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Clostridium botulinum – Evaluation and validation with MAP and 
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A B S T R A C T   

The growth inhibiting effect of lactic acid bacteria (LAB) on non-proteolytic Clostridium botulinum was studied. 
LAB had no significant effect on growth of C. botulinum and their effect was not included in the model to be 
evaluated. An available cardinal parameter growth and growth boundary model for non-proteolytic C. botulinum 
(Koukou et al., 2021; https://doi.org/10.1016/j.ijfoodmicro.2021.109162) was evaluated using a total of 822 
time-to-toxin (TTT) formation data extracted from the scientific literature for seafood, poultry, vegetables and 
meat products. These data included smoked products and food stored in air, vacuum or modified atmosphere 
packaging (MAP) with added CO2. The available extensive model predicted TTT formation without bias (Bf-TTT 
value = 0.99) and with a reasonable accuracy (Af-TTT value = 1.76). The model was successfully validated for 
seafood and poultry products. This study substantially increased the range of applicability of the available 
growth and growth boundary model for non-proteolytic C. botulinum. The performed evaluation showed this 
model can be used to predict environmental conditions to prevent growth in seafood and poultry products 
including smoked fish and MAP foods. It is expected that this validated model will contribute to product 
development and innovation including new sodium reduced foods.   

1. Introduction 

Non-proteolytic C. botulinum (Group II) is an important psychroto-
lerant and spore-forming pathogen that can produce potent neurotoxins 
(Type B, E and/or F) in different foods and cause foodborne botulism 
(Brunt et al., 2020; Peck 2014). Spores of non-proteolytic C. botulinum 
occur frequently in some aquatic and vegetable products but they can be 
found in various foods and it is important to efficiently manage their 
growth and toxin formation (Barker et al., 2016; Hielm et al., 1998; 
Pernu et al., 2020; Ryder et al., 2014). Outbreaks and incidents of 
botulism due to non-proteolytic C. botulinum type B, E or F have fortu-
nately been rare and usually are related to consumption of lightly pre-
served foods with extended shelf-life including smoked or fermented fish 
and VP or MAP products (Gram, 2001; Marler Clark, 2021; WHO, 2020). 

Guidelines are available for product formulation and storage to 
manage potential growth and toxin formation by non-proteolytic 
C. botulinum (FDA, 2020; FSA/FSS, 2020). These include at least 3.5% 

water phase salt (WPS) in chilled ready-to-eat (RTE) foods and this 
represents a challenge for development of new sodium reduced prod-
ucts. Use of validated predictive food microbiology models can facilitate 
this product development. However, guidelines and most available 
models (Baker et al., 1990; Baker and Genigeorgis, 1990; Fernandez 
et al., 2001; Graham et al., 1996; Gunvig et al., 2013; Meng and Geni-
georgis, 1993; Skinner and Larkin, 1998) lack the flexibility for product 
development. Guidelines request a fixed level of salt and the limited 
number of factors included in most models does not allow these models 
to predict how for example the inhibiting effect of salt can be replaced 
by other conditions. However, an extensive growth and growth 
boundary model for non-proteolytic C. botulinum was recently devel-
oped (Koukou et al., 2021). This model included the effect of tempera-
ture, NaCl/aw, pH, acetic, benzoic, citric, lactic and sorbic acids and 
their interactive effect and was successfully validated for vacuum 
packed (VP) seafood and poultry products. Considering the large 
availability of fresh and/or smoked products in MAP, extending the 
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applicability of the model of Koukou et al. (2021) for MAP and smoked 
products would be very relevant. 

Microbial interactions can have a major effect on growth of patho-
gens in food as observed, quantified and mathematically modelled for 
the inhibiting effect of LAB on L. monocytogenes (Dalgaard and Mejl-
holm, 2019). The few studies available suggest growth of 
non-proteolytic C. botulinum is much less inhibited by LAB than 
L. monocytogenes (Crandall et al., 1994; Rodgers et al., 2003), which is 
also in agreement with several botulism outbreaks observed due to 
fermented food (Marler Clark, 2021). Further studies are desirable to 
determine if it is required to include the effect of microbial interactions 
when modelling growth of non-proteolytic C. botulinum in food. 

Eklund et al. (1988) considered smoked fish as high-risk products for 
growth and toxin formation of non-proteolytic C. botulinum, as heating 
during processing of these RTE-foods is insufficient to inactivate their 
spores. Furthermore, smoked fish has been involved in several outbreaks 
of botulism (Peck et al., 2020). Smoke components may reduce the 
potential growth of non-proteolytic C. botulinum in fish (FDA, 2020; 
Gram, 2001; Southcott and Razzell, 1973) but a relation between smoke 
intensity and growth response has not been quantified and mathemati-
cally modelled for non-proteolytic C. botulinum although this was pre-
viously shown for lactic acid bacteria (LAB) and Listeria monocytogenes 
(Mejlholm and Dalgaard, 2007, 2015). 

MAP with added CO2 is widely used for packaging of fresh and RTE 
foods and the headspace oxygen concentrations can range from 0% to 
more than 50% (Chaix et al., 2015; Peck et al., 2006). Increasing CO2 
concentrations in MAP can reduce growth of non-proteolytic 
C. botulinum and this limited quantitative effect has been included in 
some available predictive models (Baker and Genigeorgis, 1990; Fer-
nandez et al., 2001). Absence of oxygen may stimulate growth and toxin 
formation by C. botulinum, however storage in atmospheres with oxygen 
cannot prevent anaerobic microenvironments or anaerobic conditions 
due to depletion of oxygen by spoilage bacteria (FDA, 2020; Gram, 
2001). Therefore, it has been suggested that reduced oxygen packaging 
should be used in combination with other factors (salt, low pH, low 
storage temperature or limited shelf-life) to efficiently manage the risk 
of toxin formation (FSA/FSS, 2020). 

The objective of the present study was to evaluate and validate a 
recently developed mathematical model (Koukou et al., 2021) to predict 
growth and TTT for non-proteolytic C. botulinum in MAP products and 
smoked seafood. Initially, a qPCR method for quantification of 
non-proteolytic C. botulinum was developed. This method was then used 
to study the inhibiting effect of LAB on growth of non-proteolytic 
C. botulinum in co-culture studies. The performance of the recently 
developed and other available models were then evaluated by compar-
ison of predicted and observed TTT for non-proteolytic C. botulinum in 
seafood, poultry, vegetables and meat products. 

