1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Food Microbiol. Author manuscript; available in PMC 2024 August 06.

-, HHS Public Access
«

Published in final edited form as:
Food Microbiol. 2014 December ; 44: 149-155. doi:10.1016/j.fm.2014.05.009.

Identification and genetic characterization of Clostridium
botulinum serotype A strains from commercially pasteurized
carrot juice

Kristin M. Marshall2”, Louis Nowaczyk 112, Brian H. Raphael?, Guy E. Skinner?, N. Rukma
Reddy?

aCenter for Food Safety and Applied Nutrition, United States Food and Drug Administration, 6502
South Archer Road, Bedford Park, IL 60501, USA

bCenters for Disease Control and Prevention, 1600 Clifton Road, NE, Atlanta, GA 30329, USA

Abstract

Clostridium botulinum is an important foodborne pathogen capable of forming heat resistant
endospores and producing deadly botulinum neurotoxins (BoNTS). In 2006, C. botulinum

was responsible for an international outbreak of botulism attributed to the consumption of
commercially pasteurized carrot juice. The purpose of this study was to isolate and characterize
strains of C. botulinum from the adulterated product. Carrot juice bottles retrieved from the
manufacturing facility were analyzed for the presence of BoNT and BoNT-producing isolates
using DIG-ELISA. Toxigenic isolates from the carrot juice were analyzed using pulsed-field gel
electrophoresis (PFGE) and DNA microarray analysis to determine their genetic relatedness to
the original outbreak strains CDC51348 and CDC51303. PFGE revealed that isolates CJ4-1 and
CJ10-1 shared an identical pulsotype with strain CDC51303, whereas isolate CJ5-1 displayed a
unique restriction banding pattern. DNA microarray analysis identified several phage related genes
unique to strain CJ5-1, and Southern hybridization analysis of X#ol digested and nondigested
DNA showed their chromosomal location, while a homolog to pCLI_A009 of plasmid pCLI

of C. botulinum serotype Langeland F, was located on a small plasmid. The acquisition or

loss of bacteriophages and other mobile genetic elements among C. botulinum strains has
epidemiological and evolutionary implications.
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Introduction

Clostridium botulinum is a genetically diverse species that produces seven distinct serotypes
of the neuroparalytic protein toxin called, botulinum neurotoxin (BoNTs/A-G). Recently, an
eighth serotype (type H) of botulinum neurotoxin was discovered (Barash and Arnon, 2014;
Dover et al., 2014). BoNTs are the causative agents of the foodborne intoxication known

as botulism, which results from the oral ingestion of preformed toxin in an adulterated

food product. C. botulinum is categorized into four groups (I-1V), where strains of groups

| (proteolytic) and Il (nonproteolytic) produce BoNT serotypes A, B, E and F which

are associated with causing human botulism (Collins and East, 1998). BoNTSs are also
produced by rare strains of Clostridium baratii (BoNT/F) (Hall et al., 1985) and Clostridium
butyricum (BoNT/E) (McCroskey et al., 1986). Additionally, bivalent C. botulinum strains
carry and express more than one toxin serotype. Typically, one toxin serotype is produced

in higher quantities than the other and is denoted with a capital letter (e.g. Ab, Af, Ba, Bf)
(Franciosa et al., 2004; Gimenez and Ciccarelli, 1978; Hatheway et al., 1981; Hatheway and
McCroskey, 1987). Certain strains that have been identified and classified as A(B), express
BoNT/A and carry a silent or, unexpressed bont/B gene (Hutson et al., 1996).

BoNTSs are naturally produced as toxin complexes in which the neurotoxin is associated with
the nontoxic nonhemagglutinin (NTNH), hemagglutinins (HA) or other uncharacterized
proteins (ORFX), and RNA. The genes encoding the neurotoxin, the regulatory component
and associated proteins of the progenitor toxin complex are arranged in two primary types
of toxin gene clusters, hat+/orfX- and ha—/orfX+. The ha+ orfX- gene cluster is found in
serotype Al, B, C, D and G strains (Peck, 2009). The ha—/orfX+toxin gene clusters are
found in C. botulinum serotype Al, A2, A3, A4, E, and F strains (Peck, 2009). In these
strains hemagglutinin genes are absent and the cluster instead contains three open reading
frames orfX1, orfX2and orfX3, which encode for uncharacterized proteins. The location
of these toxin gene clusters varies among strains, and although previously believed to be
chromosomally located in serotype A, B, E and F strains, toxin gene clusters have been
discovered to reside on plasmids in some serotype A, B, and E strains, and in all serotype G
strains (Zhou et al., 1995; Marshall et al., 2007; Franciosa et al., 2009; Smith et al., 2007;
Zhang et al., 2013). Some of these plasmids have been found to be mobile via conjugation
(Marshall et al., 2010). In serotype C and D strains the toxin gene clusters are carried by
bacteriophages (lida et al., 1974; Sakaguchi et al., 2005). Whole genome sequencing has
revealed bacteriophages as well as small cryptic plasmids, such as pBot3502 in serotype A
strain ATCC 3502 (AM412317, Sebaihia et al., 2007) and pCLI (CP000729) in serotype F
strain Langeland F (CP000728). These potentially mobile genetic elements, specific to C.
botulinum strains, are not well characterized and likely contribute to the phylogenetic and
evolutionary diversity of this foodborne pathogen.

