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Abstract: In the US, sodium and potassium nitrite are regulated food preservatives that prevent
the germination of Clostridium spores in cured and processed meats. In recent years, the use of
vegetable-derived nitrite (i.e., vegetable nitrate fermented to nitrite) has been designated as ‘natural
nitrite’ to accommodate natural meats that cannot use artificial ingredients, and such meat products
can be labelled as having ‘no added preservatives’. This new status and labelling allowance for
microbially-modified nitrite provides for a ‘clean label’ application of nitrite against the stigma of
chemical ingredients and has found increased use within the processed meat industry. The objectives
of this study were to examine Clostridium sporogenes as a pathogen-surrogate challenge organism
and the use of vegetable (celery) nitrite to prevent spore germination in cooked meat products. A
three-strain spore crop of C. sporogenes ATCC 3584, ATCC 19404 and ATCC BAA-2695 was applied
during ingredient formulation of low and high-fat hotdogs that were divided into three sub-batches
(control without nitrite, hotdogs with sodium nitrite, hotdogs with celery nitrite). In both low and
high-fat processes, sodium nitrite was compared to hotdogs made with comparable levels of celery
nitrite (156 ppm). All treatments were performed with duplicate trial replication and triplicate sample
testing within each trial. Comparisons were analyzed by repeated measures analysis of variance to
determine significant difference (p < 0.05) of time course treatments. In shelf-life assays, growth was
inhibited at both 5 ◦C and 15 ◦C, even if nitrite was absent; however, spore germination and growth
readily occurred at 35 ◦C. Comparison of nitrite effects was best evaluated at 35 ◦C as a permissive
condition to examine the effects of nitrite treatments. Celery nitrite showed no significant difference
from sodium nitrite when used in both low and high-fat hotdogs, and spore outgrowth was only
observed after 2–3 days at 35 ◦C compared to hotdogs without nitrite. Application of bacteriocin
preparations in the formulation that were effective against Listeria monocytogenes, and moderately
inhibitory towards the 3-strain spore mixture of C. sporogenes, were not effective in spore control in
manufactured hotdogs. The nitrite validation hotdog trials described herein demonstrates that (celery
or sodium) nitrite may prevent Clostridium spore germination for 24–48 h even under permissive
conditions to help keep processed meat safe.

Keywords: nitrite; Clostridium; frankfurters; celery nitrite; sodium nitrite; spore germination; bacteriocin

1. Introduction

Clostridium species (C. botulinum, C. perfringens) are well known for their toxigenicity,
anaerobic requirement, and ability to produce spores [1]. These characteristics of pathogenic
Clostridium spp. are why physical processes (12-D thermal processing of canned vegetables,
soups) and chemical deterrents (nitrite in vacuum-packaged cooked meat products) have
been defined to prevent such occurrences [1]. Clostridium spp. are capable of producing
spores (sporulation) under certain circumstances, and spores in turn, can develop back into
bacterial vegetative cells (germination) [2,3]. Most spores of spore-forming bacteria are
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more heat-resistant than the vegetative cells themselves, and those cells that end up in the
environment may sporulate, leaving behind a nearly indestructible spore that accumulates
in soils. Anything grown in the agricultural environment can potentially have associated
spores, whether vegetables or animals grown for human food [4]. Clostridium botulinum
produces botulinum neurotoxin during spore germination [3], while Clostridium perfringens
causes illness when high levels of vegetative cells are consumed and produce enterotoxin
during sporulation in the intestinal tract [5]. Heating foods contaminated with spores
during a cooking process further stimulates them to germinate. Since Clostridium spp.
are strict anaerobes, heating followed by bottling, canning, or vacuum packaging can
have significant consequences if nothing is done to prevent spores from germinating that
either prevent toxin formation (i.e., C. botulinum) or prevent higher vegetative cell levels
(C. perfringens).

Chemical nitrite is an indispensable ingredient in cooked and vacuum-packaged
processed meats. It is responsible for the obvious color changes in cured meats (i.e., the
pink color of cured hams and red color of hotdogs). What may not be so obvious to
consumers is the main reason for introducing nitrite into cured/processed meats: it inhibits
the germination of pathogenic Clostridium spores. Since their spores are commonplace in
soils, the process of cooking and vacuum-packaging soil-sourced foods, such as ready-to-
eat (RTE) meats, introduces both spore-germinating stimulants such as the heating process
and anaerobic packaging.

The use of alternatives to sodium nitrite has often been sought because of the ten-
uous association of sodium nitrite with the generation of nitrosamines, although direct
correlation to gastric cancer is somewhat obscure and other factors have not been ruled
out [6,7]. One alternative that has been offered is ‘natural nitrite’ (i.e., microbially fer-
mented vegetable-derived nitrate into vegetable nitrite). This was first initiated in the
US in response to a product category labelled ‘natural’ foods whereby artificial ingredi-
ents are not allowed (e.g., sodium nitrite) [8,9]. The consumption of vegetables has been
considered ‘healthy’, yet they contain high levels of nitrate that are converted to nitrite
in the intestinal tract and are considered the source of >95% of consumer exposure to
nitrite [8,10,11]. For these reasons, the US Department of Agriculture, Food Safety and
Inspection Service (USDA-FSIS) allowed the use of ‘natural nitrite’ generated by microbial
fermentation/conversion in ‘natural meats’ [12]. However, these products must be labeled
as “uncured” but can display “no nitrate or nitrite added except those naturally occurring in
vegetable extracts”. Other alternative ingredients for control of Clostridium sp. in processed
meats involve the use of acidulants of fruits (e.g., lemon juice) or dried vinegar powder,
as both are considered natural ingredients [13–15]. Bacteriocins have also experienced
marketable success as natural antimicrobials for foods [16–18], although nisin is the only
bacteriocin that has US-FDA [19] and EU [20] approval for use in certain foods because it
had a history of safe use in foods and shown to be nontoxic to humans. Although other
bacteriocins may not have US-FDA approval, if they are produced by microorganisms that
are generally regarded as safe (GRAS) for use in foods, then the organisms themselves, or
the culture supernatants, can be added to foods [21,22]. The vast array of types of processed
foods that are available, and the many potential natural ingredients, require extensive
validation challenge studies to insure they are effective and safe.