2. Materials and methods 

2.1. Bacterial isolates and sporulation 

The present study used a cocktail (Cb-mix) of four naturally non- 
toxigenic Clostridium spp. Isolates (H4, H20, H25, and H49) as previ-
ously described (Koukou et al., 2021). Growth rates of Cb-mix were 
previously shown to correspond to growth rates of 27 different isolates 
of toxin producing and non-proteolytic C. botulinum isolates (Koukou 
et al., 2021). The strains were grown in TPGY (50 g/L tryptone, 5 g/L 
peptone, 4 g/L dextrose, 20 g/L yeast extract, 1 g/L sodium thio-
glycollate) broth (30 ◦C, 3 d) within an anaerobic workstation (Whitley 
A45, Don Whitley Scientific, West Yorkshire, UK) and by using a gas 
mixture with 80% N2, 10% CO2, and 10% H2 (ALPHAGAZ™120, Air 
liquid Denmark A/S, Horsens, Denmark). Preparation of spores and 
pre-cultures were performed as previously described by Koukou et al. 
(2021). 

Three Latilactobacillus sakei strains (LA-5, MAP23–1 and F46-4), 

previously isolated from lightly preserved seafood (Mejlholm and Dal-
gaard, 2013), were studied in co-culture with Cb-mix. The LAB isolates 
were grown in All Purpose Tween (APT) broth (Difco 265,510, Becton, 
Dickinson and Company, Le Point de Claix, France) at 25 ◦C overnight 
and then one day prior to co-culturing each isolate was pre-cultured in 
APT broth with pH 6.7 at 15 ◦C to simulate conditions later used in 
challenge tests. Pre-cultures were grown to a relative increase in 
absorbance (540 nm) of 0.05–0.2 (Novaspec II, Pharmacia Biotech, 
Allerød, Denmark). A cocktail of the three isolates (LAB-mix) was ob-
tained by mixing equal volumes of individual pre-cultures and the cell 
concentration was determined by direct phase-contrast microscopy. 

2.2. Quantification of Cb-mix in food by real-time PCR 

To quantify Cb-mix in food including products with added LAB or 
with a natural microbiota, a quantitative real-time PCR (qPCR) method 
was developed by modification of a method presented by Macé et al. 
(2013). 

2.2.1. DNA extraction from fish samples 
10 g of fish in a bag were mixed with 40 ml of physiological saline 

(0.85%, w/v NaCl) with 0.1% Bacto Peptone (PS) and the mixture was 
homogenized manually by externally massaging the bags for 15 s. In 
order to separate the eukaryotic cells and DNA of the fish from the 
bacterial cells, 4 ml of the homogenate was filtered twice through a 
NucleoSpin Plant M column (Macherey-Nagel, Hoerdt, France) by 
centrifugation at 11,700×g for 10 min at 4 ◦C and the supernatant was 
carefully removed. The bacterial cell pellet was resuspended in 400 μl of 
enzymatic lysis solution (20 mM Tris-HCl with pH 8.0, 2 mM sodium 
EDTA, 1.2% Triton X-100, 20 mg/ml lysozyme, 11.6 U mutanolysin; 
Merck, Søborg, Denmark) in a 2-ml microtube and then incubated at 
37 ◦C for 1 h. A mechanical lysis step was included by adding about 1/3 
of the volume of acid washed glass beads with a diameter of 150–212 μm 
(Merck, Søborg, Denmark) and shaking twice for 2 min in a bead beater 
MM200 (30 Hz) (BioSpec Products, Bartlesville, UK). DNA extraction 
and purification was carried out using a DNeasy blood and tissue kit as 
described in the Qiagen instruction manual (Qiagen, Denmark). The 
DNA extracts were kept in − 20 ◦C until used for real-time PCR 
amplification. 

2.2.2. Primer design and real-time PCR assay 
Primers specific to Cb-mix were designed to a 170-bp fragment of the 

16S rRNA gene using the Primer3 software (https://primer3.ut.ee/). 
Forward primer Cl–1F (5′- CCTGAGTGCTGCATTCCAAA -3′) matched 
positions 568–587 and reverse primer Cl-1R (5′- 
TCTAATCCTGTTCGCTCCCC -3′) matched positions 737–756. Primer 
specificity was evaluated using 23 strains of Gram-positive and Gram- 
negative bacteria (Table 1). Real-time PCR amplification was per-
formed using the DyNAmo Flash SYBR Green qPCR Kit (Thermo Scien-
tific™, Naerum, Denmark) in 0.2 ml reaction tubes containing 25 μl of 2 
× IQ SYBR green Supermix; 5 μM of each primer (TAG, Copenhagen, 
Denmark) and 2 μl of template DNA. The amplification reaction was 
conducted using the real-time PCR System Mx3000P™ (Agilent Tech-
nologies, Glostrup, Denmark). The optimum cycling parameters were as 
follows: 95 ◦C hold temperature for 10 min for initial denaturation, 35 
cycles of amplification (95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s) 
and a melting curve between 54 ◦C and 95◦ after the last amplification 
cycle. 

2.2.3. Standard curve 
A standard curve was obtained by using purified genomic DNA from 

Cb-mix, extracted from 10-fold serial dilutions of a bacterial suspension 
as follows. Cb-mix was grown anaerobically at 20 ◦C in TPGY broth with 
pH 6.0 to an increase of the initial absorbance (540 nm) of around 0.05 
(Novaspec II, Pharmacia Biotech, Allerød, Denmark). The culture was 
10-fold diluted in TPGY to obtain concentrations ranging from 
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approximately 2 to 7 log (CFU/ml). Each dilution was centrifuged 
(5000×g, 10 min) and the supernatant was discarded. The bacterial cell 
pellet was resuspended in 180 μl of enzymatic lysis solution and then 
incubated at 37 ◦C for 1 h. DNA extraction and purification was carried 
out using a DNeasy blood and tissue kit (2.2.1). The bacterial concen-
tration of the seven serial dilutions in TPGY was determined by spread 
plating on TSA pates with sheep blood (Oxoid, Thermo Fischer Scien-
tific, Wesel, Germany) and incubated (30 ◦C, 48 h) inside an anaerobic 
workstation (2.1). These cell concentrations (log (CFU/ml)) were 
plotted against the corresponding cycle threshold (CT) values. This 
relation was used to determine concentrations (log (CFU/g)) of Cb-mix 
at different storage times during challenge testing (Eq. (1)). 