Cases of botulism caused by commercially prepared foods are fairly uncommon. Sevenier
et al. (2012) examined 316 samples of raw carrots and green beans collected from canned
food manufacturers in France for the incidence and prevalence of anaerobic mesophiles,
thermopbhiles and specifically spores of C. botulinum. 1t was concluded from that study
that raw carrots had a higher incidence of these organisms than raw green beans, which

is likely due to carrots being grown directly in the soil (Sevenier et al., 2012). Sheth
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et al. (2008) reported a botulism outbreak in the US and Canada that was due to the
consumption of commercially pasteurized carrot juice. During the outbreak investigation
the FDA retrieved 20 unopened bottles of implicated carrot juice from the manufacturer,
which were incubated at 35 °C for 5 days and tested for the presence of BONT/A, B, E and
F using ELISA and the mouse bioassay (Sheth et al., 2008). BoNT/A was only detected

in bottles numerically labeled 1 (<10 to <20 MIPLD50/ml), 4 (>2000 MIPLD50/ml), 5
(>2000 MIPLD50/ml), 6 (~2000 MIPLD50/ml) and 10 (~200 MIPLD50/ml) (Sheth et al.,
2008). Although, no botulinum neurotoxigenic strains were described as being isolated
from any of these bottles, two C. botulinum strains were isolated during the outbreak;
CDC51303 (also called CDC-CR1; Reddy et al., 2013) was isolated from the carrot juice
belonging to the patient identified in Georgia, and CDC51348 (also called CDC-CR2;
Reddy et al., 2013) was isolated from carrot juice that belonged to the Florida patient
(Raphael et al., 2008). Genetic analysis of these serotype Al outbreak strains revealed

that CDC51348 contained an unexpressed bont/B gene. The bont/A1 of CDC51303 was
reported to contain unique nucleotide polymorphisms in relation to other bont/A1 sequences,
and resided within a sa-/orfX+ cluster (Raphael et al., 2008). The purpose of this study
was to isolate botulinum neurotoxigenic strains from the carrot juice bottles retrieved from
the manufacturer and compare these isolates with previously isolated C. botulinum strains
CDC51303 and CDC51348 using PFGE.

2. Materials and methods

2.1. lIsolation of botulinum neurotoxin-producing strains from carrot juice

In 2006, the FDA received twenty 1-L bottles of commercially pasteurized carrot juice from
implicated lots retrieved from the manufacturer (Sheth et al., 2008). During that study, ten of
the carrot juice bottles were incubated at 37 °C for 5 days, tested for botulinum neurotoxin
using the ELISA and mouse bioassays and then stored at 4 °C. The remaining ten bottles
were not incubated at 37 °C for 5 days nor tested for toxin production using ELISA and
mouse bioassays, but instead were stored at 4 °C (Sheth et al., 2008). All twenty bottles of
carrot juice were used in the current study to isolate botulinum neurotoxin-producing species
of clostridia. The lot codes on the bottles were as follows: bottles 1 and 2, #451500, bottles 3
and 4, #451800, bottles 5 and 6, #450000, bottles 7 and 11-20, #450100, bottle 8, #451000,
and bottles 9 and 10, #452100.

Enrichment of botulinum neurotoxin-producing clostridia from the implicated carrot juice
was performed following the procedures described in the Bacteriological Analytical Manual
(Solomon and Lilly, 2001). Briefly, 20 ml of carrot juice was removed from each of

the bottles and added to individual bottles containing 100 ml of TPGY broth (50 g/L
trypticase peptone, 5 g/L Bacto peptone, 4 g/L dextrose, 20 g/L yeast extract, 1 g/L sodium
thioglycollate) and 10 g of cooked meat medium (CMM). The bottles were incubated
anaerobically for at least 5 days at 37 °C and examined for turbidity and digestion of the
cooked meat particles.

Isolated colonies were obtained by mixing 2.5 ml of the carrot juice enrichment culture with
an equal volume of filter sterilized ethanol. The mixture was incubated at room temperature
for one hour, and streaked for isolation onto egg yolk agar (EYA) (75 g/L McClung Toabe
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Agar, 80 ml/L egg yolk enrichment) and EYA supplemented with p-cycloserine (250 pg/ml),
sulfamethoxazole (76 pug/ml) and trimethoprim (4 ug/ml) (EYA + CST). The plates were
incubated anaerobically at 37 °C for 2 days. Individual colonies were selected and streaked
for isolation onto duplicate EYA plates and incubated anaerobically and aerobically at 37
°C for at least 3 days. Isolated colonies showing strict anaerobic growth were selected and
inoculated into 10 ml of TPGY and incubated at 37 °C prior to ELISA.