Most food process validation studies are preferably performed with foodborne pathogens,
but this requires the procedures to be done in a protected BSL-2 laboratory, and the equip-
ment used is often restricted or dedicated for use with pathogenic microorganisms (or
nonedible products) for safety reasons. The use of ‘surrogate microorganisms’, or those
that are closely related to pathogens but are not pathogenic (BSL-1), allows such procedures
to be performed more freely in many laboratories, and even directly with real commercial
equipment in food manufacturing plants. ‘In-plant studies’ are often preferred to laboratory
test runs because it is often questionable whether the transition from the laboratory to
commercial processes provides an equitable scale up. Numerous studies have indicated
that C. sporogenes serves as a processing surrogate to proteolytic C. botulinum [23–27]. Brad-
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bury et al. [25] go as far as suggesting that phylogenetic separation of C. botulinum and
C. sporogenes is not tenable given the >85% match of C. sporogenes PA 3679 to proteolytic
C. botulinum strains.

In a prior paper we identified nitrate-reducing bacteria that were capable of fermenting
vegetable-derived nitrate to natural vegetable nitrite and discussed the regulatory status of
natural nitrite in the US, which is different than in the EU [9]. In this study, the objectives
were to characterize three strains of Clostridium sporogenes as surrogate microorganisms
for C. botulinum/C. perfringens by retrieving spores for inoculated trials with high and
low-fat hot dogs, to compare the effectiveness of sodium nitrite (synthetic) vs. vegetable-
derived celery nitrite (natural) and determine whether bacteriocins can prevent Clostridium
spore germination.

2. Materials and Methods
2.1. Bacterial Cultures and Media

Clostridium sporogenes ATCC 3584, ATCC 19404, and ATCC BAA-2695 (PA 3679, NCA
3679) were obtained from American Type Culture Collection (Manassas, VA, USA) and
used in this study to harvest spores for use as a 3-strain spore inoculum [23,28–31]. Strains
of C. sporogenes were grown anaerobically in reinforced Clostridium medium without agar
(RCM; HiMedia, Mumbai, India) at 37 ◦C in broth tubes or on reinforced Clostridium
agar (RCA + 1.5% agar). Broth tubes with loosely seated caps and agar plates were
incubated anaerobically in anaerobe jars (BD Labs, BBL, Franklin Lakes, NJ, USA) using
CO2-generating envelopes (AnaeroPack; Fisher Scientific, Atlanta, GA, USA). Dilution of
cultures or hotdog samples prior to enumeration on agar plates, was performed in sterile
0.1% buffered peptone water (BPW).

Bacteriocin-producing (Bac+) cultures: Lactococcus lactis FLS1, Lactobacillus curvatus
FS47, Lactobacillus curvatus Beef3, Streptococcus sp. 323, Enterococcus faecium FS56-1 and
Pediococcus acidilactici Bac3 were isolated and identified in previous studies [32–34]. These
cultures were propagated in Lactobacilli MRS broth (BD Labs) at 30 ◦C. Bacteriocins are
generally produced as secondary byproducts and secreted into the medium, accumulating
during stationary phase. Individual Bac+ cultures were inoculated into 150 mL of MRS
broth and held at 30 ◦C and harvested at 20–24 h. Cultures were centrifuged in a Sorvall
RC50 Plus (ThermoFisher Scientific, Waltham, MA, USA) for 15 min at 5 ◦C (12,850× g) and
decanted. The cell-free supernatant (CFS) was collected and frozen at −20 ◦C until use.

2.2. Antibiotic Assay of Clostridium sporogenes

Clostridium sporogenes ATCC 3584, ATCC 19404 and ATCC BAA-2695 were tested for
innate antibiotic resistance using BD BBL Sensi-Discs (BD Labs) consisting of sterile paper
discs impregnated with specific levels of antibiotic [35]. Bacterial lawns were obtained for
individual cultures by seeding 0.1 mL of overnight culture into 10 mL molten/tempered
RCA (0.75% agar), mixed and overlaid onto prepoured RCA (1.5% agar) in large 150-mm
Petri dishes as described previously for Salmonella [36]. When the seeded overlay agar
layer solidified, antibiotic discs were aseptically dispensed onto the bacterial lawns and the
plates were incubated anaerobically overnight at 37 ◦C. Following incubation, cultures were
evaluated for degree of susceptibility based on subjective visual observation of the size of
the inhibitory zone around the disc. Zones of various sizes around the discs were indicative
of different degrees of sensitivity, and the absence of a zone was deemed as resistant.