CT = α⋅N + β + Log(DF) (1)  

where N is the concentration (log (CFU/ml)) of Cb-mix, α and β are 
constants and DF is the dilution factor used when homogenizing solid 
food samples in PS. The slope (α) of the linear relation of this curve was 
used to determine the amplification efficiency, E = 10 − 1/α - 1 (Klein 
et al., 1999). 

2.3. Growth of C. botulinum in co-culture with LAB 

The effect of LAB on growth of Cb-mix was studied by inoculating cod 
fillets (Gadus morhua L.) with Cb-mix together with three different 
concentrations of LAB-mix (2.1). Cod fillets obtained from the North 
Atlantic Ocean were used for the experiments. The fish was caught, 
frozen and glazed in Greenland by Royal Greenland and transported 
frozen to our laboratory, where it was stored at − 20 ◦C until the 
beginning of the experiments. 

Skinless cod fillets were defrosted inside laminar film bags in cold 
water during 20–30 min. The products were then cooked inside the same 
bags in a water bath at 90 ◦C for 20 min to inactivate vegetative cells and 
spores of non-proteolytic C. botulinum if naturally present in the fish. 
After cooling the fish flesh for 15 min, it was distributed in smaller bags 
of 7.5 × 19 cm (PA/PE 130 MY, SFK Handel A/S, Denmark) with gas 
permeability of <60 cm3/m2 for O2 and <190 cm3/m2 for CO2 in 

portions of 10.0 ± 0.1 g. Each individual portion was inoculated with an 
appropriate dilution of both heat activated (65 ◦C for 20 min) Cb-mix to 
achieve an initial concentration of approximately 2.0 log (CFU/g) and 
LAB-mix to achieve initial concentrations of approximately 2.0 log 
(CFU/g) and 4.0 log (CFU/g). A control batch without added LAB-mix 
was also included and experiments were performed twice. The inocu-
lated cod fillets were vacuum packed (15 mbar) using a Multivac A 300/ 
16 packaging machine (Multivac Ltd., Vejle, Denmark) and placed in-
side anaerobic boxes (Thermo Scientific™ R685025, Naerum, Denmark) 
within an anaerobic workstation. The boxes where transferred at 15 ◦C 
and the storage temperature was recorded regularly through-out the 
experiments by data loggers (TinyTagPlus, Gemini Data Loggers, Ltd., 
Chichester, UK). At regular intervals during storage, two packages from 
each of the three different treatments were analyzed to enumerate Cb- 
mix by qPCR (2.2) and LAB by double layer pour plating in nitrite 
actidione polymyxin (NAP) agar (pH 6.2) with incubation at 25 ◦C for 
72h (Davidson and Cronin, 1973). μmax-values of Cb-mix and LAB-mix 
were determined from growth curves by fitting the logistic growth 
model with delay (2.4). 

2.4. Curve fitting and statistical analysis 

Growth curves obtained from challenge tests (See 2.3) were fitted 
using the primary logistic model with delay (Rosso et al., 1996) as 
previously described (Koukou et al., 2021). Fitted parameter values for 
initial cell concentration (log N0, log (CFU/g)), lag time (tlag, h), 
maximum specific growth rate (μmax, 1/h) and maximum population 
density (log Nmax, log (CFU/g)) were determined for each growth curve. 
Growth curves were fitted using GraphPad PRISM (GraphPad Software, 
San Diego, CA, USA). Other calculations and model simulations were 
performed with Microsoft Excel 2016 (Microsoft Corp., Redmond, WA, 
USA). A single factor ANOVA analysis was used to evaluate the effect of 
LAB-mix on μmax-values and log Nmax-values of Cb-mix. 

2.5. Performance evaluation for the studied models 

Models were evaluated with data available in the scientific literature 
for TTT formation by non-proteolytic C. botulinum (Table 2). For the 
extensive model of Koukou et al. (2021) TTT was predicted as the time 
(d) required for a 2.2 log (CFU/g) increase in the cell concentration of 
non-proteolytic C. botulinum and their lag time was taken into account as 
previously described by Koukou et al. (2021). A key aspect of this model 
is that it can predict conditions that prevent growth of non-proteolytic 
C. botulinum. However, using TTT data for model evaluation allowed 
predictions from the model of Koukou et al. (2021) to be compared with 
a substantial amount of available data for MAP and smoked foods 
(Table 2). Furthermore, collected TTT data allowed predictions by the 
model of Koukou et al. (2021) to be compared with predictions from 
four available TTT models and one time to turbidity model for 
non-proteolytic C. botulinum (Table 3; Baker et al., 1990; Baker and 
Genigeorgis, 1990; Fernandez et al., 2001; Meng and Genigeorgis, 1993; 
Skinner and Larkin, 1998). 

390 responses of TTT detection for a total of 44 different non- 
proteolytic C. botulinum isolates in seafood, poultry, vegetable and 
meat products were collected from the scientific literature together with 
the corresponding storage conditions and product characteristics 
(Table 2, Supplementary Table 1). When product characteristics were 
not reported the values were estimated from similar products as previ-
ously described (Mejlholm et al., 2010; Koukou et al., 2021). Bf-TTT- and 
Af-TTT-values (Eq. (2) and (3)) were calculated to compare observed and 
predicted TTT responses (Koukou et al., 2021), where the first day a 
sample was reported positive for toxin was used as an observed value. 
Predictions with available models were performed by using all envi-
ronmental factors available including those that are not included in the 
model of Koukou et al. (2021), i.e. the effect of CO2 (Baker et al., 1990; 
Fernandez et al., 2001). 

Table 1 
Bacterial strains used to experimentally evaluate specificity of real-time PCR 
assay for detection of Cb-mix.  

