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ABSTRACT  

A new cardinal parameter growth and growth boundary model for non-proteolytic C. botulinum was 

developed and validated for fresh and lightly preserved seafood and poultry products. 523 growth 

rates in broth were used to determine cardinal parameter values and terms for temperature, pH, 

NaCl/water activity, acetic, benzoic, citric, lactic and sorbic acids. The new growth and growth 

boundary model included the inhibiting interactive effect between these factors and it was 

calibrated using growth curves from 10 challenge tests with unprocessed seafood. For model 

evaluation, 40 challenge tests with well characterized fresh and lightly preserved seafood were 

performed. Comparison of these observed growth curves and growth rates (μmax-values) predicted 

by the new model resulted in a bias factor (Bf) of 1.12 and an accuracy factor (Af) of 1.40. 

Furthermore, the new model was evaluated with 94 growth rates and 432 time to toxin formation 

data extracted from the scientific literature for seafood, poultry, meat, pasta and prepared meals. 

These data included responses for 36 different toxigenic strains of non-proteolytic C. botulinum. The 

obtained Bf-/Af-values were 0.97/2.04 for μmax-values and 0.96/1.80 for time to toxin formation. The 

model correctly predicted 93.8% of the growth responses with 5.6% being fail-safe and < 1% fail-

dangerous. A cocktail of four non-toxin producing Clostridium spp. isolates was used to develop the 

new model and these isolates had more than 99.8% 16S rRNA gene similarity to non-proteolytic C. 

botulinum (Group II). The high number of environmental factors included in the new model makes it 

a flexible tool to facilitate development or reformulation of seafood and poultry products that do 

not support the growth of non-proteolytic C. botulinum. Further, evaluation of the new model with 

well characterized products is desirable particularly for meat, vegetables, pasta and prepared meals 

as well as for dairy products that was not included in the present study. 

 

Keywords: botulism, reduced salt, seafood, poultry, food safety, product development  
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1. Introduction 

Clostridium botulinum is an anaerobic bacterium that can form heat-resistant 

endospores, produce highly potent neurotoxins in food and cause the neuroparalytic disease 

botulism. C. botulinum is an important foodborne pathogen with proteolytic C. botulinum (group I,  

neurotoxins of type A, B and/or F) being mesophilic and non-proteolytic C. botulinum (group II, 

neurotoxins of type B, E or F) being psychrotolerant (Lindström et al., 2006; Peck, 2013). Spores of C. 

botulinum is widely distributed in the environment including soils, aquatic sediments and intestinal 

tract of animals. Various foods can be contaminated with non-proteolytic C. botulinum and their 

potential growth and toxin formation must be efficiently managed. High prevalence of non-

proteolytic C. botulinum has been reported for some aquatic food and vegetable products where 

occurrence of different neurotoxin types depended on geographical regions (Barker et al., 2016; Bott 

et al., 1965; Dahlenborg et al. 2003, Hielm et al., 1998; Pernu et al. 2020, Ryder et al., 2014). 

Outbreaks and incidents of botulism are rare and usually related to consumption of lightly preserved 

products with extended shelf-life including dried, fermented, marinated, salted and smoked foods as 

well as products that are canned or stored in vacuum or modified atmosphere packaging (MAP) 

(Baker et al., 1990a; Carlin et al., 2004; Delbos et al., 2005; Horowitz and Horowitz, 2015; Lindström 

et al., 2006; Marler Clark, 2019; Peck et al.2020; WHO, 2018).   

         Guidelines are available and valuable for product formulation and processing to 

manage potential growth and toxin formation by non-proteolytic C. botulinum. These include (i) 

storage below 3.0-3.3°C for fresh food, (ii) storage from 3°C to 8°C for lightly preserved products 

with above 3.5 % water phase salt (WPS), above 3.0 % WPS and not less than 100 ppm nitrite or with 

pH below 5.0 or (iii) products heated at 90 oC during 10 minutes (FSA/FSS, 2017; FDA, 2019). Sodium 

chloride is important to manage C. botulinum in food but high sodium intake has negative health 

effects and reduction of sodium in lightly preserved food is most relevant  (EFSA, 2005; Franco and 

Oparil, 2006). Guidelines and challenge testing are important to manage growth and toxin formation 

by C. botulinum in lightly preserved foods, including new sodium reduced products. However, they 
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may not convey the flexibility, cost efficiency and speed needed for innovation and product 

development. As an alternative, predictive food microbiology models can be used to simulate the 

combined effect of different product characteristics and storage conditions as previously shown for 

example with Listeria monocytogenes. In fact, this application of modelling to support product 

development and documentation of food safety is recognized by several countries and included in 

the European regulation (Dalgaard and Mejlholm, 2019; EC, 2005; FSA/FSS, 2017). In order to predict 

growth responses of C. botulinum, predictive models must include the effect of all the product 

characteristics and storage conditions that importantly influence its growth. Several mathematical 

models for the growth or toxin formation of non-proteolytic C. botulinum are available (Baker et al., 

1990b; Baker and Genigeorgis, 1990; Fernandez et al., 2001; Graham et al., 1996; Gunvig et al., 2013; 

Meng and Genigeorgis, 1993; Skinner and Larkin, 1998). However, none of these models include the 

effect of acetic, benzoic, citric and sorbic acids which are important preserving parameters for both 

lightly preserved seafood and various other products.  

The objective of the present study was to develop and evaluate a cardinal parameter 

growth and growth boundary model for non-proteolytic C. botulinum to predict the effect of 

temperature, NaCl/water activity (aw), pH, acetic, benzoic, citric, lactic and sorbic acids on growth 

responses. Firstly, the growth inhibiting effect of each environmental factor was quantified using a 

liquid laboratory medium. Secondly, mathematical terms and cardinal parameter values to describe 

the growth inhibiting effect of each environmental factor were included in a new model. Thirdly, this 

model developed from growth in broth was calibrated to growth of C. botulinum in seafood. Finally, 

the seafood calibrated growth and growth boundary model was evaluated, by comparison of 

observed and predicted responses, and to determine if the model could be successfully validated. 

This was performed using new growth responses from the present study as well as literature data 

for non-proteolytic C. botulinum growth and time to toxin (TTT) formation in both aquatic and other 

foods.   
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2. Materials and methods 

2.1 Bacterial isolates 

Four naturally non-toxigenic Clostridium spp. isolates (H4, H20,  H25, and H49) were 

obtained from Professor Hannu Korkeala (University of Helsinki). Three of these strains were isolated 

from fish products, and one from a pork product in Finland (Hannu Korkeala, personal 

communication). 16S rRNA gene sequencing, performed by Laboratory of Microbiology, Ghent 

University, Belgium, showed 99.9% similarity between the four isolates and 99.8 to 99.9% similarity 

with C. botulinum toxin type B and E (ATCC 25765; ATCC 9564) and strain Iwanai type F (ATCC 

23387). Prior to frozen storage each isolate was grown in TPGY (50 g/L tryptone, 5 g/L peptone, 4 g/L 

glucose, 20 g/L yeast extract, 1 g/L sodium thioglycollate) broth (30 °C, 3 d) using an anaerobic 

workstation (Whitley A45, Don Whitley Scientific, West Yorkshire, UK) and a gas mixture with 80% 

N2, 10% CO2, and 10% H2 (ALPHAGAZTM, Air liquid Denmark A/S, Horsens, Denmark). These cultures 

were mixed with fresh TPGY broth and glycerol to a final concentration of 50% glycerol and then 

kept at -20 °C. 