2.2. Digoxigenin — Enzyme Linked Immunosorbant Assay (DIG-ELISA)

DIG-ELISA was performed to test for the presence of botulinum neurotoxin types A,

B, E and F in the carrot juice samples, the carrot juice enrichment cultures and strict
anaerobic colonies isolated from the carrot juice enrichment cultures. The DIG-ELISA
assay was performed as described in Ferreira et al. (2003) and Sharma et al. (2006) with
some modifications. Samples were diluted 1:10 using gel phosphate buffer and centrifuged
in a Sorvall Evolution RC ultracentrifuge (Thermo Fisher Scientific, Waltham, MA) for 20
min at 20,000 x g at 4 °C. The supernatants were removed and tested using DIG-ELISA.
Purified BoNT/A, /B, /E, and /F were purchased from Metabiologics (Madison, WI) and
used as positive controls.

Microtiter plates (ImmunoChemistry Technologies, Bloomington, MN) were coated with
affinity-purified capture antibody from the FDA Southeast Regional Laboratory (Atlanta,
GA\) (100 pl/well) in bicarbonate buffer (Sigma, 0.1 M Na,COs3, pH 9.6) containing 2

pg/ml BoNT/A, /B, or /E or 1 pg/ml BoNT/F. The microtiter plates were sealed and stored
overnight at 4 °C. The plates were washed 5 times with phosphate buffered saline Tween-20
(PBST) and blocked with 5% skim milk buffer (50 g/L skim milk buffer, 10 mM phosphate
buffer saline, pH 7.4) (300 pl/well) for 60 min at 35 °C. The blocking reagent was discarded,
and the plate was tapped over absorbent paper to remove the remaining residual skim

milk buffer. Serial dilutions of the purified BONT positive control samples were prepared

in skim milk buffer. The test samples, the skim milk buffer (negative control), and toxin
standards (positive controls) were added (100 pl) to the designated wells of the microtiter
plates. The plates were incubated for 2 h at 37 °C and washed five times with PBST.

The dilutions of the DIG-labeled affinity-purified antibodies prepared in skim milk buffer
were optimized according to each antibody lot and dispensed (100 pl/well) onto the plate,
which was subsequently incubated at 20-25 °C in the dark on a Delfia Plate Shaker

Model 1296-004 (PerkinElmer, Waltham, MA) on low speed for 120 min. Horseradish
peroxidase-conjugated antidigoxigenin antibody (antidigoxigenin—peroxidase [polyclonal],
fab fragment) was diluted (1:5000) in skim milk buffer and added (100 pl/well) to each well.
The plates were incubated for an additional 60 min. The plates were washed 5 times with
PBST, the substrate solution containing 3,3’,5,5’-tetramethylbenzidine (TMB) was added to
the individual wells (100 pl/well), and the plates were incubated for 15 min at 20-25 °C in
the dark on a Delfia shaker on low speed. The reaction was quenched with 1 N sulfuric acid
(100 pl/well), and the color was monitored by measuring the absorbance at 450 nm using a
Bio-Tek ELx808 Ultra Microplate Reader (Winooski, VT).
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2.3. Genomic DNA extraction

C. botulinum isolates were inoculated (1/100) into 10 ml of TPGY broth and incubated
anaerobically overnight at 37 °C. From the overnight cultures 1.5 ml was centrifuged at
10,000 x gfor 5 min to pellet the bacteria. The cell pellet was resuspended in 300 pl of

TE (10 mM Tris—HCI, 1 mM EDTA, pH 8.0) buffer containing 30 mg/ml of lysozyme and
incubated at 37 °C for 30 min. Genomic DNA was extracted using the MasterPure DNA
purification kit (Epicentre Biotechnologies, Madison, WI) following the manufacturer’s
instructions. To the lysed cell suspension 300 pl of 2x tissue and cell lysis buffer containing
proteinase K (167 mg/ml) was added and the suspension was incubated at 65 °C for 15
min; vortexing every 5 min. The suspension was cooled to 37 °C, then 1.5 pl of RNase A
(100 mg/ml) (Qiagen, Valencia, CA) was added and incubated for 30 min. The cells were
incubated on ice for 3-5 min prior to adding 350 pl of MPC protein precipitation buffer
and vortexing vigorously for 10 s. The cell debris was pelleted by centrifugation at 10,000
x gfor 10 min at 4 °C, and the supernatant was transferred to a clean microcentrifuge

tube containing 500 pl of isopropanol. The microcentrifuge tube was inverted several times
to mix and the DNA was pelleted by centrifugation for 10 min at 4 °C. The isopropanol
was decanted and the DNA pellet was washed twice with 70% ethanol and resuspended

in TE buffer. The concentration and quality of each DNA sample were evaluated using a
NanoDrop2000 (Thermo Scientific, Wilmington, DE) and the DNA was stored at 4 °C prior
to further analysis.