Bacterial species Strain Real-time PCR result 

Pseudomonas fluorescens ATCC 13525T Negative 
Pseudomonas fragi ATCC 4973T Positive a (CT = 27.6) 
Pseudomona putida ATCC 12633T Negative 
Latilactobacillus sakei DSM 20017T Negative 
Latilactobacillus curvatus DSM 20019T Negative 
Latilactobacillus casei DSM 20011T Negative 
Latilactobacillus s plantarum ATCC 14917T Negative 
Lactococcus lactis ATCC 11454 Negative 
Lactococcus lactis subsp. lactis DSM 20481T Negative 
Lactococcus lactis subsp. cremoris MG1363 Negative 
Listeria monocytogenes ATCC 35152 Negative 
Streptococcus thermophilus CS 1981 b Negative 
Carnobacterium divergens DSM 20623T Negative 
Carnobacterium maltaromaticum DSM 20730T Negative 
Clostridium sardiniense P39 c Negative 
Paraclostridium benzoelyticum JC272T Negative 
Bacillus cereus ATCC 11778 Negative 
Esherichia coli ATCC 25922 Negative 
Serratia liquefaciens RVG56 d Negative 
Staphylococcus xylosus DSM 20266T Negative 
Enterobacter agglomerans RVG61 d Negative 
Hafnia alvei RVG48 d Negative 
Enterococcus faecalis DSM 20478T Negative  

a CT-value < 28 which is within the method’s range for quantification of Cb- 
mix. 

b Isolated from yogurt (Solem et al., 2008). 
c Isolated from sous-vide cooked and chill stored cod fillet (Embarek, 1994). 
d Isolated from cold-smoked salmon (Jørgensen et al., 2000). 
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Table 2 
Product characteristics, storage temperature and time to toxin (TTT) detection of non-proteolytic C. botulinum - data extracted from literature.  

Category/Product Code n 
a 

Reference TTT, first 
day positive 
b 

Initial inoculum size 
(spores/g) 

Storage 
temp. (◦C) 

NaCl in 
water phase 
(%) 

pH Lactic acid in 
water phase 
(ppm) 

Initial 
CO2 (%) 

Seafood 
Salmon T1 1 Erickson et al. 

(2015) 
5 100 16.0 0.7 c 6.2 c 5000 c 75 

Rockfish T2- 
T31 

30 Glover (1987) 0.5–60 1-10,000 4.0–30 0.7 c 6.4 c 2000 c 100 

Red snapper/ 
salmon 
homogenate 

T32- 
T42 

11 Baker et al. 
(1990) 

0.5–18 0.4–4000 8.0–30.0 0.7 c 6.4–6.6 2000–5000 c 100 

Cold smoked trout T43- 
T45 

3 Dufresne et al. 
(2000) 

14–28 100 8.0 2.1 6.2 2000 c 0 

Salmon fillets T46- 
T51 

6 Eklund et al. 
(1982) 

7–10 1–100 10.0 0.7 c 6.2 c 5000 c 60–90 

Salmon 
homogenate 

T52- 
T85 

34 Garcia and 
Genigeorgis 
(1987) 

0.5–60 0.3–3200 4.0–30.0 0.7 c 6.3 5000 c 70–100 

Salmon fillets T86- 
T115 

30 Garcia et al. 
(1987) 

0.5–60 0.02–200 4.0–30.0 0.7 c 6.2 5000 c 70–100 

Cold smoked 
rainbow trout 

T116- 
T119 

4 Hyytiä et al. 
(1999) 

21–28 0.1–4.0 4.0–8.0 3.2 5.9 2000 c 0 

Red snapper fillets T120- 
T146 

27 Ikawa and 
Genigeorgis 
(1987) 

0.5–21 0.02–200 4.0–30 0.7 c 6.4 2000 c 70–100 

Red snapper 
homogenate 

T147- 
T181 

35 Lindroth and 
Genigeorgis 
(1986) 

0.5–21 0.4–4000 4.0–30 0.7 c 6.7 2000 c 70–100 

Cod/herring fillets, 
hot smoked 
mackerel 

T182- 
T187 

6 Taylor et al. 
(1990) 

0.8–7 100 10.0–26.0 0.7–1.5 6.2 c 1800–2000 c 100 

Salmon T188- 
T242 

55 Baker (1989) 0.3–60 1-10,000 4.0–30.0 0.7 c 6.2 c 5000 c 100 

Cod/herring fillets, 
hot smoked 
mackerel 

T243- 
T248 

6 Reddy et al. 
(1992) 

3–46 100 4.0–16 0.7–1.5 c 6.2 c 1800–2000 c 100 

Fresh catfish/cod/ 
tilapia/salmon 
fillets 

T249- 
T255 

7 Reddy et al. 
(1999) 

4–40 100 8.0–16.0 0.7 c 6.2 c 1800–5000 c 75 

Catfish fillets T256- 
T258 

3 Cai et al. (1997) 4–18 600 10.0 0.7 c 6.4 2000 c 80 

Sterile crabmeat 
homogenate 

T259- 
T265 

7 Cockey and Tatro 
(1974) 

1–88 1000–1,000,000 4.4–29.4 0.7 c 6.2 c NP d 5 

Cold smoked 
rainbow trout 

T266- 
T267 

2 Hyytiä et al. 
(1997) 

21–28 0.1–4.0 8.0 3.4 5.9 2000 c 0 

Cod/whiting/ 
flounder fillets 
(raw) 

T268- 
T286 

19 Post et al. (1985) 1–27 50.1 4.0–26.0 0.7 c 6.2 c 1800–2000 c 65–100 

Fresh catfish fillets T287- 
T289 

3 Roman et al. 
(1994) 

2–61 100 4.0–16.0 0.7 c 6.2 c 2000 c 75 

Fresh/smoked 
seafood 

T290- 
T308 

19 Peck et al. (2006) 7–24 100-4000 8.0–10 0.2–2.6 5.8–6.2 
c 

0–5000 c 40–100 

Meat 
Cooked minced 

beef 
T309- 
T352 

44 Peck et al. (1995) 1–53 50,118.7 6.0–25.0 0.7 c 6.2 7000 c 10 

Vegetables 
Pureed vegetables T353- 

T379 
27 Carlin and Peck 

(1996) 
2.9–34 1000 5.0–16.0 0.0 5.3–6.4 NP d 5 

Butternut squash, 
mixed salad 

T380- 
T383 

4 Austin et al. 
(1998) 

4–21 1000 5.0–25.0 0.0 5.3–6.7 NP d 10 

Poultry 
Cooked turkey 

breast 
T384- 
T389 

6 Lawlor et al. 
(2000) 

7–42 39.8–50.1 4.0–15.0 2.3 6.2 7000 c 30 

Pasta 
Gnocchi T390 1 Del Torre et al. 

(2004) 
17 2000 20.00 1.3 5.0 NP d 50  

a Number of experiments. 
b The first day a sample was tested for the presence of C. botulinum neurotoxin and was found positive. 
c Bold font: value assumed from similar products as previously discussed (Mejlholm et al., 2010). 
d Information not provided by the study. 