 

2.2 Sporulation and spore purification 

A two-phase medium sporulation method was used (Johnston et al., 2005; Peck et al., 

1992). Firstly, a single colony for each non-toxigenic isolate was grown 3 days in 5 mL TPGY broth at 

30°C inside an anaerobic workstation (See 2.1). Each culture of 5 mL was added to a two-phase 

sterile (121oC, 15 min) medium consisting of 30 mL distilled deoxygenated water over solid 

sporulation medium (15 g cooked meat medium, 0.16 g glucose and 2.26 g agar in 130 mL). Spores 

were harvested from the liquid phase after 7 days at 30°C in anaerobic workstation and then washed 

twice in 100 mL of an ice-cold 1.1% NaCl solution by using centrifugation (5,000 × g, 15 min). After 

the final wash, spores were re-suspended in 35 mL of 1.1% NaCl. The spore suspension was 

sonicated (Vibra Cell, Bioblock Scientific, France) at 50% of maximum power during 4 min in an ice 

water mixture to destroy cell walls of vegetative cells. To remove vegetative cell debris, spores were 
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washed 3 times with 1.1% NaCl followed by centrifugation at 8,000 x g for 10 min. The final spore 

suspension in 1.1% NaCl was stored at -20 °C. A cocktail of spores (Cb-mix) was obtained by mixing 

equal volumes of each of the four spore suspensions prior to inoculation of growth experiments. 

 

2.3 Cardinal parameter values for environmental factors 

The effect of temperature, pH, NaCl/aw and organic acids on the maximum specific 

growth rate (μmax) of Cb-mix was determined in TPGY broth (2.1). For each environmental factor 

μmax-values for a range of levels or concentrations were determined and the conditions that gave 

measurable growth were then used to estimate cardinal parameters values by fitting the μmax-data 

with mathematical terms. For each condition, growth of Cb-mix was determined in five replicates by 

absorbance measurements at 540 nm (Multiskan™ FC Microplate Photometer, Thermo Scientific™, 

Naerum, Denmark). Microtiter plates were packed in anaerobic boxes (Thermo Scientific™ R685025, 

Naerum, Denmark) inside an anaerobic workstation (2.1) and then moved to the examined storage 

temperatures. The storage temperatures were regularly measured through-out experiments by data 

loggers (TinyTagPlus, Gemini Data Loggers, Ltd., Chichester, UK). Absorbance was measured, with a 

microplate reader that was placed inside the anaerobic workstation, at regular intervals during the 

storage time. The microplates were briefly moved into the anaerobic workstation for the absorbance 

measurement and then returned to anaerobic boxes and moved back into incubators. Detection 

times (h) defined as incubation time necessary to observe an increase in absorbance of 0.05 from 

the lowest absorbance measured in the beginning of incubation; were determined for each 

absorbance growth curve. μmax-values (1/h) of Cb-mix were determined from absorbance detection 

times for serially diluted inoculation levels of 101, 102, 102, 104 and 105 spores/mL as previously 

described (Dalgaard and Koutsoumanis, 2001). Prior to inoculation, Cb-mix was heated at 65oC for 20 

minutes (Fernandez et al., 2001) to activate the spores (Eppendorf Thermomixer comfort, Fisher 

Scientific, Leicestershire, UK).  
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2.3.1 Effect of temperature 

The theoretical minimum temperature of growth (Tmin) for Cb-mix was determined in 

TPGY broth (pH 6.0, adjusted with NaOH/HCl) and by determining μmax-values at six different 

temperatures between 8.4 and 30 oC resulting in 41 μmax-values, where experiments with slowest 

growth were repeated to achieve more robust results. The Tmin-value was estimated by fitting  Eq. (1) 

to square root transformed μmax-values of Cb-mix at the different temperatures tested (Mejlholm 

and Dalgaard, 2009).  

 √       √         (  
         

             
)
 

                                                                                                          (1) 

Where T is the temperature (oC) corresponding to the different μmax-values, Tmin is the theoretical 

and fitted minimum temperature (oC) that prevents growth of Cb-mix, Tref is the reference 

temperature (30oC) and µref-T is a fitted parameter that corresponds to μmax at the reference 

temperature and pH 6.0. 

 

2.3.2 Effect of pH 

Cardinal parameter values for the effect of pH on Cb-mix growth were determined 

from µmax-values in TPGY medium at 15oC and for 15 different pH values between 5.21 and 7.85. A 

total of 70 μmax-values were used to estimate cardinal parameters values by fitting Eq. (2) to square 

root transformed μmax-values values of Cb-mix with different pH values (Ross and Dalgaard, 2004) .  

√      =  √          
(         )   (         )

(             )   (             )
                                                                           (2)                                                           

Where pH corresponds to different μmax-values, pHmin and pHmax are, respectively, the fitted 

minimum and maximum pH values that prevents growth of Cb-mix.  pHopt is the fitted pH value that 

allows optimum growth of the bacterium and µref-pH is a fitted parameter that corresponds to μmax at 

15oC. 
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2.3.3 Effect of salt and aw 

Cardinal parameter values for the inhibiting effect of aw on growth of Cb-mix were 

determined for different NaCl concentrations with aw calculated as shown in Eq. (3) (Resnik and 

Chirife, 1988; Ross and Dalgaard, 2004) 

        –                                      
                                                                  (3) 

Where water phase salt (WPS%) is the percentage of NaCl in the TPGY broth. 

Cardinal parameter values for growth inhibition were determined from square root 

transformed µmax-values of Cb-mix in TPGY medium at 15oC with pH 6.0. 10 different NaCl 

concentrations between 0 and 2.75% were studied and 78 μmax-values were determined and fitted 

by using Eq. (4). 

if                                            √         √         

if                                           √         √            (  
           

               
)                                  (4)                        

Where aw is the aw-values corresponding to different µmax-values, aw min is the fitted minimum aw-

value that prevents growth of Cb-mix, aw opt is the fitted aw value above which the growth rate of the 

bacterium is optimal and µref-aw is a fitted parameter that corresponds to μmax at 15oC and pH 6.0. 

 

2.3.4 Effect of acetic, benzoic, lactic and sorbic acids  

Minimum inhibitory concentrations (MICs) for undissociated acetic, benzoic, lactic and 

sorbic acids were determined from µmax-values of Cb-mix in TPGY medium at 15oC. After addition of 

organic acids the pH was adjusted to 6.0 by using NaOH or HCl prior to and if required after 

sterilization of the broth. Different concentrations of sodium acetate (0 – 9.21 mM, n=9) (Macco 

Organiques, Vallyfield, Quebeq, Canada), sodium benzoate (0 – 0.141 mM, n=8) (SFK Food Inc., 

Viborg, Denmark), sodium lactate (0 – 1.80 mM, n=12) (Brenntag Nordic, Ballerup, Denmark) and 

potassium sorbate (0 – 0.888 mM, n=11) (SFK Food Inc., Viborg, Denmark) were used to determine 
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MIC-values based on a total of 273 μmax-values. MIC-values were determined by fitting Eq. (6) to 

μmax-values of Cb-mix for different concentrations of undissociated organic acids (OACU) (Presser et 

al., 1997). Concentrations of undissociated organic acids were calculated using Eq. (5) with pKa 

values of 4.76, 4.20, 3.86 and 4.76 (Budavari, 1989) for acetic, benzoic, lactic and sorbic acids, 

respectively, together with pH and total concentrations (mM) of organic acids in TPGY broth.  

                           (  )    
             (  )

          
                                                                     (5)                                         

√       √          (  (
      

          
)
  
)
  

                                                                                           (6)           

Where OACU are the concentrations (mM) of individual undissociated organic acids, MICU OA  is the 

fitted MIC-value (mM) of individual undissociated organic acids that prevents growth of Cb-mix and 

µref-OA is a fitted parameter that corresponds to μmax at 15oC and pH 6.0. When fitting Eq. (6), n1 was 

set to 0.5 or 1.0 and n2 to 1.0 or 2.0  in four different combinations and the best fit was determined 

by the lowest root mean square error (RMSE) value (Dalgaard and Mejlholm, 2019). 

   

2.3.5 Cardinal parameter values for citric acid 

The MIC for undissociated citric acid (MICU CAC) was determined from µmax-values of 

Cb-mix in TPGY medium at 15oC and with pH 6.0. Different concentrations of citric acid monohydrate 

(0 – 0.0456 mM, n = 9) (Jungbunzlauer AG, Basel, Switzerland) were studied and a total of 61 μmax-

values were determined. Cardinal parameter values (MICU CAC and CACU opt) were estimated by fitting 

Eq. (7) to square root transformed µmax-values of Cb-mix with different citric acid (CACU) 

concentrations. Concentrations of undissociated citric acid was calculated using Eq. (5) with a pKa 

value of 3.13 (Budavari, 1989), together with pH and total concentrations (mM) of citric acid in TPGY 

broth.   

if                                           √         √         
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if                                            √      √           (  (
     –         

         –          
)
  

)

  

              

(7)                                                                             

Where CACU is the concentration of undissociated citric acid (mM) that corresponds to the different 

µmax-values, MICU CAC is the fitted minimum concentration of undissociated citric acid (mM) that 

prevents growth of Cb-mix. CACU opt is the fitted concentration of undissociated citric acid (mM) 

below which growth rates of the bacterium are optimal and µref-CAC is a fitted parameter that 

corresponds to μmax at 15oC and pH 6.0. Eq. (7) was fitted with different n1 and n2 values as 

explained above (2.3.4). 