2.4. DNA microarrays

A previously described 225-probe Group | C. botulinum subtyping microarray (Raphael,
2012) was used to evaluate gene content among genomic DNA isolated from test samples.
Briefly, genomic DNA was labeled with Cy-5 random primers and allowed to hybridize
for 16 h at 42 °C. Probes with a log ratio (signal/background) =1 were considered
positive. The microarray data obtained were deposited into the Gene Expression Omnibus
(www.ncbi.nIm.nih.gov/geo) under accession number GSE51155.

The results of the DNA microarray data were validated by polymerase chain reaction (PCR)
using the same primers employed for the design of the Southern blot hybridization probes
(Table 2). PCR reactions were prepared using the GeneAmp High Fidelity PCR system (Life
Technologies, Grand Island, NY) according to the manufacturer’s instructions. The gDNA
from isolates CJ4-1 and CJ5-1 were used as templates to evaluate the presence or absence

of the genes listed in Table 3. The PCR reactions were cycled utilizing a Mastercycler pro

S (Eppendorf, Hauppauge, NY), with cycling conditions optimized for each primer pair.

The PCR products were electrophoresed on a 1% TAE (40 mM Tris, 20 mM acetic acid,

and 1 mM EDTA) gel and stained with 0.5 pg/ml of ethidium bromide and imaged using a
GelDocXRS+ camera (BioRad, Hercules, CA).

2.5. Pulsed-field gel electrophoresis (PFGE)

Botulinum neurotoxigenic isolates obtained from carrot juice bottles labeled 4, 5 and 10 and
C. botulinum strains CDC51303 (CDC-CR1) and CDC51348 (CDC-CR2) were cultured in
TPGY broth to an ODgggnm 0f 0.6. PFGE plug samples were prepared using 1.5 ml culture
aliquots as described in Reddy et al. (2013). Restriction digestion of the DNA samples
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embedded in agarose plugs was performed using restriction endonucleases X#ol (at 37

°C) and Smal (at 25 °C) as previously described (Reddy et al., 2013). The sample plugs
were rinsed with 0.5% Tris—borate—~EDTA (TBE) (45 mM Tris—borate, 1 mM EDTA, pH
8.0), loaded onto a 1% agarose gel, and electrophoresed in 0.5x TBE containing thiourea
(4.5 mg/ml) using a clamped homogenous electric field system (CHEF Mapper; Bio-Rad,
Hercules, CA) with the following parameters: initial switch time of 0.5 s, final switch

time of 40 s, at 6 VV/cm, at 14 °C for 22 h. The gels were stained for 20 min with

ethidium bromide (1 pg/ml), destained in ultrapure water for 1 h, and visualized using

a GelDocXRS+ camera. The restriction banding patterns generated using X#ol and Smal
were analyzed using the BioNumerics Software, version 6.5 (Applied Maths, Sint-Martens-
Latem, Belgium) according to the standardized PulseNet protocol (Ribot et al., 2006;
Tenover et al., 1995). Similarity between the restriction banding patterns was determined
using the Dice coefficient correlation. The dendrograms were constructed using the average
of the composite data sets generated by Smal and X#ol and the unweighted-pair group
(UPGMA) method using average UPGMA linkages clustering tool. The optimization value
and position tolerance was 1.5%.

2.6. Southern blot hybridization

Hybridization probes: B28(CBO_1744), BF9(CBO_2394), Okral4 (CLD_2430), Okral7
(CLD_2442), PL7(pCLI_A009) and CLD_2952 were PCR labeled with digoxigenin (DIG)
using the primers listed in Table 2 and the PCR DIG Probe Synthesis Kit (Roche,
Indianapolis, IN) according to the manufacturer’s instructions on a Mastercycler pro S
(Eppendorf, Hauppauge, NY). The DNA was transferred from the PFGE gels to a positively
charged nylon membrane (Hybond-N+, Roche, Indianapolis, IN) by overnight downward
capillary action in 0.4 N NaOH, 1.5 M NacCl for 18 h. The membranes were neutralized

in 0.5 M Tris—HCI, pH 7.0 for 15 min, rinsed briefly in 2x SSC, and baked at 80 °C

for 2 h. The membranes were stored at 4 °C prior to hybridization. The membranes were
prehybridized in DIG EasyHyb solution for 1 h at 42 °C and hybridized with 2.5 ng of

the DI1G-labeled probe in DIG EasyHyb solution for 18 h at 42 °C. The membranes were
washed once with 1x SSC, 0.1% SDS for 5 min at room temperature and washed again for
15 min at 42 °C with gentle shaking.