I. Koukou et al.                                                                                                                                                                                                                                  



Food Microbiology 102 (2022) 103931

5

Bf − TTT = 10
ΣLog(TTT predicted / TTT observed)

n (2)  

Af − TTT = 10
Σ|Log (TTT predicted / TTT observed)|

n (3)  

where n is the number of TTT responses that contributed to the calcu-
lation of Bf-TTT- and Af-TTT-values. 

3. Results and discussion 

3.1. qPCR enumeration of Cb-mix 

When tested experimentally against a collection of 23 Gram positive 
and Gram negative strains of different species, the primers detected one 
strain with a CT-value below 28 (Table 1). However, the tested con-
centrations of these non-target strains were approximately 6 log (CFU/ 
ml) or higher. Importantly, the selected primer set did not match L. sakei, 
which was used for co-culture studies with Cb-mix. Furthermore, the 
detection of Pseudomonas fragi at a CT-value of 27.6 (Table 1) does not 
limit the use of the qPCR method for selective enumeration of Cb-mix in 
concentrations of above 2 log (CFU/ml) where CT-values are below 28. 
To reduce the risk of non-specific enumeration we suggest to include a 
positive control in every qPCR run and to evaluate dissociation curves 
where the melting temperature for C. botulinum must be 82.5–83 ◦C. The 
determined standard curve was linear for a 5-log (CFU/ml) range from 
1.95 to 7.0 log (CFU/ml) (Fig. 1) and indicated an efficiency of 92.7% 

with CT = 35.16–3.51 N (log (CFU/ml)) (R2 = 0.9983). 
Several qPCR detection and enumeration methods for non- 

proteolytic C. botulinum have been developed in the past (Alsallami 
and Kotłowski, 2001; De Medici et al., 2009; ISO, 2017; Kimura et al., 
2001). Those methods were designed to quantify C. botulinum by 
amplifying sequences from botulinum neurotoxin genes. These genes are 
not present in non-toxigenic C. botulinum strains and the available 
methods cannot detect and quantify Cb-mix. Within the present study, 
the developed qPCR method targeting the 16S rRNA gene will be 
important to quantify growth of Cb-mix in co-cultures of Cb-mix and 
LAB. Due to biosafety and biosecurity issues, non-toxigenic C. botulinum 
isolates are less costly and much easier to study than toxigenic isolates 
and the developed qPCR method is valuable for growth studies of 
non-toxigenic C. botulinum in food with a diverse microbiota. The 
developed qPCR method is interesting for studies of both naturally 
non-toxigenic C. botulinum isolates and mutants where botulinum 
neurotoxin genes have been removed. This is relevant, as an increasing 
number of such isolates has been described within the last few years 
(Brunt et al., 2020; Clauwers et al., 2016; Gonzalez-Angulo et al., 2020; 
Parker et al., 2015). 

3.2. Effect of LAB co-cultures on growth of Cb-mix 

LAB co-cultures added in initial concentrations of none, 2 or 4 log 
(CFU/g) had no significant (P = 0.49) effect on growth rates of Cb-mix in 
vacuum packed cod (Fig. 2). Furthermore, the corresponding average 
maximum population density of Cb-mix (log Nmax) was 7.7, 7.1 and 6.5 
log (CFU/g) in co-culture with none, 2 or 4 log (CFU/g) of added LAB, 
respectively, and not significantly reduced by the LAB co-cultures (P =
0.13). 

Crandall et al. (1994) reported similar findings, where two strains of 
Pediococcus pentosaceus; one bacteriocinogenic and one 
non-bacteriocinogenic, were unable to inhibit growth of non-proteolytic 
C. botulinum in co-cultures. Rodgers et al. (2003) also observed growth 
of non-proteolytic C. botulinum in co-cultures with L. lactis and 
P. pentosaceus in high initial LAB-concentrations of 6–7 log (CFU/ml). 
LAB could prevent toxigenesis by C. botulinum but this has been attrib-
uted to acidification of the products to pH values too low for growth of 
non-proteolytic C. botulinum (Crandall et al., 1994). To predict growth, 
growth boundary and TTT for non-proteolytic C. botulinum it therefore 
seems sufficient to take into account product characteristics and storage 
conditions. By excluding the potential small growth inhibiting effect of 
microbial interaction then predictions by the studied models may be 
slightly fail-safe. However, the pronounced inhibiting Jameson effect of 

Table 3 
Comparison of new expanded model with available TTT models of non-proteolytic C. botulinum.  

Model Koukou et al. (2021) Meng and 
Genigeorgis (1993) 

Fernandez et al. 
(2001) 

Baker et al. 
(1990) 

Baker and 
Genigeorgis (1990) 

Skinner and 
Larkin (1998) 

Environmental factors 
included in models 

Temp., pH, NaCl/aw, acetic, benzoic, 
citric, lactic and sorbic acids 

Temp., NaCl/aw, 
lactic acid 

Temp., pH, NaCl/ 
aw, CO2 

Temp., CO2 Temp., (TAC) a Temp. 

Predicted responses 2.2 Log-increase TTT b Time to turbidity TTT b TTT b TTT b 

Dataset A c 

n d 385 390 390 379 e 390 390 
Bf-TTT 1.04 1.21 0.34 1.05 0.48 0.26 
Af-TTT 1.72 1.72 3.31 1.67 2.19 3.87 
Dataset B f 

n d 811 553 d 822 803 e 822 822 
Bf-TTT 0.99 1.27 0.26 0.96 0.45 0.23 
Af-TTT 1.76 1.72 4.31 1.67 2.35 4.44  

a Total aerobic count (TAC). Not taken into account due to lack of information in the validation data. 
b Time to toxin. 
c Data used to calculate Bf-TTT and Af-TTT are shown in Table 3. 
d Number of responses used to calculate model indices (Bf-TTT and Af-TTT values). 
e Data used for development of this model were excluded when calculating Bf-TTT and Af-TTT values. 
f Data used to calculate Bf-TTT and Af-TTT included all data from Table 3 and from Koukou et al. (2021). 

Fig. 1. Standard curve for real-time PCR quantification of Cb-mix. CT – values 
were determined as the mean of two replicates. Solid line represents the linear 
regression of the data. 
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LAB on growth of L. monocytogenes in fish and meat products (Dalgaard 
and Mejlholm, 2019) is clearly not observed for non-proteolytic 
C. botulinum. The markedly different effect of LAB on growth of 
C. botulinum and L. monocytogenes may result from a more similar 
metabolism including growth limiting substrates for LAB and Listeria. 