 

2.4 Development of a new secondary growth and growth boundary model  

Terms modelling the antimicrobial effect of temperature, pH, aw, acetic, benzoic, citric, 

lactic and sorbic acids were combined into a new cardinal parameter growth and growth boundary 

model for Cb-mix as described by Eq. (8) below. Each term was formulated to obtain a value 

between 0 and 1. In this way µmax–values were reduced at suboptimal conditions.  

                (  
         

             
)
 

 
(         )   (         )

(             )   (             )
    [( )    (  

           

               
)]   

  (  
     

         
)  (  

     

         
)  (  

     

         
)    (  

     

         
)  [( )    (  

               

                   
)]                                                                                                                                  

(8)                                                        

 Where μref-T is the fitted reference maximum specific growth rate (1/h) determined in broth with pH 

6.0 at 30oC (2.3.1). Cardinal parameter values for the temperature, pH and aw terms were explained 

above for the equations (1), (2) and (4), respectively. For aw ≥ aw opt. and for CACU < CACopt the aw- and 

the citric acid-terms, respectively, had values of 1. AACU, BACU, LACU, SACU and CACU are the 

concentrations (mM) of undissociated acetic, benzoic, lactic, sorbic and citric acids, respectively and 

MICU AAC, MICU BAC, MICU LAC, MICU SAC and MICU CAC are the fitted MIC-values (mM) of undissociated 
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acetic, benzoic, lactic, sorbic and citric acids, respectively. ξ described the effect of interaction 

between the environmental factors and its effect was modelled as previously reported using the Le 

Marc approach (Le Marc et al., 2002; Mejlholm and Dalgaard, 2009). The value of ξ was between 0 

and 1 and calculated according to Eq. (9) and Eq. (11). The interaction term (ξ) is divided in three 

parts depending on the parameter ψ (psi) and describes the effect of interaction between 

environmental factors on µmax; (i) if ψ is less than 0.5, then there is no effect of the interaction 

between the environmental factors (ξ=1); (ii) if ψ is greater than 1, then the effect of the interaction 

between the environmental factors prevent growth (ξ=0); and (iii) if ψ is between 0.5 and 1.0, then 

µmax is reduced depending on the value of ψ (Eq. (9)). The ψ-value provides a measure of how far a 

specific set of environmental factors is from the growth boundary (Mejlholm and Dalgaard, 2009) 

and a ψ-value higher than 1 indicated no growth . 

  ( (T, pH, aw, AAC, BAC, LAC, SAC, CAC) 

  {

                           

 (   )               
                      

                                                                                                                      (9)                                                                                                                                                                    

Where ξ(ϕ(T, pH, aw, AAC, BAC, LAC, SAC, CAC) is the term describing the effects of interactions 

between environmental factors on µmax. For temperature, pH and aw the contribution of each of 

these terms in eq. (8) to the interaction term (ξ, Eq. (9)) was calculated by using eq. (10) and eq. (11).  

                     =(  √                  )
 

                                                                          (10)                                                                                                                   

For organic acids the contribution of each of these terms in eq. (8) to the interaction term (ϕOrganic 

acids ) was calculated using [1-((AAC term)·(BAC term)·(LAC term)·(SAC term)·(CAC term)]2 as 

previously suggested by Coroller et al. (2005). 

   ∑
   

 ∏ (     )   
                                                                                                                                          (11)  

Where ei represents the environmental factors and ϕe the contribution of each environmental term 

to the effect of interaction between the factors.  
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2.5 Challenge studies to generate data for calibration and evaluation of the new model  

A series of challenge tests with cod (Gadus morhua), Greenland halibut (Reinhardtius 

hippoglossoides), lumpfish (Cyclopterus lumpus) roe, Atlantic salmon (Salmo salar) and cold-water 

shrimps (Pandalus borealis) were performed to generate data for model calibration and evaluation 

(2.7 and 2.8). Cod and Greenland halibut fillets, shrimps and lumpfish roe were obtained from Royal 

Greenland A/S. The roe, was produced specifically for the present study with 1.0% WPS, 500 ppm 

lactic acid and 100 ppm sorbic acid in the water phase and packed in glass jars containing  50 g. Glass 

jars were then pasteurized and thereafter chilled. At DTU Food the pasteurized roe was kept at 0oC 

until used in challenge tests. Cooked and peeled cold-water shrimps were produced with 0.5 % WPS. 

The products were shipped frozen and kept at -20oC until used in challenge tests. Salmon, from 

aquaculture in Norway, was obtained fresh from a local retail shop and kept at -20oC until the 

beginning of the experiments.  

Using these seafood products a total of 50 growth curves, each with replicated 

determination of microbiological concentrations, were produced. Ten of these growth curves were 

used for product calibration (Table 1) of the developed secondary growth rate model (Eq. (8)) (2.8) 

and 40 different growth curves were used for product validation (Table 2) of the calibrated model 

(2.9). For each of the seafood products studied by challenge testing the product characteristics, 

including dry matter, pH, NaCl and organic acids, were determined in duplicate as described in 

section 2.5.3 (Tables 1 and 2). 

 

2.5.1 Inoculation and packaging of products 

For skinless cod, Greenland halibut and salmon fillets as well as for cooked and peeled 

shrimp, the products were defrosted inside plastic bags in cold water during 20-30 minutes. The 

products were then cooked inside the same laminar film bags in a water bath at 90oC for 20 minutes 

to inactivate vegetative cells present in the products. The defrosting and cooking steps were not 

included for experiments with lumpfish roe, as the product was kept at 0°C and previously 
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pasteurized. The cooked or pasteurized products were distributed in portions of 10.00 ± 0.05 g into 

smaller bags (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. Growth in cooked cod, Greenland halibut, salmon and 

shrimps with natural pH and lactic acid content was used for model calibration (See 2.8 and Tables 

1). NaCl and/or different organic acids were added as solutions prepared from pure compounds 

(2.3.4 and 2.3.5) to create a range of environmental conditions relevant for evaluation of the 

performance of the new model (See 2.9 and Tables 2). . Furthermore, each individual portion was 

inoculated with 20 µL of an appropriate dilution of non-heat activated Cb-mix to achieve an initial 

concentration of approximately 3.5 Log (CFU/g). Following addition of NaCl and/or organic acids and 

inoculation, the bags were massaged externally to achieve an even distribution of the additives and 

the inoculum. Then they were vacuum packed using a Multivac A 300/16 packaging machine 

(Multivac Ltd., Vejle, Denmark). Afterwards they were placed in a water bath for 20 minutes at 65oC 

to heat activate the spores followed by chilling in ice-cold water for 10 seconds. Inoculated products 

in individual bags were placed in anaerobic boxes inside an anaerobic workstation (2.3) to ensure 

anaerobic conditions. Anaerobic boxes were finally stored inside incubators during from 3.8 days to 

69 days for different experiments and  temperature was regularly recorded by data loggers 

(TinyTagPlus).  

 

2.5.2 Microbiological analyses 

At regular intervals during storage, two packages from each of the different treatments 

were analyzed. 40 mL of sterile physiological saline (0.85%, w/v NaCl) with 0.1% Bacto Peptone (PS) 

were added to each of the packages with 10 g of seafood and the mixture was homogenized 

manually by externally massaging the bags for 15 seconds. Further appropriate 10-fold dilutions of 

the homogenates were made in PS kept at room temperature. Concentrations of C. botulinum were 

determined by spread plating on tryptone soy agar (TSA) pates with sheep blood (Oxoid, Thermo 
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Fischer Scientific, Wesel, Germany) and incubation (30oC, 48 hours) inside an anaerobic workstation 

(2.1). 