Probe-target hybrids were detected using a chemiluminescence based technology according
to the manufacturer’s instructions (Roche, Indianapolis, IN). The membranes were incubated
in blocking solution for up to 3 h at room temperature with gentle rocking. Anti-
Digoxigenin-AP, Fab fragment antibody (75 mU/ml) in blocking buffer solution was added
to the membranes which were then incubated for 30 min at room temperature with gentle
rocking. The membranes were washed twice, equilibrated in detection buffer for 3 min, and
incubated with the chemiluminescent substrate CDP-Star for 5 min at room temperature.
Visualization of the membranes was achieved using a ChemiDocXRS+ camera and Image
Lab software version 4.1 (BioRad, Hercules, CA).
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3. Results and discussion

3.1. Detection of BONT and BoNT-producing isolates in carrot juice samples

During the 2006 botulism outbreak investigation, 20 bottles of carrot juice were retrieved
from the manufacturer by the US FDA. Botulinum neurotoxin was previously detected in
bottles numerically labeled 1, 4, 5, 6, and 10 (Sheth et al., 2008), and the bottles were stored
at 4 °C. In the present study the carrot juice was retested for the presence of botulinum
neurotoxin serotypes A, B, E and F using DIG-ELISA. As expected, only BoONT/A was
detected in carrot juice bottles 1, 4, 5, 6 and 10. Bottles labeled 11-20 all tested negative for
BoNT/A, B,Eor F.

Prior to our study, no botulinum neurotoxin-producing clostridia had been isolated from any
of the 20 bottles of carrot juice retrieved from the manufacturer. However, two C. botulinum
strains had been isolated from carrot juice during the outbreak; one isolate (CDC51303;
CDC-CR1) was obtained from the carrot juice implicated in the three cases in Georgia, and
the other isolate (CDC51348; CDC-CR2) was found in the carrot juice from the Florida
case (Raphael et al., 2008; CDC, 2006). In order to isolate botulinum neurotoxigenic strains
from the carrot juice, 20 ml of carrot juice from each bottle was used to inoculate individual
bottles of TPGY broth containing cooked meat particles. The enrichment cultures inoculated
with carrot juice from bottles 4, 5, 6 and 10 were positive for BONT/A by ELISA (Table

1). The TPGY enrichment inoculated with carrot juice from bottle 1 never became turbid
and tested negative for BONT/A, B, E and F, and no botulinum neurotoxigenic isolates were
recovered. This suggests that any organism previously present in the carrot juice is no longer
viable for culturing or that only BoNT/A was present when the carrot juice was bottled for
that particular bottle. Repeated attempts to obtain a turbid and toxigenic culture from carrot
juice extracted from bottle 1 were unsuccessful. The carrot juice and the enrichment culture
from bottle number 6 tested positive for BONT/A, and isolates were recovered from the
carrot juice enrichment, however, none of the isolates produced BoNT/A (Table 1). Sheth et
al. (2008) reported that the carrot juice in bottle 6 contained high quantities of BoNT/A. It
is possible that upon transfer of 20 ml of the carrot juice aliquot to the TPGY enrichment
broth, enough toxin was still present to be detected by DIG-ELISA. Similar to bottle 1,

any botulinum neurotoxigenic organisms previously present in the carrot juice of bottle 6
are either no longer viable or were outcompeted by other microbes, or the carrot juice was
bottled with preformed toxin. PFGE was performed on toxigenic isolates obtained from
bottles 4, 5 and 10 that produced BoNT/A to assess their genetic diversity and compare their
pulsotypes with the DNA banding patterns of the outbreak strains.

3.2. Pulsed-field gel electrophoresis (PFGE) analysis of isolates extracted from carrot

juice

PFGE is a molecular subtyping tool that has been used extensively to study the genetic
diversity of C. botulinum (Leclair et al., 2006; Nevas et al., 2005; Johnson et al., 2005).
Several restriction enzymes have been tested and reported to produce a sufficient number of
DNA fragments to allow reliable genomic analysis (Leclair et al., 2006; Nevas et al., 2005).
Of those reported the enzymes Smal and X#ol are most commonly utilized. PFGE was
performed on X#ol and Smal digested DNA samples of neurotoxigenic isolates obtained
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from carrot juice bottles labeled 4, 5 and 10, as well as the outbreak C. botulinum strains
CDC51303 and CDC51348 for comparison (Fig. 1). The pulsotypes of isolates from carrot
juice bottles 4 (CJ4-1, CJ4-3) and 10 (CJ10-1, CJ10-2) were identical to that of CDC51303
(CDC-CR1) when either Smal or Xhol were used as the restriction endonuclease (RE). The
restriction banding patterns of the isolates from bottle 5 (CJ5-1, CJ5-2) were similar to that
of CDC51303 (CDC-CR1) when Smal was used as the RE, but additional bands migrating
between ~80 and 100 kb were observed. The unique restriction banding patterns exhibited
by CJ5-1 and CJ5-2 were more pronounced when X#ol was used as the RE (Fig. 1) and
unique DNA bands migrating to a position in the gel of ~336 kb and 130 kb were visualized.
As aresult isolates CJ5-1 and CJ4-1 were selected for DNA microarray analysis to identify
differences in gene content between these isolates. Surprisingly, none of the isolates shared
a similar pulsotype with the C. botulinum outbreak strain, CDC51348 (CDC-CR?2). A single
pathogenic strain is usually the cause of a particular foodborne outbreak. However, the 2006
botulism outbreak involving carrot juice is interesting because multiple serotype A strains
likely contaminated the commercially prepared carrot juice as the data presented in this
study suggests. Two additional botulism cases were reported in Toronto, Canada during