3.3. Performance evaluation of available models 

3.3.1. Effect of smoke intensity on growth and toxin formation by non- 
proteolytic C. botulinum 

Hot-smoked fish has been involved in several botulism outbreaks in 
the past (King et al., 2009; Korkeala et al., 1998; Lindström et al., 2006; 
Marler Clark, 2021), whereas there has been only one reported outbreak 
of botulism due to cold-smoked salmon. This outbreak in Germany in 
2004 involved fish consumed three days after the ‘‘use by date’’ 
(Dressler 2005; Peck et al., 2020). It has been suggested that the limited 
growth inhibitory effect of hot-smoking could be due to inactivation of 
the fish microbiota or heat activation of spores (Eklund, 1992; FDA, 
2020; Southcott and Razzell, 1973). The effect of smoke intensity, 
measured as phenol concentrations, in cold-smoked fish was previously 
included in models to predict growth of LAB and L. monocytogenes in 
these products (Mejlholm and Dalgaard, 2007, 2015). When using 
available models for non-proteolytic C. botulinum without taking into 
account the effect of smoke in products this is expected to result in 
fail-safe predictions for the smoked products. Clearly, it is not optimal to 
overestimate growth rates and underestimate TTT for smoked products. 
However, to use models for smoked fish in general then the quantitative 
inhibiting effect of smoking including cold- and hot-smoking with wood 
or liquid smoke of different types must be known. For growth or toxin 
formation by non-proteolytic C. botulinum we have been unable to find 
data in the scientific literature where smoke intensity of products were 
reported together with other product characteristics and storage con-
ditions (Table 2). It was therefore decided to evaluate the performance 
of available models without taking into account the effect of smoke 
component and smoke intensity. 

3.3.2. Effect of CO2 on growth and toxin formation by non-proteolytic 
C. botulinum 

Bf-TTT –values of 0.34–1.05 were determined for the two evaluated 
models that included the effect of CO2 and Bf-TTT –values of 0.26–1.21 
were obtained for the four models that did not included the effect of CO2 
(Table 3). The performance of models were evaluated by comparison of 
predicted TTT-values and 390 TTT data from the scientific literature and 
determined for MAP foods packaged with different concentrations of 
CO2 from 0% to 100% CO2 (Table 2). For models specifically developed 

using TTT data rather than growth responses, the model of Baker et al. 
(1990) including the effect of CO2 had Bf-TTT = 1.05 and the models of 
Meng and Genigeorgis (1993), Baker and Genigeorgis (1990) and 
Skinner and Larkin (1998) without CO2-terms had Bf-TTT of 0.26–1.21 
(Table 3). These results suggest CO2 is of limited importance when 
predicting TTT responses, particularly as equilibrium CO2 concentra-
tions of less than 50% are typical for commercial MAP food products 
(Chaix et al., 2015), whereas many TTT responses in the scientific 
literature have been determined for high initial CO2 concentrations of 
more than 50% (Table 2, Supplementary Table 1). 

Cardinal parameter values for the growth inhibiting effect of CO2 on 
non-proteolytic C. botulinum have been reported to be 271% CO2 at 
15 ◦C and 315% CO2 at 30 ◦C (Artin et al., 2008; Janionis, 2018). Some 
inhibiting effect of CO2 on growth of non-proteolytic C. botulinum was 
also found in other studies (Fernandez et al., 2001; Gibson et al., 2000; 
Lövenklev et al., 2004). However, Baker and Genigeorgis (1990) re-
ported a very low inhibiting effect of CO2 on toxigenesis of 
non-proteolytic C. botulinum at low temperatures but no inhibitory effect 
on toxin formation at temperatures above 20 ◦C. Interestingly, CO2 in 
MAP has been reported to increase toxin formation (measured as gene 
expression) by non-proteolytic C. botulinum and with 70% CO2 in the 
headspace gas twice as much neurotoxin was produced (Artin et al., 
2008; Lövenklev et al., 2004). Due to the relatively low equilibrium CO2 
concentrations (<50%) which are typical for MAP food products (Chaix 
et al., 2015) combined with a potential stimulation of toxin formation by 
CO2 (Artin et al., 2008; Lövenklev et al., 2004), it has been decided to 
not include a CO2 term in the model of Koukou et al. (2021). 

3.3.3. Performance evaluation of models 
Bf-TTT and Af-TTT -values of 1.04 and 1.72, respectively, were ob-

tained for the model of Koukou et al. (2021) when comparing 385 
predictions with observed TTT data for 44 different non-proteolytic 
C. botulinum isolates in several types of MAP products and smoked 
seafood (Tables 2 and 3). By combining all available TTT data extracted 
from the scientific literature in the present study (Table 2) with those 
from a previous study (Koukou et al., 2021) (n = 822) the Bf-TTT and 
Af-TTT –values were 0.99 and 1.76, respectively, for a total of 811 TTT 
responses (Table 3, Dataset B). For the 11 TTT data not included in the 
calculation of Bf-TTT and Af-TTT –values, four were excluded because they 
were outside the product characteristics’ range of applicability of the 
model and seven were fail-dangerous (<1%). Fail-dangerous predictions 
occur when the model predicts no toxin formation but toxin formation is 
observed. Four fail dangerous predictions occurred in seafood products 
(Hyytiä et al., 1997; 1999), two in meat products (Hyytiä-Trees et al., 
2000) and one in poultry (Meng and Genigeorgis, 1993). Meat products 
are not included in the validated range of applicability of the model and 
therefore these data can be excluded. Predictions for seafood and 
poultry products (n = 5) were close to the growth boundary with 
ψ-values between 1.15 and 1.74. The ψ-value is an indication of the 
distance from the growth boundary, which corresponds to a ψ-value of 
1.0 (Mejlholm and Dalgaard, 2009). For chilled seafood and poultry 
products with extended shelf-life it has been suggested to formulate 
products with a higher safety margin and a predicted ψ-value above 2 
(Dalgaard and Mejlholm, 2019; Koukou et al., 2021). Therefore, those 
five products with ψ-values below 2 would not be considered safe ac-
cording to the above suggestion. Another interesting point is that the 
observations from the studies of Hyytiä et al. (1997; 1999) in VP 
cold-smoked rainbow trout with 3.2–3.4% WPS and pH 5.9 look ques-
tionable compared to other available data. The observed TTT for those 
products at 4 and 8 ◦C were after 28 and 21 days, respectively. As an 
example, Reddy et al. (1999) reported TTT after 46 days, for VP fresh 
catfish fillets, with no added salt and a much higher pH-value of 6.6. 