Antibiotics examined included Amikacin (30 µg), Ampicillin (10 µg), Cefazolin (30 µg),
Cefotaxime (30 µg), Cefoxitin (30 µg), Cephalothin (30 µg), Chloramphenicol (30 µg),
Chloramphenicol (5 µg), Ciprofloxacin (5 µg), Clindamycin (2 µg), Colistin (10 µg), Ery-
thromycin (15 µg), Ethionamide (25 ug), Furazolidone (100 ug), Gentamicin (10 µg), Isoni-
azid (5 µg), Nalidixic acid (30 µg), Nitrofurantoin (300 µg), Novobiocin (5 µg), Oxacillin
(1 µg), Penicillin (10 units), Piperacillin (100 µg), Rifampin (5 µg), Streptomycin (10 µg),
Streptomycin (50 µg), Tetracycline (30 µg), Tobramycin (10 µg) and Vancomycin (30 µg)
(BD Labs).
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Antibiotic resistance was confirmed by enumeration on agar by plating individual
cultures grown in RCM (without antibiotics) for comparison of quantitative enumeration
onto RCA plates, with and without individual antibiotics. Quantitative enumeration was
again performed on agar media with a combination of antibiotics instead of individual
antibiotics. It is important to ensure the absence of synergistic inhibitory activity when
multiple antibiotics are combined, as has been observed elsewhere [37,38]. Enumeration
of the three strains of C. sporogenes (i.e., with and without antibiotics) was performed
in triplicate replication. The use of antibiotics in selective media ensures that microbial
enumeration was based on our spore inoculum strains and not from other bacteria/spores
that might also be indigenous to the ingredients and spices used in the meat matrix or
acquired from nonsterile postprocess handling of hotdogs. This was considered important
as no antimicrobials (lactate, diacetate, dried vinegar powder) were added to the hotdogs
as commonly done with commercial hotdogs to eliminate confusion on the impact of
ingredients on the inhibition of spore germination.

2.3. Sporulation and Spore Crop Isolation

Spores from C. sporogenes ATCC 3584, ATCC 19404 and ATCC BAA-2695 were har-
vested after sporulation in broth and on agar to determine which procedure may provide a
better yield of spores (Figure 1). Briefly, for sporulation in broth we used a modification
of procedures described by Perkins [39] and Yang et al. [40]. This procedure included
anaerobic growth in RCM, transfer to sporulation medium with heat shock, extended
anaerobic incubation to induce sporulation, purification with lysozyme treatment, sonica-
tion, washing with phosphate buffered saline (PBS), and then purified spores were stored
in deionized water and frozen at −20 ◦C until use.

Individual cultures were grown anaerobically overnight in RCM at 37 ◦C and trans-
ferred as 10% inoculum to 90 mls of sporulation medium (3% trypticase, 1% peptone, 1%
ammonium sulfate), heat shocked at 80 ◦C for 15 min and then incubated anaerobically
with gentle shaking (~180 rpm) for 5–6 days at 30 ◦C. Sporulation on agar was also per-
formed by anaerobic incubation of individual cultures in RCM overnight at 37 ◦C, spread
plating each culture on six Petri dishes containing RCA and again incubating anaerobically
at 30 ◦C for six days. After six days, bacterial lawns on the Clostridium sporulation plates
were resuspended with 6 mls of sterile water using a sterile plastic rake and transferred to
sterile Oak Ridge tubes. At this point, the remaining procedure was the same for both meth-
ods (Figure 1): postsporulation liquid cultures or lawn-resuspended sporulated cells were
centrifuged at 12,850× g (5 ◦C). The centrifuged pellet of the sporulated cells was decanted
and resuspended with sterile PBS (137 mmol NaCl, 2.7 mmol KCl, 10 mmol Na2HPO4,
pH 7.4). This was repeated three times, after which the final pellet was resuspended with
20 mls of PBS containing lysozyme (0.5 mg/mL) and incubated at 37 ◦C for 2 h. After
lysozyme incubation, the washed lysozyme-treated sporulated cells were sonicated for
5 min at high setting in a BransonTm ultrasonic bath (Emerson, St. Louis, MO, USA). The
sonicated samples were then centrifuged at 2050× g at 5 ◦C for 20 min, decanted, and
resuspended with 20 mL sterile deionized water (this washing step was repeated two more
times). The final harvested and concentrated spore crops (i.e., ~1 × 108 cfu/mL) were then
distributed into Eppendorf tubes and frozen at −20 ◦C until needed.
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Figure 1. Schematic of two different spore crop assays used in this study to obtain spores for challenge studies with hotdogs.
The two methods differ in the way spores are stimulated to germinate, one in broth and the other on agar plates, after which
both methods are identical.

2.4. Electron Microscopy of Clostridium sporogenes Cells and Spores

Bacteria and spore crops were grown and harvested as described above and were
examined by scanning electron microscopy (SEM) at the Oklahoma State University Elec-
tron Microscopy Core Facility. SEM procedures were provided by the technical staff (Ms.
Lisa Whitworth) as part of a class at the OSU Microscopy Core Facility [41]. Bacteria and
spore crops were centrifuged (12,857× g, 5 ◦C, 10 min) and resuspended in 0.1% sterile
BPW in preparation for adherence to glass cover slips. Poly-L-lysine precoated German
glass cover slips (Neuvitro Corp, Vancouver, WA, USA) were placed in 24-well Corning
noncoated plates, and aliquots of culture or spores were spotted (50–200 uL) onto the cover
slips and allowed to dry for 30 min. Approximately 200 uL of 2% glutaraldehyde fixative
was added and allowed to react for 2 h and then rinsed three times with buffered wash for
15 min. Cover slips were then fixed with 1% osmium tetroxide (OsO4) for 1 h and rinsed
three times again with buffered wash for 15 min. The fixed cells/spores were dehydrated
by immersing slides in an ethanol series: 50%, 70%, 90%, 95% for 15 min each, and then
three times with 100% ethanol for 15 min. Hexamethyldisilazane (HMDS) was used as
an alternative to critical point drying by washing twice for 5 min, and then the glass slips
were allowed to dry/set overnight [42]. Double-sided carbon tape was used to adhere the
slips to the SEM stubs, which were sputter coated with gold-palladium. SEM was then
performed on a FEI Quanta 600 FEG ESEM instrument (ThermoFisher Scientific, Hillsboro,
OR, USA).
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2.5. Meat Formulation and Hotdog Manufacture