the 2006 outbreak; however it is unknown whether PFGE was performed on any toxigenic
isolates that may have been cultured from the carrot juice associated with those cases.

3.3. DNA microarray analysis

A custom focused oligonucleotide array which featured 225 probes (Raphael et al., 2010)
was used to detect gene content differences between CJ4-1 and CJ5-1. This microarray
contained probes which targeted proteolytic strain variable regions, markers for Group | C.
botulinum, C. botulinum plasmid specific genes designed from the nucleotides sequences
of plasmids pBot3502, pCLK, pCLlI, and pCLD, the botulinum neurotoxin genes and the
neurotoxin gene cluster components (Raphael et al., 2010). Six probes hybridized with the
genomic DNA of CJ5-1, as indicated by a log (signal/background) ratio greater than 1.0
(Table 3). The log ratios for all six probes were below 0.5 for strain CJ4-1, suggesting that
the probe sequence is absent or highly divergent for that particular strain.

PCR was performed to validate the DNA microarray results. PCR amplification of
CBO_2394, CLB_ 2952, CLD_2430, CLD_2442, and pCLI_A009 resulted in products

of the expected size when genomic DNA of CJ5-1 was used as the template, but no
amplification product was observed when genomic DNA of CJ4-1 was used as the template
(data not shown). PCR amplification of a region of CBO_1744 resulted in the expected 565
bp product when the gDNA of CJ5-1 and CJ4-1 was used as the template, suggesting that
both strains contain a gene similar to CBO_1744, but the sequence may be highly divergent
in CJ4-1 because only a faint band was visible (data not presented).

3.4. Southern hybridization analysis of C. botulinum isolates CJ4-1 and CJ5-1

To determine the genomic location of each of the six genes identified by DNA microarray
analysis Southern hybridization analysis was performed on X#o0l digested and nondigested
DNA samples of CJ4-1 and CJ5-1 using DIG-labeled DNA probes specific for each of the
six genes. PFGE of X#ol digested DNA of CJ5-1 revealed a DNA fragment of ~336 kb
present in CJ5-1, but absent in CJ4-1 (Fig. 2A). Both the Okrai4 (CLD_2430) and Okral7
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(CLD_2442) probes hybridized with this ~336 kb DNA band in the X#o0l digested DNA of
CJ5-1 (Fig. 2B and C). A BLAST search was conducted for both CLD_2430 and CLD_2442
and these genes appear to be unique to C. botulinum serotype B strain, OkraB, and are
located within an ~40 kb phage region of the chromosome (nucleotides 2309384-2349516).
The Okral4and Okral7 probes produced hybridization signals at the well position and at
the level of sheared chromosomal DNA known as the ‘compression zone’ (Fig. 2B and

C), confirming the chromosomal location of genes homologous to CLD 2430 (Okral4) and
CLD_2442 (Okral?7) in CJ5-1. Whether CJ5-1 contains the entire 40 kb region of phage
genes found in strain OkraB is unknown at this time.

Whole genome sequencing of C. botulinum serotype F strain, Langeland F (CP000728),
revealed a 17.5 kb plasmid, pCLI (CP000729). The PL 7gene probe contains a region

of the putative phage integrase gene pCLI_A009 which resides on pCLI. Faint bands are
observed in the nondigested DNA sample of CJ5-1, which appear to be extrachromosomal
DNA elements, and are absent in CJ4-1 (Fig. 2A). Hybridization signals were detected

with the PL 7 probe and the nondigested DNA of CJ5-1 at the well position and with

three DNA bands of ~215 kb, 90 kb and 30 kb in size. No hybridization signals were
detected with the PL 7probe and the DNA in the compression zone of nondigested DNA