For the different product categories, Bf-TTT/Af-TTT -values for seafood 
were 1.02/1.67 (n = 395), poultry products 0.82/1.67 (n = 298), veg-
etables 1.22/1.78 (n = 31) and meat products 1.26/2.59 (n = 62) 
(Table 4). The remaining 25 TTT observations belonged to various food 

Fig. 2. Effect of LAB on square-root transformed maximum specific growth 
rates (μmax) of Cb-mix in skinless cod meat with pH 6.8 and stored at 15 ◦C. 
Observations are AVG ± SD of two replicates. Observed average μmax –values of 
Cb-mix were 0.206, 0.300 and 0.211 1/h in co-culture with none, 2 and 4 log 
(CFU/g) of added LAB, respectively. 
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categories (i.e. pasta and prepared meals) and the amount of data was 
not sufficient to evaluate the performance of the model for those foods. It 
has been previously suggested to use at least 20 observations for model 
evaluation (Dalgaard and Mejlholm, 2019). 

For the combined dataset (n = 822) the Bf-TTT and Af-TTT –values for 
four available TTT models and one time to turbidity model varied from 
0.23 to 1.27 and 1.67–4.44, respectively (Table 3). Of those available 
models, the one from Baker et al. (1990) performed best with Bf-TTT 
closest to 1.0 and lowest Af-TTT –value. Values of Bf-TTT and Af-TTT cor-
responding to acceptable model performance have not previously been 
suggested. However, for both TTT and generation time (GT) the unit is 
time and both Bf-TTT and Bf-GT values above one correspond to some 
degree of fail-dangerous predictions (Ross et al., 2000). Therefore, we 
use here the model performance limits suggested by Ross (1999) for 
Bf-GT to evaluate our Bf-TTT results. With 0.9 < Bf < 1.05 indicating good 
model performance, Bf of 1.06–1.15 or 0.7–0.9 corresponding to 
acceptable model performance and Bf < 0.7 or >1.15 being unaccept-
able (Ross, 1999). It has been suggested that Af–values in evaluation 
studies will increase from 1.0 and by 0.10–0.15 for every environmental 
factor included in a model (Ross et al., 2000). The model of Koukou et al. 
(2021), including eight environmental factors and therefore should have 
Af-TTT –values below 1.8–2.2 to be acceptable. However, an Af–value of 
1.5 has also been suggested as limit when evaluating extensive growth 
models but this was for L. monocytogenes and LAB rather than spor-
eforming C. botulinum (Mejlholm et al., 2010; Mejlholm and Dalgaard, 
2013). According to these indices, the model of Koukou et al. (2021) 
showed a good performance for seafood and an acceptable performance 
for poultry products. For these foods the model is ready to be applied 
(Table 4). Based on the performed model evaluation, the range of 
applicability for the model of Koukou et al. (2021) is: temperature be-
tween 4 and 30 ◦C, pH between 5.3 and 8.0, WPS below 3.96%, acetic 
acid lower than 17,531 ppm in water phase, benzoic acid lower than 
9016 ppm in water phase, citric acid lower than 8897 ppm in water 
phase, lactic acid lower than 26,849 ppm in water phase and sorbic acid 
lower than 9231 ppm in water phase. The model was successfully vali-
dated for seafood and poultry irrespectively of packaging in air, vacuum 
or MAP (Table 2, Table 4). This is important, as non-proteolytic 
C. botulinum although anaerobic can grow and form toxin in food 
stored aerobically (Dufresne et al., 2000; Huss et al., 1980; Kautter, 
1964; Thatcher et al., 1962). Furthermore, oxygen in MAP can be 
depleted by spoilage bacteria, which will make the environment favor-
able for the growth of C. botulinum (FDA, 2020). Development or 
re-formulation of products with extended shelf-life to prevent growth 
and toxin production by non-proteolytic C. botulinum is therefore 
important for all food and not exclusively for products that are vacuum 
packed or in MAP without oxygen. 

For smoked fish exclusively, 25 TTT data could by extracted from the 
scientific literature (Table 2, Supplementary Table 1). The model of 
Koukou et al. (2021) did not include the effect of smoke intensity and for 
these TTT-data the Bf-TTT/Af-TTT -values were 0.97/2.57. This suggests a 
limited effect of smoke intensity on TTT for non-proteolytic C. botulinum 
and therefore the model of Koukou et al. (2021) can be used for smoked 

seafood without taking into account the effect of smoke. 
With Bf-TTT-values above 1.15, the predicted TTT-values were on 

average slightly fail-dangerous for vegetable and meat products 
(Table 4). More data and particularly more data for well-characterized 
vegetable and meat products should be included in future evaluation 
studies. This may also contribute to reduce the high variability between 
observed and predicted TTT values that was particularly determined for 
meat products with Af-TTT of 2.59 (Table 4). 

3.4. Application of extensive model for different types of foods 

The model of Koukou et al. (2021) can be used to support formula-
tion of products where non-proteolytic C. botulinum is unable to grow. 
Koukou et al. (2021) suggested sodium reduced chilled seafood to be 
formulated to have a predicted ψ-value higher than 1.2 in order to 
achieve the same safety margin as for products that contain 3.5% WPS. 

An interesting feature of this extensive model for non-proteolytic 
C. botulinum is that it can be used together with available and exten-
sive growth and growth boundary models for other important foodborne 
pathogens including L. monocytogenes. In this way, the need for chal-
lenge testing can be reduced to make product formulation or reformu-
lation less time consuming and less costly (Dalgaard and Mejlholm, 
2019; Koukou et al., 2021; Martinez-Rios et al., 2019). Combinations of 
environmental factors preventing growth of L. monocytogenes will often 
also prevent growth of non-proteolytic C. botulinum. This, however, is 
not always the case. For example for chilled lightly preserved MAP foods 
at above 5 ◦C and with low salt (1–2 %WPS), pH 5.6–6.0 and concen-
trations of lactic and acetic acids of 2000–4000 ppm or when growth of 
L. monocytogenes is inhibited by LAB. 