In the U.S., hotdogs are often manufactured in high fat and low fat (healthier) versions.
Sometimes ingredients can partition awkwardly in different formulations and it is necessary
to examine functionality of ingredients when substantial changes are made. Hotdog
formulations in this study included low and high fat versions based on FOSS method for
fat determination [43,44] (Table 1). The low and high-fat formulations were run as separate
trials, and both were run in duplicate replication. Within each fat level formulation, the total
common meat for the three sub-batches was mixed with 80% of the formula water, which
contained the spore inoculum (Figure 2A), blended, and separated into three equivalent
weight sub-batch meat portions (Figure 2B). The remaining 20% formula water was also
split into three equal portions to which were added the additional unique ingredients of
the three different sub-batch meat portions. These were then further mixed/emulsified
into the three respective sub-batches. The three sub-batch portions represented (a) control
(no nitrite), (b) sodium nitrite and sodium erythorbate, and (c) celery nitrite and cherry
extract as shown in Table 1 under both the low and high-fat formulations. Celery nitrite
(VegStable) and cherry extract (natural erythorbate analogue) were obtained from Florida
Food Products, Eustis, FL, USA. In this manner, the spore inoculum could be added to the
common bulk of the meat (via 80% of formula water) while it was being ground and mixed,
and then divided into three equal portions. The unique ingredients were then added via
the remaining 20% water that was split between the three meat sub-portions.

Table 1. Hotdog ingredient formulation for low and high-fat hotdogs.

Ingredient Formulation % Low-Fat
Formulation

High-Fat
Formulation

Beef 72.69% (Beef 90, beef 50) (Beef 80, beef 50)
Ice/Water 24.92% (80% + 20% portions) * (80% + 20% portions) *

AC Legg Bologna/Frank Seasoning w/o
Erythorbate

Salt, dextrose, MSG (2.91%), onion powder,
garlic powder, spice extracts, tricalcium

phosphate

2.14%

CTL Nitrite Celery CTL Nitrite Celery
Prague Powder (6.25% sodium nitrite) – 0.18% – – 0.18% –
Sodium Erythorbate – 0.04% – – 0.04% –
Celery Powder (2.34% sodium nitrite) – – 0.48% – – 0.48%
Cherry Powder (17% ascorbic acid) – – 0.20% – – 0.20%
Alkaline Phosphate 0.25%

Total: 100%

Restricted ingredients (maximum permitted
levels):

Sodium nitrite (max = 156 ppm)
Sodium erythorbate (max = 547 ppm)
Ascorbic acid (max = 468 ppm)
Alkaline phosphate (max = 0.5%) 0.34%

* Note: Spores were added in the 80% portion of water that was used for mixing the entire common batch meat mixture for either the
low or high-fat formulations. After mixing the common meat batch, it was split into three equal subportions. The remaining 20% water
was also split into three portions and used to solubilize and add the unique ingredients to each sub-batch portion (control, sodium
nitrite/erythorbate, celery nitrite/cherry powder) within each low/high-fat formulation. ‘Beef 90’, ‘beef 80’, and ‘beef 50’ represent 90%
beef (10% fat), 80% beef (20% fat), and 50% beef (50% fat), respectively. Ingredient components listed with a dash (–) indicates absence of
the ingredient component. Sub-batch heading abbreviations: CTL (control); Nitrite (sodium nitrite); Celery (celery nitrite).
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Figure 2. Manufacture of hotdogs in the Meat Pilot Plant of the Robert M. Kerr Food & Agricultural Products Center at
OSU. A uniform base of meat was emulsified for use in hotdogs with 80% of the required water (containing spores), divided
into different batches into which the final ingredients differentiating the various treatments were added with the remaining
20% of water (i.e., control with no nitrite, celery nitrite, or sodium nitrite). (Panel A), bowl chopper used to grind the
meat components and make emulsions. (Panel B), various batches of meat emulsion representing the various treatments.
(Panel C), stuffing equipment used to stuff the meat emulsion into casings. (Panel D), investigators and workers wrapping
encased hotdogs onto holding racks and dollies. (Panel E), one of several finished holding racks with length of raw encased
hotdogs prior to cooking. (Panel F), holding rack entering the Alcar oven. (Panel G), rack of hotdogs positioned in the
Alkar oven. (Panel H), removing encased hotdogs from rack. (Panel I), hotdogs after cooking and removal from casings.
After cooking, hotdogs were cooled by chilled brine spray, peeled, vacuum packaged, and sent directly for shelf-life storage
in incubators set for 5 ◦C, 15 ◦C and 35 ◦C. Some batches were frozen at −20 ◦C for 2 h prior to incubated shelf life to
determine if freezing affects spore germination and outgrowth.
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Hotdogs were manufactured with the formulation described above and listed in
Table 1. No antimicrobials were added (i.e., lactate, diacetate) as is commonly done in
commercial frankfurters so as not to confuse the source of antimicrobial activity of nitrite
during assessment of spore germination. Emulsions were stuffed into Viscofan 24 (Viscofan,
Montgomery, AL, USA) casings (Figure 2C–E) and thermally processed (cooked) in an
electric-fired, batch oven (Alkar, DEC International, WA, USA) to an internal temperature
of 88 ◦C (190 ◦F) (Figure 2F,G). After cooking (Figure 2H), hotdogs in casings were chilled
with a cold water rinse and then peeled using a peeling machine (PS760L Peeler, Linker
Machines, Rockaway, NJ, USA). The formulations described in Table 1 were used for
evaluation of spore germination when sodium nitrite, celery nitrite, or control hotdogs
(spores, but without nitrite) were used. The spore crop inoculum was comprised of
a mixture of three separate preparations of spore crops and adjusted so that each was
approximately 1 × 108 cfu/mL when mixed. This allowed a 5-log dilution during addition
to the formulation to result in approximately 1 × 103 cfu/gm in the finished hotdog. The
hotdogs manufactured by these different protocols were kept separate from each other,
vacuum packaged in 3 mil high oxygen barrier pouches (Prime Source, Bunzyl Distribution
USA, St. Louis, MO, USA), chilled down to refrigeration temperature (nonfrozen) and
immediately incubated for shelf-life storage. Low-fat hotdogs were stored for 18–20 weeks
at refrigerated (5 ◦C) and accelerated shelf life (15 ◦C) temperatures, and eight days for
extreme temperature storage (35 ◦C). Trials with high fat hotdogs stored at 15 ◦C were cut
short at eight weeks when it became clear from the other trials that even this temperature
was not sufficient to allow outgrowth of spores. Hotdogs samples that were frozen after
packaging to evaluate the effect of freezing on spore germination were held at −20 ◦C
immediately after manufacture/packaging. These hotdogs were then placed at 35 ◦C
for shelf-life testing to see if freezing interrupted spore germination. Length of shelf-life
storage of bacteriocin-containing hotdogs was evaluated depending on whether any effect
was observed.