of CJ5-1, suggesting that these DNA bands may correspond to the relaxed, supercoiled and
linear forms of the plasmid. The extent of supercoiling of plasmid DNA has been found to
dramatically affect plasmid migration in PFGE (Hightower et al., 1987; Simske and Scherer,
1989). Large plasmids (>200 kb) migrate into the gel matrix during PFGE, but display a
complex banding pattern of at least three DNA bands (Cole and Canard, 1997). Plasmid
species migrate into the gel during PFGE in the following order from fastest to slowest;
linear > supercoiled > relaxed > nicked open circular (Hightower et al., 1987). In the Xhol
digested DNA of CJ5-1 hybridization signals were only detected with a DNA band of ~25
kb, which is larger than plasmid pCLI (~17.5 kb), but is likely the linear form of the plasmid
because of its fast migration. The linear forms of plasmids can arise spontaneously during
the extraction of the DNA from the agarose embedded bacteria during preparation of the
PFGE sample plugs and have been shown to be pulse-time dependent and correspond with
a linear sized marker (Cole and Canard, 1997; Hightower et al., 1987). A restriction enzyme
analysis was conducted on the nucleotide sequence of pCLI using VectorNTI version 11
(Life Technologies, Carlsbad, CA), and Xhol was not found to cleave pCLI, however it

is possible that the plasmid in CJ5-1 has a X#al restriction site allowing its linearization
during the restriction digestion reaction. Further studies aimed at nucleotide sequencing of
the plasmid found in CJ5-1, are necessary to determine its level of similarity to pCLI.

Two prophage regions (CBO_1679-CBO_1755 and CBO_2312-CBO_2394) have been
identified in C. botulinum serotype Al strain ATCC 3502 (Sebaihia et al., 2007; Lindstrém
et al., 2009). The BF9probe contains a region of the putative resolvase gene (CBO_2394) of
strain ATCC 3502. BLAST analysis indicated that homologues of CBO_2394 are common
in proteolytic Group | C. botulinum serotype A, B and F strains. Hybridization of the
BF9probe with the Xhol digested DNA of CJ5-1 produced a signal with a ~453 kb DNA
fragment (Fig. 3B). Hybridization signals were also detected at the well position and the
compression zone of nondigested DNA of CJ5-1 indicating the chromosomal location of a
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gene homologous to CBO_2394. No hybridization of the BF9probe was detected with the
DNA of CJ4-1.

CLB_2952 encodes for a glycosyl hydrolase and is located within a prophage region
(CLB_2938 (hypothetical protein) — CLB_2998 (phage integrase)) in C. botulinum serotype
Al strain ATCC 19397. The probe for the glycosyl hydrolase gene, CLB_2952, hybridized
with the ~380 kb chromosomal DNA band in the X#ol digested DNA of strain CJ5-1, but
not with CJ4-1 (Fig. 3C). This suggests that strain CJ5-1 may have a similar prophage region
within its genome. Whole genome sequencing of CJ5-1 would need to be completed to
examine the phage related gene content of this strain more closely.

The B28 probe was amplified from CBO_1744 which is within the prophage region
CBO_1679-CBO_1755 of strain ATCC 3502. Although the DNA microarrays suggested
that the B28probe (CBO_1744) was absent in CJ4-1, a region of CBO_1744 was
amplified by PCR when the genomic DNA of CJ4-1 was used as the template (data not
shown). Southern hybridization analysis of the X#ol digested DNA of CJ4-1 and CJ5-1
produced hybridization signals with a ~55 kb DNA fragment (Fig. 3D). However, in CJ5-1
hybridization of the B28 probe was also detected with two additional chromosomal DNA
fragments (~453 kb, and ~380 kb), suggesting there are three copies of the gene in CJ5-1.
CBO_1744 is a putative phage tail fiber protein and a BLASTn search indicated that
CBO_2331 shared 70% nucleotide identity with CBO_1744. CBO_2331 is a putative phage
tail fiber protein in prophage region CBO_2312-CBQO_2391 of strain ATCC 3502. This
suggests that strain CJ5-1 may contain both prophage regions that are present in strain
ATCC 3502 as well as a third prophage region that may share similarity with the phage
region of strain ATCC 19397.

4. Conclusions

A new serotype A strain of C. botulinum was isolated from commercially pasteurized carrot
juice that was implicated in a 2006 botulism outbreak and was analyzed using pulsed-field
gel electrophoresis. Several phage genes and a plasmid were identified in C. botulinum
isolate CJ5-1 using DNA microarray analysis and their genomic location was revealed using
Southern hybridization analysis. Based on the data presented in this study it appears that
CJ5-1 potentially contains four distinct phage regions previously identified in C. botulinum
strains ATCC 3502, ATCC 19397 and OkraB. Interestingly, the plasmid identified in CJ5-1
contains at least one gene that appears to be homologous to pCLI_A009 of plasmid, pCLI
of strain Langeland F. The use of higher resolution molecular subtyping tools such as whole
genome sequencing as a replacement to PFGE is needed to analyze strains CJ5-1 and CJ4-1
in order to investigate the degree of genetic rearrangement of CJ5-1 and to understand