 

2.5.3 Product characteristics 

Product characteristics were determined by analysis of two packages for each individual 

challenge test at the start of each experiment (Table 1 and 2). Concentrations of dry matter and pH 

were measured as previously described . Salt was determined by automated potentiometric titration 

(785 DMP Titrino, Metrohm, Hesisau, Switzerland) and aw was calculated from the concentration of 

NaCl in the water phase (%WPS) (Eq. (3)). The concentration of organic acids were determined by 

HPLC using external standards for identification and quantification of acetic, benzoic, citric, lactic 

and sorbic acids as previously described (Dalgaard and Jørgensen, 2000).  

 

2.6 Primary growth model and determination of kinetic parameters 

Growth curves with average Log (CFU/g) values from the two replicates were fitted 

using the primary logistic model with delay (Eq. (12); Rosso et al., 1996). 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. 

                       (  )      (  )                                                                             

                        (  )     (
    

  ((
    
  

)  )    (      (       ))

)                                                   

(12)                                   

Where t is the storage time (h) and Nt is the cell concentration (CFU/g) at time t.  
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2.7 Determination of relative lag time (RLT) and maximum population density (Nmax) 

For each growth curve the relative lag time (RLT) was calculated from the fitted values 

of the lag time (tlag, h) and maximum specific growth rate (μmax, 1/h) according to Eq. (13). It was 

evaluated if RLT-values were constant or dependent on temperature (RLT = a1 + a2/T2) as previously 

described (Hereu et al., 2014). 

    
            

  ( )
                                                                                                                                                    

(13)          

It was evaluated if Log(Nmax)-values from growth curves determined in the present 

study  (Tables 1 and 2) and from literature (Table 3) were constant (b1) or depending on the storage 

temperature according to Eq. (14).  

   (    )      
  

  
                                                                                                                                              

(14) 

Where b1 and b2 are constants and T is the storage temperature (oC) that corresponded to each 

Log(Nmax)-value.  

 

2.8 Product calibration of the new secondary C. botulinum growth rate model 

The new C. botulinum growth and growth boundary model (Eq. (8)) with a µref-T–value 

determined from growth studies in TPGY broth was calibrated to estimate a µref-C–value for growth 

rates determined in seafood. Thus a potential matrix effect resulting in different growth rates 

between TPGY broth and seafood was corrected for by the product calibration. The calibration was 

performed by comparing 10 observed and predicted µmax-values for Cb-mix growing in cod, 

Greenland halibut, salmon and shrimps (Table 1). Bias (Bf) and accuracy (Af) factor values were 

calculated from these observed and predicted µmax-values  (Ross, 1996; Mejlholm et al., 2010) and 

calibration of the model was performed by dividing the µref-T value estimated from growth in broth 

with the Bf-value to obtain a µref-C value corresponding to growth in seafood (Eq. (15)). 
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                                                                                                                                                   (15)                                                                                                                                 

Where µref-C is the calibrated reference growth rate for seafood.  

 

2.9 Product evaluation of the calibrated C. botulinum growth rate model 

The performance of the new growth rate model (Eq. (8)) with calibrated µref-C-value 

(eq. (15)) was evaluated by comparison of observed and predicted µmax-values for Cb-mix growing in, 

cod, Greenland halibut, lumpfish roe, salmon and shrimp (Table 2). These 40 growth curves were 

different from those used for calibration of the model and the products included a range of 

environmental conditions. To compare observed and predicted µmax-values, Bf- and Af-values were 

calculated and compared with limits previously used to evaluate growth rate models for pathogenic 

bacteria: 0.95 < Bf <1.11 indicate a good model performance, with Bf 1.11-1.43 or 0.87-0.95 

corresponding to acceptable model performance and Bf <0.87 or >1.43 considered as unacceptable 

model performance (Mejlholm et al., 2010). In addition, Af > 1.5 indicate poor model precision or a 

systematic deviation between observed and predicted μmax-values (Mejlholm and Dalgaard, 2013). 

Predicted and observed growth and no-growth responses were evaluated by calculating the 

percentage of all samples that were correctly predicted by Eq. (8) including the calibrated µref-c -value 

(Eq. (15)).  Incorrect predictions were considered as fail-safe (growth predicted when no-growth was 

observed) or fail-dangerous (no growth predicted when growth was observed). The ψ-value (Eq. 

(11)) was used to express how far the fail-safe and fail-dangerous predictions were from the growth 

boundary (ψ =1). 

Furthermore, Bf- and Af-values were calculated on the basis of μmax-values for 27 

different toxin-producing isolates of non-proteolytic C. botulinum obtained from the scientific 

literature (Table 3). 94 µmax–values and corresponding environmental conditions were collected from 

nine different sources and representing 12 different types of seafood, poultry and vegetable 

products (Table 3). µmax–values from these studies were obtained from Tables and graphs as 

previously described (Mejlholm et al., 2010).  
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2.10 Comparison of new growth model with available growth models 

Prediction of growth rates (µmax-values) and of growth or no-growth responses from 

the new and product calibrated model (2.8) were compared with corresponding responses from the 

model of Graham et al. (1996) as included in ComBase (www.combase.cc). 135 µmax-values and 144 

growth and no-growth responses in total from challenge tests in the present study (Tables 1 and 2) 

or from literature (Table 3) were used to calculate Bf- and Af-values as well as percentages of correct, 

fail-safe and fail-dangerous predictions as described above (Table 4).  

Furthermore, predictions of growth and no-growth responses by the new model were 

compared with predictions from the DMRI model (Gunvig et al., 2013) as available online (DMRI 

Predict, 2013). Exclusively 9 out of the 144 collected growth responses (Tables 1, 2 and 3) were 

within the range of applicability for the DMRI model and these data were used for the model 

comparison. Most other data had storage temperatures above 10oC or WPS higher than 2.4%, which 

could not be compared with predictions from the DMRI model.  

 

2.11 Comparison of new growth model with available time to toxin models   

Available data for growth responses of non-proteolytic C. botulinum in food are limited. 

Therefore, performance of the new growth and growth boundary models was evaluated by 

comparison of predicted growth responses and available data for time to toxin (TTT) formation in 

food. 432 responses of TTT detection for a total of 36 different non-proteolytic C. botulinum isolates 

in products of seafood, poultry, meat, pasta and prepared meals were collected from the scientific 

literature together with the corresponding initial concentration of spores, first day positive for toxin 

formation, storage conditions and product characteristics (Table 5). These data were used to 

compare predictions from the new growth model (2.4) with predictions from four available TTT 

models and one time to turbidity model for non-proteolytic C. botulinum as explained below (Table 

6).  
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Predictions of TTT by the new growth model were obtained by predicting the time 

required for an N-fold (CFU/g) increase in the cell concentration of non-proteolytic C. botulinum (Eq. 

(16)). This equation was derived from the Logistic model with delay (Eq. (12)). The N-fold cell 

increase (ΔNTTT) corresponding to toxin-formation was determined from 15 kinetics with seafood 

and vegetables where both growth (Log (CFU/g)) and toxin-formation were determined over time. 

An average log-increase for seafood and vegetables were determined (Ajmal, 1968; Carlin and Peck, 

1996; Garren et al., 1994; Hyytia et al., 1999).  ΔNTTT was calculated as described in Eq. (17).    

 

              ( )                           
      ( )

     ( )   
 
  (

    
  

   )   (
    

        
   )

     ( )    
      

(16)                                                                                                                       

Where predicted TTT is the time in days required for growth from N0 (CFU/g) to N0 + ΔNTTT (CFU/g) 

with µmax, RLT and Nmax determined in the present study by Eqs. (8), (13) and (14), respectively. 

 

        
∑(   (    )      (  ))

                                                                                                                                           

(17) 

Where NTTT  (CFU/g) is the concentration of non-proteolytic C. botulinum that produced toxin in each 

of the  15 different experiments. 