The application of bacteriocins that previously demonstrated inhibition of L. monocytogenes
was also examined against C. sporogenes spores in hotdogs by addition of bacteriocin culture
supernatants in meat emulsions during hotdog manufacture as described previously [45].
The bacteriocin-containing culture preparations were added as part of the 80% water
portion of the formulation that was added to assist the grinding of the raw meat. The bac-
teriocins are heat stable and able to withstand cooking temperatures and still retain antimi-
crobial activity [45,46]. Cell-free supernatants (CFS) were obtained (150 mL/culture) and
mixed from six bacteriocin-producing cultures, described previously, that were effective
against L. monocytogenes. Bacteriocins and corresponding activity levels (AU) were obtained
from Lc. lactis FLS1 (3200 AU/mL), L. curvatus FS47 (51,200 AU/mL), L. curvatus Beef3
(12,800 AU/mL), Streptococcus sp. 323 (6400 AU/mL), E. faecium FS56-1 (12,800 AU/mL)
and P. acidilactici Bac3 (25,600 AU/mL). Cultures were inoculated at 1% inoculum into MRS
broth, incubated overnight at 35 ◦C for 18–24 h, harvested by centrifugation (8000× g, 5 ◦C),
decanted, and mixed in equal volume proportions. The mixed CFS was pH-adjusted to
6.0 (we observed that CFS added at < pH 6.0 may affect hotdog protein-emulsion setting
during cooking, so we adjusted it to pH 6.0). The mixed CFS bacteriocin cocktail was
tested for inhibitory activity by spot-plating on fresh lawns of a three-strain mixture of
C. sporogenes RCM agar plates and incubated anaerobically at 30 ◦C for 16–18 h. The agar
plates were then checked for the appearance of inhibition zones indicating bacteriocin
activity. Bacteriocin-containing CFS (adjusted to pH 6.0) was used to displace water added
to the meat mixture before mixing (i.e., 1 L of mixed bacteriocin CFS per 18 kg of formula-
tion). The bacteriocin formulation (not shown in Table 1) resembled the ‘control’ sub-batch
formulations (i.e., nitrite and accelerator not added; Table 1) except for the addition of the
bacteriocin CFS cocktail in place of the added water.
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2.6. Statistical Analysis

Each experimental challenge trial was performed in duplicate replication with three
samples tested per sampling period within each replication (ntotal = 6) in accordance
with validation testing criteria established by the NACMCF [47] and accepted by USDA-
FSIS [48]. All replications were performed as autonomous and separate experiments using
separately inoculated cultures, separately prepared plating media and different lot of
meat ingredients. Data are presented as the mean of multiple replications with standard
deviation of the mean represented by error bars. Comparisons of growth with, and
without, antibiotics were performed by one way analysis of variance (ANOVA). Statistical
analysis of timed series data was done using repeated measures one way analysis of
variance (RM-ANOVA) and the Holm-Sidak test for pairwise multiple comparisons to
determine significant differences. For both types of analyses, data or treatments with
different letters are significantly different (p < 0.05); data or treatments with the same letter
are not significantly different (p > 0.05).

3. Results and Discussion
3.1. Antibiotic Resistance of Clostridium sporogenes ATCC 3584, ATCC 19404, and ATCC
BAA-2695

Clostridium sporogenes ATCC 3584, ATCC 19404 and ATCC BAA-2695 (PA 3679) were
examined for indigenous antibiotic resistance on various antibiotics using the simple B-
D Sensi-Disc assay on agar plates. Based on the pattern of sensitivity or resistance, we
identified common antibiotics that all three strains were resistant to that could serve as
selective agents in standard RCA media (Table 2). Antibiotic resistance or susceptibility
were categorized subjectively based on observed zone sizes around the discs as sensitive
(S), very sensitive (VS) or extremely sensitive (ES). Cultures with discs without zones were
considered resistant (R) to those antibiotic levels (Table 2).

Based on the antibiotic resistance profiles in Table 2, we tested several combinations
of antibiotics that could be added to media for selective enumeration of C. sporogenes
used in this study. RCA medium containing oxacillin (0.5 ug/mL) and colistin (5 ug/mL)
gave equivalent enumeration when the three strains of C. sporogenes were tested individ-
ually on media with, and without, antibiotics with no significant differences (p < 0.05).
This combination would provide suppression of any background organisms that might
be present when we plated samples of nonsterile hotdogs held for extended periods of
shelf-life, considering hotdogs were made without antimicrobials that would typically
suppress some contaminants during shelf life. Oxacillin and colistin allowed quantitative
enumeration of C. sporogenes from the various hotdog emulsions used in this study (data
not shown).
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Table 2. Antibiotic disk assay using B-D Sensi-Discs on lawns of strains of C. sporogenes used in this study to determine
susceptibility or resistance (R, resistant; S, sensitive; VS, very sensitive; ES, extremely sensitive).

