism. Two of the trans-
posase-related CDSs (CBO0800 and CBO0809) flanking the
neurotoxin gene cluster in ATCC 3502 (27) were absent or
highly divergent in the Nordic type B strains, and the other two
CDSs (CBO0807 and CBO0810) gave only a weak positive
result. In accordance with the recent report on the group I type
B strain Okra and the bivalent type Ba strain 657 carrying
insertion sequence (IS) elements different from those in ATCC
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3502 (30), our CGH findings suggest that the IS elements
related to the type B neurotoxin gene cassette in general are
distinct from those related to the type A toxin gene. In light of
current knowledge, a mobile background of both type A and
type B neurotoxin gene cassettes seems highly likely, as several
C. botulinum strains with type A and/or type B toxin genes on
plasmids of various sizes have been reported (8, 19).

The reliability of DNA microarray hybridization signals was
verified by PCR targeted to CBO2590 and CBO3250. These
probes gave the widest range of signal log ratios between all
slides, with CBO2590 consistently giving weaker signals for the
reference DNA (ATCC 3502) than did CBO3250. The signal
log ratios of all strains for these two probe spots ranged from
0 to —3.5, with no clear cutoff for the presence and absence of
CDSs. The cutoff signal log ratios for the GACK EPP of 100%
were in accordance with those for a 100% PCR-positive result,
indicating that the most stringent GACK prediction for a CDS
to be present was correct. As for the missing or divergent
CDSs, most (92%) PCR results, being negative, were in accor-
dance with GACK 0% EPP predictions. Only three strains
gave a weak PCR-positive result for CBO2590 and/or CBO3250,
while the corresponding signal log ratios were in the range of
the 0% EPP prediction for an absent or highly divergent CDS.
A weak PCR-positive result is probably due to sequence di-
vergence at a primer annealing site, decreasing the reaction
efficiency. Since the cutoff DNA identity for a positive hybrid-
ization signal is perhaps 80% and that for a 100% EPP pre-
diction is over 90% (16), whereas a PCR may tolerate up to 50
to 60% mismatch at the primer 5’ end but could fail due to
only one mismatch at the primer 3’ end, some discrepancy
between PCR and hybridization is expected to occur. Our
results are in accordance with those reported previously by
Kim et al. (17), indicating that the GACK predictions were
generally reliable.

In conclusion, the CGH analysis with ATCC 3502 microar-
rays revealed that the two predominating Nordic group I C.
botulinum type B clusters have different resistance to toxic
compounds, reflecting variable evolutionary responses to envi-
ronmental stress. Evidence of an ability to form a capsule and
the apparently large variation in the cell surface structures of
C. botulinum strains indicate a different adaptation to various
environmental or clinical niches, which may be of considerable
importance when defining the pathogenesis and epidemiology
of C. botulinum and the infectious forms of human botulism.
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