For each of the 432 experiments with corresponding storage conditions and product 

characteristics (Table 5), TTT was predicted by the models of Baker et al. (1990b); Baker and 

Genigeorgis (1990); Meng and Genigeorgis (1993) and Skinner and Larkin (1998). This was done by 

using Microsoft Excel 2016 (Microsoft Corp., Redmond, WA, USA). Some data used to develop 

specific models were part of the 432 experiments (Table 5) and these data were not included when 

evaluating the performance of the Baker et al. (1990b) model (n = 29) and the Meng and Genigeorgis 

(1993) model (n = 269). Predictions from the model of Baker and Genigeorgis (1990) were obtained 

without including the effect of total aerobic counts (TAC), as this information was not available for 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

19 
 

the TTT data extracted from literature (Table 5). Furthermore, predictions from the time-to-turbidity 

model of Fernandez et al. (2001) were compared with the 432 responses of TTT.  

To compare observed and predicted TTT, Bf-TTT- and Af-TTT-values were calculated as 

shown in Eqs. (18) and (19). For the observed values, the first day a sample was reported positive for 

toxin was used.   

Bf-TTT = 10 
      (                            )

 
                                                                                    (18) 

Af-TTT = 10 
       (                            ) 

 
                                                                                   (19) 

Where n is the number of TTT responses that contributed to the calculation of Bf-TTT- and Af-TTT-

values. 

 

 

2.12 Data analysis and curve fitting 

Cardinal parameter values and their standard errors as well as Eqs. (12), (13) and (14) 

were fitted using GraphPad PRISM (GraphPad Software, San Diego, CA, USA). Other calculations, 

model simulations and statistical analysis (F-test) were performed with Microsoft Excel 2016 

(Microsoft Corp., Redmond, WA, USA). 

 

3. Results 

3.1 New secondary growth and growth boundary model 

Model terms for the effect of temperature (Eq. (1)), pH (Eq. (2)), NaCl/aw (Eq.(4)) and 

organic acids (Eqs. (6) and (7)) appropriately described the different inhibiting effects on µmax-values 

of Cb-mix in broth (Fig. 1 and 2). Cardinal parameter values were estimated with good precision as 

seen from fitted values and their standard errors (Table 7).  pHmax of 9.97±0.46 was less accurate due 

to few data at pH values above pHopt. However, Eq. (2) fitted the data in Fig. 1B better that simpler 

pH-terms studied and provided accurate prediction at pH-values below about 8. 
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3.2 Relative lag time and maximum population density 

Storage temperature had no clear effect on RLT-values with fitted value ±SE being 

15.7±1.8 (n = 75).  Log(Nmax) decreased significantly (p < 0.05) at low storage temperatures with b1 

and b2 in Eq. (14) being, respectively, 7.20±0.10 and 22.2±3.6. 

 

3.3 Product calibration of the new secondary growth and growth boundary model  

Eq. (8) with a µref-T-value of 0.795±0.018 1/h resulted Bf- and Af-values of, respectively 

0.70 and 1.46 when predictions were compared with observed μmax-values for Cb-mix in 10 

challenges tests with cooked and vacuum packed (VP) cod, Greenland halibut, salmon and shrimp 

(Table 1). Using the Bf-value of 0.70 and Eq. (13) for product calibration of the new secondary 

growth rate model resulted in a µref-C-value of 1.13 1/h (Table 7).   

 

3.4 Evaluation of the product calibrated growth and growth boundary model 

Bf- and Af-values of, respectively 1.12 and 1.40 were obtained by comparison of 

predictions from the product calibrated model (µref-C = 1.13 1/h) with μmax-values in 40 challenge 

tests (Table 2; Table 4). These challenge tests with VP cooked or pasteurized cod, Greenland halibut, 

lumpfish roe, salmon and shrimp included variation in temperature  (9.9 - 15°C), pH (5.8 – 7.1), 

%WPS (0.05 - 2.88), water phase concentrations of organic acids with LAC (<limit of quantification 

(LOQ) – 26,849 ppm), AAC (<LOQ - 17,531 ppm), CAC (<LOQ – 8,897 ppm), SAC (<LOQ – 8,769 ppm), 

BAC (<LOQ – 9,016 ppm) (Table 2). Observed μmax-values varied markedly (0.000 1/h to 0.277 1/h) as 

expected due to the studied range of environmental factors (Table 2). The new growth and growth 

boundary model (Eq. (8)) correctly predicted 90% of the growth or no-growth responses with 10% 

being fail-safe. For the four fail-safe predictions ψ-values were in the range of 0.23 – 0.55 and 

therefore not close to the growth boundary. These results indicated an acceptable performance of 
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the new model when compared with growth and no-growth responses of Cb-mix in different well 

characterized seafoods including a broad range of storage conditions and product characteristics.  

The challenge tests data collected from literature for seafood, poultry and vegetables 

showed variation in storage atmosphere (Aerobic, VP), temperature (4 to 30°C), pH (6.0 – 7.2), 

%WPS (0.5 – 4.2) and water phase concentration of lactic acid (1,800 – 24,107 ppm) (Table 3). The 

94 growth responses for 27 different isolates of toxin producing and non-proteolytic C. botulinum 

Type E or B isolates had μmax-values that varied from 0.000 1/h to 0.390 1/h (Table 3). Bf- and Af-

values of, respectively 0.97 and 2.04 were obtained (Table 4; Fig. 3). 94.7% of these growth and no-

growth responses were correctly predicted with 4.3% being fail-safe (ψ-values of 0.02 – 0.73) and 

with 1.0% fail-dangerous predictions (ψ-value of >> 1) (Table 4).  

 

3.5 Comparison of new model with available C. botulinum growth models 

Predicted μmax-values by the model of Graham et al. (1996) resulted in a Bf- value of 

2.72 for the non-preserved fish products used for calibration of the new model (Table 1). For the 40 

µmax-values from seafood including a broad range of product characteristics (Table 2), Bf- and Af- 

values were 3.32 and 3.32, respectively, with 90% correct predictions and 10% fail-safe. For μmax-

values collected from the scientific literature (Table 3) prediction from the model of Graham et al. 

(1996) resulted in Bf-/Af-values of 3.06/3.20 with 94.7% and 5.3% correct and fail-safe predictions, 

respectively (Table 4).  

With growth responses from Table 3 the growth/no-growth model of Gunvig et al. 

(2013) resulted in 67% correct and 33% fail-dangerous predictions, whereas the new model from the 

present study resulted in 100% correct growth/no-growth responses for the same growth responses 

with eight for poultry and one for seafood (Table 4).  

 

3.6 Comparison of new growth model with available TTT models  
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With maximum population density from the fitted Log(Nmax)-value (CFU/g, Eq. (14)), 

the estimated RLT-value (see 3.2) and a ΔNTTT–value of 158 CFU/g corresponding to Log(ΔNTTT) = 

2.2±1.3(Eq. (17)), Eq. (16) predicted TTT for non-proteolytic C. botulinum. Bf-TTT and Af-TTT -values of 

0.96 and 1.80, respectively, were obtained when comparing predictions with observed TTT data for 

36 different non-proteolytic C. botulinum isolates in several types of food (Table 5; Table 6). 

Specifically, Bf-TTT/Af-TTT -values for seafood were 1.04/1.85 (n = 84) and 0.80/1.67 (n = 289) for 

poultry products. Bf-TTT and Af-TTT –values for the four available TTT models and the evaluated time to 

turbidity model varied from 0.20-1.40 and 1.66-5.47, respectively (Table 6).  