Sensi-Disc
Designation: OX/1 CL/10 AN/30 NN/10 INH/5 EA/25 S/50 VA/30 RA/5 NA/30 NB/5

Sensi-Disc Dose (µg): 1 10 30 10 5 25 50 30 5 30 5
C. sporogenes 3584 R R R R R R VS VS VS VS S

C. sporogenes 19404 R R R R R R S VS ES VS S
C. sporogenes

BAA-2695 R R R R R S S VS VS VS S

Sensi-Disc
Designation: FX/100 F/M /300 CF/30 GM/10 E/15 C/5 CZ/30 FOX/30 TE/30 AM/10

Sensi-Disc Dose (µg): 100 300 30 10 15 5 30 30 30 10
C. sporogenes 3584 ES ES ES S VS VS ES VS ES ES

C. sporogenes 19404 ES ES ES S VS VS VS VS ES ES
C. sporogenes

BAA-2695 ES ES ES S VS VS ES VS ES ES

Antibiotics: OX, oxacillin; CL, colistin; AN, amikacin; NN, tobramycin; INH, isoniazid; EA, ethionamide; S, streptomycin; VA, vancomycin;
RA, rifampin; NA, nalidixic acid; NB, novobiocin; FX, Furazolidone; F/M, nitrofurantoin; CF, cephalothin; GM, gentamycin; E, erythromycin;
C, chloramphenicol; CZ, cefazolin; FOX, cefoxitin; TE, tetracycline; AM, ampicillin.

3.2. Scanning Electron Microscopy of Clostridium sporogenes Cells and Spores

The C. sporogenes strains were examined by Scanning Electron Microscopy (SEM) at the
OSU Electron Microscope Core Facility. Bacterial cell images show differences when grown
anaerobically on agar (i.e., long rods; data not shown) vs. broth (short rods; Figure 3A).
After extended sporulation, a great proportion of rods showed terminal club-shaped
extensions typical of terminal endospores (Figure 3B,C), and harvested spores were mostly
found to contain exosporium spore coats (Figure 3D,E) with occasional observation of some
liberated spores (Figure 3E,F). Almost all of our purified spore preparations were exosporia-
containing spores (Figure 3D,E). On-agar vs. in-broth sporulation were examined, and
recovery of spores from sporulation in broth achieved as high or higher spore counts
than recoveries from sporulation on agar surfaces. Broth preparations were cleaner, since
harvesting sporulated cells from agar surfaces had a tendency to recover agar. Therefore,
the agar surface method of sporulation was abandoned in favor of sporulation in broth.

The exosporia we observed were identical to those observed by Janganan et al. (2016)
in C. sporogenes NCIMB 701792 [49]. They investigated the protein composition of the
C. sporogenes exosporium and identified three cysteine-rich proteins in C. sporogenes that are
homologues sharing significant homology to C. botulinum Group 1 strains [49]. Calderon-
Romero et al. (2018) subsequently found similar and unique (CdeM) cysteine-rich proteins
in C. difficile, using mutagenesis to implicate their likely involvement in C. difficile patho-
genesis [50].



Appl. Microbiol. 2021, 1 114
Appl. Microbiol. 2021, 1, 104–122  114 
 

 

 

Figure 3. Examination of Clostridium sporogenes by Scanning Electron Microscopy (SEM) at the OSU Electron Microscopy 

Core Facility. (Panel A), C. sporogenes vegetative cells grown in broth. (Panel B), vegetative cells showing bulging from 

development of terminal endospores. (Panel C), close‐up of cells with terminal endospores. (Panel D), concentrated ag‐

gregate of harvested spores within an exosporium coat. (Panel E), dispersed exosporia containing spores. (Panel F), iso‐

lated spores. 

3.3. Heated vs. Unheated Spore Crops 

Spore crops were evaluated  for enumeration with and without heating  (80  °C, 15 

min). No significant difference (p < 0.05) was found between heated and unheated spore 

crops for each of the three strains of C. sporogenes used in this study (Figure 4). This indi‐

cates  that  spores  present  in  hotdog  samples  during  extended  shelf‐life  after  cooking, 

would not need a heat activation step to induce germination and growth into vegetative 

cells. Counts obtained by direct plating of sample would be representative of both vege‐

tative cells and spores present in the samples. Since the hotdogs were cooked, the initial 

counts from hotdogs immediately after cooking were representative of the spore load for‐

mulated during manufacture, while subsequent higher counts were representative of out‐

growth from those spores. Microbial platings on media containing antibiotics precluded 

the presence of other microorganisms that would otherwise occur on nonselective media 

and interfere with enumeration of the added inoculum challenge organisms. 

Figure 3. Examination of Clostridium sporogenes by Scanning Electron Microscopy (SEM) at the OSU Electron Microscopy
Core Facility. (Panel A), C. sporogenes vegetative cells grown in broth. (Panel B), vegetative cells showing bulging from de-
velopment of terminal endospores. (Panel C), close-up of cells with terminal endospores. (Panel D), concentrated aggregate
of harvested spores within an exosporium coat. (Panel E), dispersed exosporia containing spores. (Panel F), isolated spores.

3.3. Heated vs. Unheated Spore Crops

Spore crops were evaluated for enumeration with and without heating (80 ◦C, 15 min).
No significant difference (p < 0.05) was found between heated and unheated spore crops
for each of the three strains of C. sporogenes used in this study (Figure 4). This indicates
that spores present in hotdog samples during extended shelf-life after cooking, would not
need a heat activation step to induce germination and growth into vegetative cells. Counts
obtained by direct plating of sample would be representative of both vegetative cells
and spores present in the samples. Since the hotdogs were cooked, the initial counts from
hotdogs immediately after cooking were representative of the spore load formulated during
manufacture, while subsequent higher counts were representative of outgrowth from those
spores. Microbial platings on media containing antibiotics precluded the presence of other
microorganisms that would otherwise occur on nonselective media and interfere with
enumeration of the added inoculum challenge organisms.
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Figure 4. Comparison of heated (80 ◦C, 15 min) and unheated spore crops for each strain used in this
study. Data bars are the means of triplicate samples. Treatments for each strain were compared by
ANOVA using the Holm-Sidak test to determine significant differences; treatments with different
letters are significantly different (p < 0.05). Treatments with the same letter are not significantly
different (p > 0.05).