how bacteriophages and other mobile genetic elements play a role in the evolutionary and
phylogenetic diversity of botulinum neurotoxin-producing clostridia. Throughout this study
we have also identified the need for improved methods for the detection and extraction of
botulinum neurotoxin-producing clostridia from a food product. Current methods involve
culturing the organism which can take days and the growth and survival of C. botulinum

is often outcompeted by other indigenous microflora in the food. Therefore, to improve

the accurate and timely detection of a botulism outbreak improved methods which would
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reduce the enrichment or culturing time of C. botulinum from foods implicated in a botulism
outbreak is warranted in order to perform epidemiological subtyping methods and respond
to a botulism outbreak more rapidly.
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Cluster analysis of the combined Smal and Xhol PFGE pulsotypes of botulinum
neurotoxigenic isolates obtained from commercially prepared carrot juice, CDC51303, and

CDC51348.
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Fig. 2.
(A) PFGE of X#oal (lanes 1-2) and nondigested (lanes 3-4) DNA of Clostridium botulinum

carrot juice isolates CJ4-1 (lanes 1 and 3) and CJ5-1 (lanes 2 and 4) and Southern
hybridization analysis using (B) Okral7(C) Okral4and (D) PL 7 gene specific probes.
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(A) PFGE of X#oal (lanes 1-2) and nondigested (lanes 3-4) DNA of Clostridium botulinum
carrot juice isolates CJ4-1 (lanes 1 and 3) and CJ5-1 (lanes 2 and 4) and Southern
hybridization analysis using (B) BF9(C) CLB_2952 and (D) B28 gene specific probes.
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Table 1

Detection of BoNT in carrot juice and carrot juice enrichment and isolation of botulinum neurotoxigenic

isolates from carrot juice.

Bottle Lotcode BONT serotype detected by ELISA

Carrot juice Carrot juice enrichment@ Isolates obtained

Toxigenic isolates

1 451500 BoNT/A _b No
2 451500 - - Yes
3 451800 - - Yes
4 451800 BoNT/A BoNT/A Yes
5 450000 BoNT/A BoNT/A Yes
6 450000 BoNT/A BoNT/A Yes
7 450100 - - Yes
8 451000 - - Yes
9 452100 - - Yes
10 452100 BoNT/A BoNT/A Yes
11-20 450100 - - No

No
No
Yes
Yes
No
No
No
No
Yes

aTPGY, CMM and carrot juice incubated anaerobically for 5 days at 37 °C.

b . . Lo
No botulinum neurotoxin or toxigenic isolates detected.
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Primers used for PCR DIG labeling of probes used in Southern hybridization analyses.

Table 2

Gene probe Primer  Sequence (5’-3’) Amplicon size (bp)

2952 (CLB_2952) Forward ATGGTACAGTAAATTTCAGTGC 451
Reverse ~ GGAAATCCTGTTTGCATAGG

B28 (CBO_1744) Forward GAATATCGGCTTATGACTTTGG 565
Reverse  CAACCATCTTTGTCTGATCC

BF9 (CBO_2394) Forward TATATGAGGATGAAGGATACTCAGG 556
Reverse ~ GACATGGATGCAAATTCTCC

Okral4 (CLD_2430) Forward TCGAGAGGGATTCTATTGCTTTCA 305
Reverse ~ GCATGGGACATGGTGAGGAC

Okral7 (CLD_2442) Forward ATTATCATACTTTCTACCACGC 571
Reverse ~ ACAGTTTACTATTGCTGGGG

PL7 (pCLI_A009) Forward ~ATGAATAACGTAGAGCCTATTAGAG 470
Reverse ~ ATTGCAGGATTAAAGCCAGC
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Table 3

Gene content differences between Clostridium botulinum isolates CJ4-1 and CJ5-1 identified by DNA

microarray analysis.

Probe Strain Probe properties
CJ4-1 CJ5-1 Gene locus  Genome Annotated function

BF9 .082306b 2.1740962 CBO_2394  ATCC 3502 Putative resolvase
(AM412317)

B28 .077197 2.328237 CBO_1744  ATCC 3502 Putative phage tail fiber protein
(AM412317)

CLB_2952 -0.01081 2.457756 CLB_2952  ATCC 19397 Glycosyl hydrolase
(CP000726)

Okral4 402789 2597363  CLD_2430  Okra Phage related protein
(CP000939)

Okral7 422569 2.014994  CLD_2442  Okra Hypothetical protein
(CP000939)

PL7 111761 2.660995 pCLI_A009 Langeland Phage integrase
plasmid
pCLI
(CP000729)

aLog (signal/background) =1.0; probe sequence is present and/or highly conserved.

bLog (signal/background) <0.5; probe sequence is absent or highly divergent.
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