 

4. Discussion 

Available information including guidelines and predictive food microbiology models 

have been used to support the formulation or re-formulation of products, with specific NaCl and pH 

combinations, and to determine storage conditions, including time-temperature combinations, that 

prevented growth and toxin formation by non-proteolytic C. botulinum (FDA, 2019; FSA/FSS, 2017;  

Graham et al., 1996; Meng and Genigeorgis, 1993; Skinner and Larkin, 1998). This application of 

information seems successful as outbreaks and incidents of botulism due to non-proteolytic C. 

botulinum have been at a low level, particularly for industrial scale food production (Delbos et al., 

2005; Horowitz and Horowitz, 2015; Marler Clark, 2019; Peck et al. 2020; Who, 2018). However, 

sodium reduction in chilled and lightly preserved foods represent a challenge as non-proteolytic C. 

botulinum may grow and form toxin in chilled products with less than 3.5% WPS unless other 

product properties are determined to prevent their growth (FDA, 2019; FSA/FSS, 2017). The new 

model developed in the present study (Eq. (8))  can be used to determine product characteristics, 

including recipes with reduced salt concentrations that prevent growth and toxin formation by non-

proteolytic C. botulinum (Table 4). Based on the performed model evaluation, the range of 

applicability for the new model included seafood and poultry products with temperature (< 30oC), 

pH (< 8.0), WPS (< 4.19%), acetic acid (< 17,531 ppm in water phase), benzoic acid (< 9,016 ppm in 
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water phase), citric acid (< 8,897 ppm in water phase), lactic acid (< 38,600 ppm in water phase) and 

sorbic acid (< 8,769 ppm in water phase). For evaluatiοn of the developed new model (2.9) with 

meat products, we found few data for growth and TTT (Table 5).  However, Bf-TTT for meat products 

was 3.14 (n = 18) (Results not shown) and more data are needed for evaluation of this model with 

meat as well as prepared meals and vegetable products.   

The new model was developed from growth kinetics of four non-toxigenic Clostridium 

isolates. Importantly, this new model provided predictions with no systematic bias when compared 

to µmax–values for 27 toxin producing non-proteolytic C. botulinum isolates growing in seafood, 

poultry and vegetable products (Bf = 0.97; Table 4). The new model also predicted time for a 2.2 Log-

increase in cell concentrations that corresponded with TTT formation by 36 toxin producing non-

proteolytic C. botulinum isolates growing in different foods (Bf = 0.96;  Table 6). These data suggest 

that the studied non-toxigenic Clostridium isolates were suitable surrogates for toxin producing non-

proteolytic C. botulinum isolates. In less extensive studies, Parker et al. (2015) also showed that 

growth responses of selected non-toxigenic Clostridium spp. strains can be similar to toxin producing 

non-proteolytic C. botulinum isolates. These results may not be surprising as a recent pan-genomic 

analysis found 33 non-proteolytic C. botulinum group II isolates without neurotoxin gene closely 

related 175 isolates with a single type B, E of F neurotoxin gene (Brunt et al. 2020).  

Growth in well characterized seafood was predicted by the new model with acceptable 

bias and accuracy (2.9; Table 2; Table 4). The high Af –values of, respectively, 2.04 and 1.80 observed 

when comparing predictions with growth rates or TTT data from the scientific literature therefore 

may, at least partly, be due to variability between strains of non-proteolytic C. botulinum and 

insufficient information about the more precise product characteristics of the studied foods (Table 3; 

Table 5). In fact, several previous studies that evaluated growth models for other microorganisms 

observed similar high Af –values when predictions were compared to data from the scientific 

literature (Augustin et al., 2005; Mejlholm et al., 2010). When time for 2.2 Log-increase in cell 

concentrations was predicted with the new model (2.10) this included the multi-stage process of 
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spore germination, outgrowth and lag time where variability is expected as these responses are 

influenced by the state and treatment of spores as well as by product characteristic and storage 

conditions (Moir et al., 2002; Peck and Stringer, 2005; Setlow, 2003). Despite this variability, as 

reflected by a fitted RLT-value of 15.7±1.8 (SE), the simple RLT-approach for lag time modelling (Eq. 

(13)) was selected. The reason being that the new model primarily will be used to predict conditions 

that prevent growth and this depend on ψ-values above 1.0 rather than lag time predictions (Eq. (8) 

– Eq. (11)). We found few data on the extent of growth for non-proteolytic C. botulinum 

corresponding to toxin formation (ΔNTTT, Eq. (17); Ajmal, 1968; Carlin and Peck, 1996; Garren et al., 

1994; Hyytia et al., 1999) and more information on this aspect is likely to improve the predicted TTT 

formation by the new model. 

The new model was developed as a cardinal parameter model including the effect of 

interaction between the environmental factors. This is important to predict combinations of 

environmental factors that prevent growth as previously shown for L. monocytogenes (Dalgaard and 

Mejlholm, 2019; Le Marc et al., 2002). The ability to predict conditions that prevent growth of non-

proteolytic C. botulinum makes the new model suitable to support product development/re-

formulation and documentation of safety for particularly lightly preserved products. Guidelines 

suggest more than 3.5% WPS in lightly preserved products at below 8-10 °C (FSA/FSS. 2017). As an 

example, marinated salmon (gravad lax) at 8 °C and with typical product characteristics (3.5% WPS, 

pH 6.25 and 7,000 ppm of naturally occurring lactic acid in the water phase) corresponds to a 

prediction of no growth by the new model and with a ψ-value of 1.2. Thus, to have at least the same 

safety margin, or distance to the growth boundary, as guidelines suggesting 3.5% WPS in products, 

the predicted combinations of environmental factors to prevent growth of non-proteolytic C. 

botulinum must have a ψ-value above 1.2. Recommendations to manage growth and toxin 

formation by C. botulinum in for example refrigerated processed foods of extended durability 

(REPFEDs) take into account shelf-life of products (FSA/FSS, 2017; Peck and Stringer, 2005). Similarly, 

required ψ-values depending on shelf-life has been suggested to manage L. monocytogenes growth 
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in chilled ready-to-eat foods, where Dalgaard and Mejlholm (2019) proposed ψ-values > 2 for 

products with chilled shelf-life above 5 weeks and ψ-values of at least 1 to 2 for chilled shelf-life of 3-

5 weeks. Similar ψ-values seems applicable to manage growth and toxin formation by non-

proteolytic C. botulinum. However, as mentioned above a ψ-value above 1.2 is needed, for chilled 

products with extended shelf-life, to have the same safety margin as for products with 3.5% WPS. 

The examples below illustrated application of the new model for sodium reduced products.    

For sodium reduced gravad lax with 2.0-2.5 % WPS the predicted ψ-value at 5°C is 0.53-

0.57 and toxin formation is predicted after 87-112 days, when including lag time and after 28-55 

days without lag time. Due to variability and uncertainty as reflected by Af-values (Table4, Table 6)  

this product is insufficiently preserved for distribution with extended shelf-life. The new model 

predicts that a modified sodium reduced gravad lax product with 2.5% WPS will prevent growth and 

toxin formation of non-proteolytic C. botulinum (ψ-value of 1.4) when pH is reduced to 6.0 by adding 

acetic acid to a final concentration of 4,000 ppm in the water phase of the product. For cooked and 

brined shrimps sensory properties were improved by reducing WPS form 3.5% to 1.5% – 1.8% 

(Mejlholm et al., 2018). Sodium reduced brined shrimps are therefore interesting from both health 

and culinary perspectives.  With 3.5% WPS, the predicted ψ-value at 7°C is > 10 for cooked and 

brined shrimps. When reducing WPS to 1.5% WPS the ψ-value remains high  (ψ=6.8) and growth is 

efficiently prevented for non-proteolytic C. botulinum when other product characteristics include pH 

5.9 and organic acid concentration in the water phase of 2,500 for acetic acid, 1,100 ppm for benzoic 

acid, 3,000 ppm for citric acid, 500 ppm for lactic acid (naturally occurring) and 550 ppm for sorbic 

acid. The organic acids in this ready-to-eat product are needed, however, to manage growth of L. 

monocytogenes (Mejlhom and Dalgaard, 2009). These examples illustrated how the new model can 

be applied to support product development/re-formulation and documentation of control for 

growth and toxin formation by non-proteolytic C. botulinum. Importantly, the new model can rapidly 

provide information that would be time consuming and costly to obtain by challenge testing. This 

does not imply that the new model can entirely substitute challenge testing, but that the number of 
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challenge tests performed for product development/re-formulation can be considerably reduced. 

Application of the new model is not limited to sodium reduced foods and as the model is extensive 

and includes the inhibiting effect of eight environmental factors it is a flexible tool that can be used 

together with for example extensive models for L. monocytogenes to support innovation of new 

products (Dalgaard and Mejlholm, 2019; Mejlholm et al., 2018).    