3.4. Low-Fat Hotdogs Challenged with Spores from Clostridium sporogenes

Hotdogs made without nitrite (controls, bacteriocin) produced brown-colored hotdogs
while those made with celery or sodium nitrite were a typical reddish color (Figure 2I).
Early applications of in-product culture-dependent conversion of vegetable nitrate to nitrite
were prone to strain variations in nitrate reductase activity that could lead inconsistency of
nitrite levels in products [51,52]. In recent years, such inconsistencies have been eliminated
by ingredient manufacturers who use fermentation with microbial cultures to preconvert
nitrate to nitrite, generate a dried extract or powdered product, and standardize the level
of vegetable nitrite for consistent use in the industry, as was used in this study.

The data shows that no outgrowth of spores occurred at either 5 ◦C or 15 ◦C for
18–20 weeks with either sodium or celery nitrite (and even without nitrite) as the graph
curves of data were fairly steady (Figure 5). In every study we performed, samples from
hotdogs with either sodium nitrite or celery nitrite were approximately 0.5-log lower than
samples from hotdogs manufactured without nitrite (controls) (Figure 5A,B). We interpret
this to suggest that heating in the presence of nitrite, whether sodium or celery nitrite, is
inhibitory to the spores or prevents some of them from germinating. All samples were
made from the same batch of meat matrix that was inoculated with the same spore crop,
mixed and then divided into different batch groups dependent on further addition of the
20% remaining water from the formulation (i.e., control water, water containing sodium
nitrite, or water containing celery nitrite). Since the hotdogs were cooked, the initial
counts were due solely to the spores and it is only the samples without nitrite that plate
out at higher levels. Such differences in higher spore counts in hotdog samples without
nitrite (or with nitrate/starter culture) vs. conventional nitrite have been observed by
others [13,53,54].
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Figure 5. Sampling of low-fat hotdogs manufactured without nitrite (Control), with sodium nitrite or with celery nitrite
held at 5 ◦C (Panel A) or 15 ◦C (Panel B) for 18–20 weeks after cooking. Data points are the means of triplicate samples from
each of two replications (n = 6). Treatments were analyzed by RM-ANOVA using the Holm-Sidak test for pairwise multiple
comparisons to determine significant differences. Treatments with different letters are significantly different (p < 0.05).
Treatments with the same letter are not significantly different (p > 0.05).

Although 15 ◦C is considered an abuse temperature for accelerated shelf-life studies
for some pathogens, it is not effective to demonstrate growth of C. sporogenes, because even
samples without nitrite (i.e., controls) did not show outgrowth at either 5 ◦C or 15 ◦C, even
after 20 weeks of storage (Figure 5). A higher abuse temperature (35 ◦C) was examined for
use as a ‘permissive’ temperature assay to allow spore outgrowth in hotdogs (Figure 6A)
and provide for better impact on spore germination and outgrowth. Similar results were
obtained previously by Hong et al. (2016) whereby spores of C. sporogenes inoculated into
ground beef and cooked did not grow at holding temperatures of 15 ◦C or below, but did
grow between 20 ◦C and 47 ◦C [55].

We demonstrated a significant difference between control hotdogs made without
nitrite vs. experimental hotdogs made with either celery or sodium nitrite (Figure 6A).
However, there was no significant difference in spore germination and growth between
celery nitrite and sodium nitrite formulated to the same nitrite concentration (Figure 6A).
One batch of hotdogs was vacuum-packaged and immediately frozen (−20 ◦C) for >2 h
after cooking to try to arrest biochemical reactions in spores stimulated by cooking, and then
were placed at 35 ◦C (Figure 6B). This treatment may have only slightly reduced their rate of
outgrowth compared to samples that were not frozen (Figure 6A). Since we did not observe
any effect on spore germination when low-fat hotdogs were frozen immediately after
cooking and then incubated at permissive temperatures (35 ◦C), we did not pursue freezing
with high-fat hotdogs. However, the presence of either sodium or celery nitrite in hotdogs,
both formulated to the same level of nitrite, may have provided several days of protection
from outgrowth to higher numbers even when held at 35 ◦C (95 ◦F). Nitrite is meant to
prevent spore germination and provide safety from accidental/unintended temperature
abuse that could occur in products that have especially long and extended shelf-lives.
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Figure 6. Sampling of low‐fat hotdogs manufactured without nitrite (Control), with sodium nitrite, or with celery nitrite 
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Figure 6. Sampling of low-fat hotdogs manufactured without nitrite (Control), with sodium nitrite, or with celery nitrite
held at 35 ◦C after cooking for up to eight days of storage. This was the ‘permissive’ assay to allow spore germination
and vegetative cell growth to evaluate effectiveness of nitrite in preventing spore germination. (Panel A), hotdogs were
transferred directly to 35 ◦C incubators after cooking/vacuum packaging. (Panel B), hotdogs were immediately frozen
(−20 ◦C) for 2 h after cooking/vacuum packaging and then transferred to 35 ◦C incubators. Treatments are the means of
triplicate samples from each of two replications (n = 6). Treatments were analyzed by RM-ANOVA using the Holm-Sidak
test for pairwise multiple comparisons to determine significant differences. Treatments with different letters are significantly
different (p < 0.05). Treatments with the same letter are not significantly different (p > 0.05).