Application of the extensive model is demonstrated below with some 
examples (Table 5). It can be relevant to distribute chicken burgers 
chilled rather than frozen (Smith et al., 2008), and this requires a 
formulation that prevents growth of non-proteolytic C. botulinum. With 
7000 ppm of naturally occurring lactic acid in the water phase, 2000 
ppm added citric acid in the water phase, pH 6.1 and 2.5% added WPS 
the product should be distributed frozen as both non-proteolytic 
C. botulinum (ψ = 0.76, Table 5 and 1A) and L. monocytogenes will 
grow at 5 ◦C. However, growth is prevented by addition of 3000 ppm of 
acetic acid in the water phase as this can reduce the product pH to about 
5.8 (ψ = 2.06, Table 5 and 1B). For fresh catfish with 2000 ppm natu-
rally occurring lactic acid in the water phase, pH 6.6 and storege at 8 ◦C 
the extensive model predicts TTT of 4 or 13 days without and with lag 
time, respectively. At 4 ◦C the predicted TTT increases substantially to 
26–87 days (Table 5, 2A and 2B). These predictions correspond 
reasonably with observed TTT value of 6 and 46 days at 8 and 4 ◦C for 
fresh catfish inoculated with 100 C. botulinum spores/g (Reddy et al., 
1999). Nevertheless, the model of Koukou et al. (2021) was developed to 
predict combinations of environmental conditions that prevent growth 
of non-proteolytic C. botulinum in foods. We do not recommend use of 
this model to determine product shelf-life of fresh or lightly preserved 
products from predicted TTT values. TTT data was studied to evaluate 
the performance of the extensive model (Table 3, Table 4) but as pointed 
out by Koukou et al. (2021) lag time prediction need further study before 
the model may be used for more accurate determination of TTT for-
mation. Importantly, available guidelines and recommendations can be 
used to manage non-proteolytic C. botulinum in fresh products. FSA/FSS 
(2020), recommend shelf-life of no more than 10 days for fresh VP/MAP 
foods at 3–8 ◦C when no other controlling factor is included such as WPS 
>3.5%, pH < 5.0, heat treatment at 90 ◦C for 10 min or a combination of 
these. FDA (2020) request fresh fish should be below 3.3 ◦C at all times 
from packing to consumption. Furthermore, they suggest the use of 
time-temperature indicators (TTIs), with responses corresponding to the 
Skinner and Larkin (1998) model, on individual consumer packages to 
help consumers identify products that have been exposed to higher 
temperatures. When evaluated on more than 822 TTT-responses the 
Skinner and Larkin (1998) model was markedly more fail-safe (Bf-TTT =

Table 4 
Performance of extensive model (Koukou et al., 2021) for non-proteolytic 
C. botulinum in different types of food.  

Food category Comparison of observed and predicted time-to-toxin (TTT) a 

Seafood Poultry Vegetables Meat 

n b 395 298 31 62 
Bf-TTT 1.02 0.82 1.22 1.26 
Af-TTT 1.67 1.67 1.78 2.59  

a TTT data were extracted from the scientific literature (Table 2) and by 
Koukou et al. (2021). TTT was predicted as time required for a 2.2 log (CFU/g) 
increase in cell concentrations. 

b Number of responses used to calculate Bf-TTT and Af-TTT values. 
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0.23) than the extensive model evaluated in the present study (Bf-TTT =

0.99) (Table 3) but less fail-safe than the extensive model when used 
without lag time (Bf-TTT = 0.05) (Result not shown). 

Processed vegetable products including vegetarian sausage can have 
a high prevalence (32%) of C. botulinum (Pernu et al., 2020). These and 
other plant-based meat analogues is a most active area for development 
of new products (Boukid, 2021). To facilitate safety evaluation of recipes 
the model of Koukou et al. (2021) seems most relevant. However, with 
Bf-TTT/Af-TTT -values of 1.22/1.78 (n = 31) this model was slightly 
fail-dangerous for vegetables (Table 4) and cannot be applied as for 
seafood and poultry products. Until further validation data becomes 
available for vegetables, including plant-based meat analogues, we 
suggest using this model (Koukou et al., 2021) with a higher ψ–value of 
3.0 when predicting conditions that prevent growth of non-proteolytic 
C. botulinum. 

4. Conclusions and perspectives 

An existing growth and growth boundary model for non-proteolytic 
C. botulinum (Koukou et al., 2021) was successfully validated for seafood 
and poultry irrespectively of packaging in air, vacuum or MAP. This 
extensive model can be used inside its range of applicability to deter-
mine combinations of product characteristics and storage conditions 
that prevent growth of non-proteolytic C. botulinum: (i) for MAP prod-
ucts the model should be used without taking into account a potentially 
growth inhibiting effect of CO2; (ii) for smoked seafood the model 
should be used without taking into account the effect of phenol (iii) the 
effect of microbial interaction should not be taken into account when 
using the expanded model; (iv) for vegetable products, including 
plant-based meat analogues, the expanded model should be used with a 
ψ–value of 3.0 or higher. Further validation studies with the model of 
Koukou et al. (2021) are desirable including studies with chemically 
well characterized smoked fish, vegetable, meat and dairy products. 
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Korkeala, H., Stengel, G., Hyytiä, E., Vogelsang, B., Bohl, A., Wihlman, H., Pakkala, P., 
Hielm, S., 1998. Type E botulism associated with vacuum-packaged hot-smoked 
whitefish. Int. J. Food Microbiol. 43, 1–5. https://doi.org/10.1016/S0168-1605(98) 
00080-4. 

Koukou, I., Mejlholm, O., Dalgaard, P., 2021. Cardinal parameter growth and growth 
boundary model for non-proteolytic Clostridium botulinum – effect of eight 
environmental factors. Int. J. Food Microbiol. 346, 109162. https://doi.org/ 
10.1016/j.ijfoodmicro.2021.109162. 

Lawlor, K.A., Pierson, M.D., Hackney, C.R., Claus, J.R., Marcy, J.E., 2000. Nonproteolytic 
Clostridium botulinum toxigenesis in cooked Turkey stored under modified 
atmospheres. J. Food Protect. 63, 1511–1516. 

Lindroth, S.E., Genigeorgis, C.A., 1986. Probability of growth and toxin production by 
nonproteolytic Clostridium botulinum in rockfish stored under modified atmospheres. 
Int. J. Food Microbiol. 3, 167–181. 

Lindström, M., Vuorela, M., Hinderink, K., Korkeala, H., Dahlsten, E., Raahenmaa, M., 
Kuusi, M., 2006. Botulism associated with vacuum-packed smoked whitefish in 
Finland, June-July 2006. Euro Surveill. 11, 29. 
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