The new extensive cardinal parameter growth and growth boundary model performed 

better than available growth and growth boundary models (Table 4). Previous evaluations suggested 

that models including the effect of few environmental factors were more likely to overestimate 

growth rates in a wide range of food than more extensive models (Mejlholm et al., 2010). However, 

the model of Graham et al. (1996) markedly overestimated growth rates in fish without added food 

preservatives (Table 1; Table 4) and we did not manage to identify reasons for the high Bf–values of 

2.7 to 3.3 for that model (Table 4). Furthermore, the model of Whiting and Oriente (1997) was 

evaluated with TTT data (Table 5) and it resulted in unacceptable performance (Bf-TTT and Af-TTT > 3.5, 

results not shown). Performance of the TTT models by Meng and Genigeorgis (1993) and by Baker et 

al. (1990b) were similar to the performance of the new model and they all had Bf-TTT-values of 0.89 to 

1.40 (Table 6). Compared to these available models one positive aspect of the new model is that it is 

much more extensive and therefore allows the combined effect of more environmental factors, 

including several organic acids, to be taken into account when conditions that prevent growth and 

toxin formation of non-proteolytic C. botulinum are predicted as shown by the examples above. 

Another strong point is that the new model is a cardinal parameter growth and growth boundary 

models that can be extended with terms for the effect of new environmental factors (Ross and 

Dalgaard, 2004). In future studies it seems interesting to extend the new model (Eq. (8)) with terms 

for smoke components/phenol, modified atmosphere/CO2, nitrite and nisin to expand the 

applicability of the model for smoked and modified atmosphere packed food, cured meat and 

processed cheese. 
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Figure captions 

Fig. 1. Effects of temperature (A), pH (B), water activity (C) and undissociated citric acid 

(D) on square-root transformed maximum specific growth rates (µmax) of C. botulinum in TPGY broth. 

Cardinal parameter values for temperature, pH, aw and citric acid were determined by fitting eq. (1), 

(2), (4) and (7), respectively, to the observed data (○). Solid lines represent the fitted model terms 

and dashed lines the 95% confidence intervals. 

 

Fig. 2. Effects of undissociated acetic (A), benzoic (B), lactic (C) and sorbic (D) acids on 

square-root transformed maximum specific growth rates (µmax) of C. botulinum in TPGY broth at 

15oC. Minimum inhibitory concentrations (MICs) were determined by fitting eq. (6) to the observed 

data (○). Solid and dashed lines represent the fitted model and confidence intervals (95%), 

respectively. 

 

Fig. 3. Comparison of square root transformed observed and predicted growth rates 

(μmax, 1/h) of C. botulinum in seafood (●, n = 26), poultry (□, n = 56) and vegetables (○, n = 12). 

Observed growth rates were extracted from the scientific literature (Table 3). µmax-values were 

predicted by using the product calibrated Eq. (8) with a µref-C–value of 1.13.  
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     Table 1. Product characteristics, storage temperature and growth rate of non-proteolytic C. botulinum in challenge tests used for model 

calibration. 

Code n 
a
 Product 

Storage  

temp. (°C) 

NaCl in water  

phase (%) 
pH 

Lactic acid in water  

phase of products (ppm) 

µmax (1/h),  

observed 
SE 

b
 

C1-C6 6 Cooked cod 13.0-15.0 0.05-0.69 6.6-7.1 1,391-2,946 0.128-0.275 0.003-0.027 

C7-C8 2 
Cooked Greenland 

halibut 
14.5-14.9 0.31 7.1 806 0.236-0.285 0.017-0.0693 

C9 1 Cooked salmon 14.9 0.14 6.3 5,005 0.267 0.018 

C10 1 Cooked and peeled shrimp 14.8 0.55 7.1 399 0.177 0.010 

       a 
Number of experiments with repeated determination of cell concentrations.  

       b 
The standard error (SE) range for the different growth rate.  

 

 
 
 
 
 
 
      Table 2. Product characteristics, storage temperature and growth rate of C. botulinum in challenge tests used for model evaluation. 
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Code n 
a
 Product 

Storage temp. 

(°C) 

NaCl in 

water 

phase (%) 

pH 

Organic acid concentration in the water phase of the products (ppm) 
µmax (1/h), 

observed 
Lactic acid Acetic acid Citric acid Sorbic acid Benzoic acid 

E1-E6 6 Lumpfish roe 
b 

14.6-14.8 0.97-0.98 6.6-6.7 ND 
c
 ND 

c
 ND 

c
 ND 

c
 101 0.129-0.195 

E7 1 Lumpfish roe 
b 

14.7 0.99 6.8 11,816 ND 
c
 ND 

c
 ND 

c
 101 0.156 

E8-E10 3 Lumpfish roe 
b 

14.7 0.97-0.98 6.2-6.7 ND 
c
 ND 

c
 ND 

c
 ND 

c
 612-709 0.131-0.236 

E11-E12 2 Lump fish roe 
b 

14.7 0.96-0.99 6.1-6.7 ND 
c
 ND 

c
 ND 

c
 1,210-1,268 94-98 0.100-0.106 

E13-E14 2 Lump fish roe 
b 

14.6-14.8 0.97-0.98 6.6 ND 
c
 4,563-4,687 ND 

c
 ND 

c
 81-92 0.123-0.184 

E15-E17 3 Lump fish roe 
b 

14.7 0.95-1.00 5.8-6.2 ND 
c
 504 ND 

c
 ND 

c
 100 0.104-0.222 

E18-E26 9 Cooked cod 9.9-15.0 0.18-2.88 6.5-6.9 1,413-1,798 ND 
c
 ND 

c
 ND 

c
 ND 

c
 0.057-0.277 

E27-E33 7 Cooked cod 14.7-15.0 0.16-2.35 6.5-7.2 1,896-26,849 ND 
c
 -7,273 ND 

c
 -3,791 ND 

c
 -9,231 ND 

c
 -5,729 0.044-0.182 

E34-E37 4 Cooked cod 14.7 1.19-2.88 6.5-7.1 1,676-13,066 ND 
c
 -17,531 1581-8,897 391-8,769 364-9,016 NG 

d
 

E38-E40 3 

Cooked 

halibut/salmon/ 

shrimp 
f
 

14.8-14.9 1.22-2.53 6.4-8.0 399-5,005 ND 
c
 ND 

c
 ND 

c
 ND 

c
 0.202-0.222 

          a 
Number of experiments with repeated determination of cell concentrations 

         b 
Lumpfish roe was pasteurized 

        c
 Not detected 

       d
 No growth was observed 
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        f
 Cooked and peeled shrimps 

 
Table 3. Product characteristics, storage conditions and growth rate of non-proteolytic C. botulinum in challenge tests from the scientific 

literature 

Category/product Code n 
a
 Reference 

Toxin  

type 

Storage  

temp. (°C) 
Packaging 

NaCl in water 

phase (%) 
pH 

Lactic acid in the 

water phase of 

products (ppm) 

µmax (1/h), 

observed 

Seafood           

Cod fillets L1-L3 3 Brown et al. (1991) E 5.0-30.0 VP 
b
 0.7 

c
 6.8 1,800 

c
 0.080 - 0.110 

Cod fillets (sterile) L4-L5 2 Brown and Gaze (1990) E 8.0-30.0 VP 
b
 0.7 

c
 6.8 1,800 

c
 NG 

d
 - 0.068 

Irradiated cod L6-L15 10 Ajmal (1968) E 4.0-22.0 Aerobic 0.7 
c
 7.2 1,800 

c
 0.004 - 0.224 

Irradiated herring L16-L23 8 Ajmal (1968) E 4.0-22.0 Aerobic 0.7 
c
 6.8 

c 
2,000 

c
 0.002 - 0.143 

Unprocessed 

Rainbow trout 
L24 1 Hyytiä et al. (1999) E 8.0 VP 

b
 1.5 6.4 2,000 

c
 0.021 

Fresh shrimps L25-L26 2 Garren et al. (1994) E 4.0 – 10.0 VP 
b
 0.4 

c
 7.1 

c
 400 

c
 0.02 - 0.04 

Poultry           

Cooked turkey 

(homogenized) 
L27-L74 48 Meng and Genigeorgis (1993) B and E 8.0-20.0 VP 

b
 0.7 

c
 -2.0 6.2 7,000 

c 
-24,107 0.034 - 0.389 
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Cooked chicken L75-L76 2 Linton et al. (2014) B and E 8.0 VP 
b
 3.96-4.19 6.4-6.7 7,000 