3.5. Manufacturing of High-Fat Hotdogs Challenged with Spores from C. sporogenes

As with low-fat hotdogs, high-fat hotdogs made without nitrite (controls, bacteriocins)
were ‘brownish’ in color as opposed to a reddish color when celery/sodium nitrite plus the
appropriate accelerant (cherry extract, erythorbate) was present (Figure 2I). The data with
high-fat hotdogs again shows that no growth occurred at either 5 ◦C (for 18 weeks) or 15 ◦C
for eight weeks, even when nitrite was not included in the meat matrix (for this reason, the
15 ◦C study was cut short at eight weeks). However, spore outgrowth was demonstrated
at the permissive incubation shelf-life temperature of 35 ◦C (95 ◦F). Outgrowth started
immediately within the first 24 h in control hotdogs, but in samples with either sodium
nitrite or celery nitrite, held at 35 ◦C, outgrowth was prevented for up to two days even
when held at 35 ◦C (95 ◦F). All treatments again showed significant differences (p > 0.05) in
initial numbers between control samples without nitrite (higher counts) than those with
sodium or celery nitrite (lower counts) (Figure 7A–C).
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Figure 7. Sampling of high-fat hotdogs manufactured without nitrite (Control), with sodium nitrite, or with celery nitrite
held at 5 ◦C (Panel A), 15 ◦C (Panel B), or 35 ◦C (Panel C) after cooking. Treatments are the means of duplicate replications
testing triplicate samples at each time period (ntotal = 6). Treatments were analyzed by RM-ANOVA using the Holm-Sidak
test for pairwise multiple comparisons to determine significant differences. Treatments with different letters are significantly
different (p < 0.05). Treatments with the same letter are not significantly different (p > 0.05).

3.6. Manufacturing of Low Fat Hotdogs Containing Bacteriocins Challenged with Spores from
C. sporogenes

No effect was observed from added bacteriocin preparations at 15 ◦C with either low
or high-fat hotdogs (Figure 8A,B). When tested with low-fat hotdogs stored at 35 ◦C, the
bacteriocin-containing hotdogs showed no significant difference than control hotdogs made
without nitrite while nitrite-containing hotdogs demonstrated the typical 2–3 days of con-
trol before outgrowth started to occur, as was observed earlier (Figure 8C). Further testing
of the individual bacteriocins from our bacteriocin mixture on each of the three individual
strains of C. sporogenes, we only found two of the six bacteriocins had significant inhibitory
activity towards only one of the strains of C. sporogenes (data not shown). Although the
bacteriocin mixture showed inhibitory activity against C. sporogenes in spot-assays on agar
lawns, the activity was insufficient when added to hotdogs. In hindsight, these bacteriocins
were originally selected due to their high activity against L. monocytogenes. In other studies
with bacteriocins, investigators examined nisin as a replacement or complement to nitrite in
processed meats and found strain-specific inhibitory activity [56,57]. However, as a group,
Clostridium spp. are relatively insensitive to nisin [58,59]. A more effective approach may
be to develop a bacteriocin-based biopreservative for Clostridium spp. by screening for bac-
teriocins that specifically target Clostridium spp., as was done for L. monocytogenes [45,46].
Han et al. (2014) identified bacteriocins produced by Enterococcus faecalis with activity
against C. perfringens that also showed activity against L. monocytogenes for applications
in animal feed [60]. In a prior study, we identified 22 Bac+ strains among four species of
Enterococcus sp. [33,34] that might serve as a first step in further studies examining the
activity of bacteriocins against Clostridium sp. in processed meats in comparison to sodium
or natural nitrite.
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Figure 8. Enumeration of C. sporogenes from spore-inoculated low-fat (Panel A) and high-fat hotdogs (Panel B) manufactured
without nitrite (control or bacteriocin), with sodium nitrite, or with celery nitrite held at 15 ◦C. The same treatment with just
low-fat hotdogs were also held at 35 ◦C (Panel C) to determine if addition of bacteriocin preparations would be inhibitory to
spore germination or vegetative cell growth. Treatments were the means of triplicate samples from each of two replications
(total n = 6). Time course treatments were analyzed by RM-ANOVA using the Holm-Sidak test for pairwise multiple
comparisons to determine significant differences. Treatments with different letters are significantly different (p < 0.05).
Treatments with the same letter are not significantly different (p > 0.05).

4. Conclusions

The data presented herein demonstrates that celery nitrite provides an equivalent level
of control on germination and outgrowth of Clostridium sporogenes spores to sodium nitrite
when used at equivalent levels in both low and high-fat hotdogs. Differences observed
in spore counts from hotdogs without nitrite vs. those containing nitrite after cooking
were attributed to some degree of lethality or inactivation of spores when cooked in the
presence of nitrite. Our data suggest that proper refrigeration temperature alone is capable
of preventing outgrowth of C. sporogenes even when no nitrite is present, and even at
temperatures as high as 15 ◦C. Future studies might make better use of higher, permissive
temperatures (i.e., 30–35 ◦C) to show the effects of different product formulations and
nitrite on clostridial spores. Food safety measures are often introduced for those occasional
occurrences where physical control measures (i.e., temperature) have mechanical problems,
and the use of nitrite provides a protective advantage to hotdogs (or other processed meats)
in case such problems were to occur. In the US, the USDA-FSIS ‘Appendix B’ provides
time-temperature parameters for post-process cooling (i.e., ‘stabilization’) of meat and
poultry [61]. Currently, processors are concerned whether they should discard batches
of product when failing to achieve required cooling in the designated time period that
misses the allotted time by short periods. The current limitation for C. perfringens is that
postprocessing cooling should not allow > 1-log increase of C. perfringens in such products.
It would be interesting to see if the nitrite spore control parameters identified in this study
also apply to other Clostridium sp.
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