c
 -16,071 NG 

d
 - 0.019 

Chicken fillets L77-L78 2 Brown et al. (1991) E 15.0-30.0 VP 
b
 0.7 

c
 6.2 7,000 

c
 0.029 - 0.065 

Chicken fillets (sterile) L79-L80 2 Brown and Gaze (1990) E 8.0-30.0 VP 
b
 0.7 

c
 6.2 7,000 

c
 NG 

d
 - 0.081 

Radiation-sterilized 

chicken skins 
L81-L82 2 Eden et al. (1983) E 10.0-30.0 VP 

b
 0.7 

c
 6.0 NP 

e
 0.064 - 0.068 

Vegetables           

Pureeded vegetables L83-L94 12 Carlin and Peck (1996) B 5.0-16.0 VP 
b
 0.5 

c
 5.5 – 6.3 NP 

e
 NG 

d
 – 0.331 

a 
Number of experiments 

b
 Vacuum packed 

c  
Bold font: Value estimated from similar products 

d  
No growth was observed 

e 
Information is not provided by the study 

 

 
 
 
 

 

 

Table 4. Comparison of new model from present study with available growth models for non-proteolytic C. botulinum. 

Model Present study, eq. (8) 
 

Graham et al. (1996) 
 

Present study, eq. (8) 
Gunvig et al. 

(2013) 

Environmental factors 

included in models 

Temp., pH, NaCl/aw, acetic,  

benzoic, citric,  lactic and  

 
Temp., pH, NaCl/aw, 

 Temp., pH, NaCl/aw, acetic, 

benzoic, citric,  lactic and 

 

Temp., pH, 

Jo
urnal P

re-proof

Journal Pre-proof



 

44 
 

sorbic  acids sorbic  acids NaCl/aw, lactic 

acid, CO2  

 

Predicted responses 
a
 Maximum specific growth rate (µmax)  Maximum specific growth rate (µmax)  Growth or no-growth 

Dataset Table 1 Table 2 Table 3  Table 1 Table 2 Table 3  Table 3 

Growth rates 
a
 10 36 89  10 36 89  - 

Bf (1.00) 
b 

1.12 0.97  2.72 3.32 3.06  - 

Af (1.23) 
b  

1.40 2.04  2.72 3.32 3.20  - 

Growth/no-growth
c
 10 40 94  10 40 94  9 9 

Correct (%) 100 90 94.7  100 90 94.7  100 67 

Fail-safe (%) 0 10 4.3  0 10 5.3  0 0 

Fail-dangerous (%) 0 0 1.0  0 0 0  0 33 

a
 Number of growth curves used to calculate Bf- and Af-values 

b
 Data used for product calibration of model and the Bf–value of 1.0 was included for comparison with model of Graham et al. (1996) 

c
 Number of growth/no-growth responses used to calculate the percentage of correct, fail-safe and fail-dangerous predictions  

 

 
 
 
Table 5. Product characteristics, storage temperature and time to toxin detection of non-proteolytic C. botulinum - data extracted from 

literature 

Category/Product Code n 
a
 Reference 

First day 
positive 

b
 

Initial 
inoculum 
size 
(spores/g) 

Storage 
temp. (°C) 

NaCl in 
water phase 
(%) 

pH 
Lactic acid in 
water phase of 
products (ppm) 

Seafood          
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Cod, salmon, red snapper, 
catfish 

T1-T13 13 Peck and Stringer (2005) 3-46 50 - 1,000 4.0-16.0 0.7 
c
 6.2-6.6 

c
 1,800-5,000 

c
 

Sous-vide seafood  T14-T20 7 Baker (unpublished data) 14-20 100 6.0-8.0 0.4-1.3 6.6-7.0 400-5,000 
c
 

Red snapper/salmon 
homogenate 

T21-T27 8 Baker et al. (1990b) 9-21 0.4 - 4,000 48.0 0.7 
c
 6.4-6.6 2,000-5,000 

c
 

Hot-cold smoked trout T28-T29 2 Dufresne et al. (2000) 28 100 8.0 1.7 6.2 2,000 
c
 

Haddock/sole fillets T30-T35 5 Eklund and Poysky  (1968) 10-49 100 - 10,000 8.0-10.0 0.7 
c
 6.6-6.9 2,000 

c
 

Salmon homogenate T36-T44 9 
Garcia and Genigeorgis 
(1987) 

12-36 0.4 - 4,000 4.0-8.0 
0.7 

c
 

6.3 5,000 
c
 

Salmon fillets T45-T53 9 Garcia et al. (1987) 6-36 0.02 - 200 4.0-8.0 
0.7 

c
 

6.2 5,000 
c
 

Raw rainbow trout T54-T55 2 Hyytia et al. (1999) 14-21 1 8.0 
0.7 

c
 

6.5 2,000 
c
 

Red snapper fillets T56-T60 5 Ikawa and Genigeorgis (1987) 12-21 0.02 - 200 4.0-8.0 
0.7 

c
 

6.4 2,000 
c
 

Red snapper homogenate T61-T65 5 
Lindroth and Genigeorgis 
(1986) 

12-19 0.4 - 4000 4.0-8.0 
0.7 

c
 

6.7 2,000 
c
 

Sous-vide salmon homogenate T66-T68 3 Meng and Genigeorgis (1994) 8-60 3,200 4.0-8.0 0.4 6.4 5,000 
c
 -19,300 

Mullet/shrimp tissue T69-T76 8 
Lalitha and Gopakumar 
(2001) 

1-35 100 4.0-30.0 
0.7 

c
 

6.3-7.2 400-2,000 
c
 

Fresh catfish T77-T81 5 Reddy et al. (1997) 3-46 100 4.0-16 
0.7 

c
 

6.6 2,000 
c
 

Fresh catfish/cod/talipa/salmon 
fillets 

T82-T89 8 Reddy et al. (1999) 3-20 100 8.0-16.0 0.7 
c
 6.4-6.6 

c
 1,800-5,000 

c
 

Poultry          

Turkey breast homogenate T90-T101 12 Genigeorgis et al. (1991) 8-20 0.32 - 3,200 4.0-8.0 0.7 
c
 -2.8 6.3 7,000 

c
 

Turkey breast homogenate  T102-T370 269 Meng and Genigeorgis (1993) 0.5-55 0.32 - 3,200 4.0-30.0 0.7 
c
 -2.6 5.9-6.3 7,000 

c
 -24,100 

Turkey T371-T373 3 Peck and Stringer (2005) 2-8 100 8.0-16.0 0.7 
c
 6.3 

c
 7,000 

c
 

Sous-vide chicken homogenate T374-T375 2 Meng and Genigeorgis (1994) 16-60 3,200 8.0 0.7 
c
 5.9 7,000 

c
 -19,300 

Broiler fillets T376 1 Hyytia -Trees et al. (2000) 28 1 4.0 1.4 6.0 7,000 
c
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Cooked turkey T377-T382 6 Lawlor et al. (2000) 7-28 250 4.0-15.0 2.3 6.2 7,000 
c
 

Meat          

Sous-vide meat T383-T389 7 Baker (unpublished data) 14-20 100 6.0-8.0 0.6-1.2 5.7-7.8 7,000 
c
 

Sous-vide beef homogenate T390-T391 2 Meng & Genigeorgis (1994) 8-90 3,200 8.0 1.3 5.8 7,000 
c
 -19,300 

Sous-vide meat  T392-T402 11 Hyytia -Trees et al. (2000) 9-30 1 4.0-8.0 0.2-2.0 5.7-6.2 7,000 
c
 

Prepared meals          

Sous-vide prepared meals T403-T423 21 Baker (unpublished data) 10-28 100 6.0-8.0 0.5-2.0 5.7-6.3 2,000-7,000 
c
 

Sous-vide prepared meals T424-T430 7 Hyytia -Trees et al. (2000) 21-28 1 4.0-8.0 1.0-1.9 5.6-6.4 2,000-7,000 
c
 

Pasta          

Gnocchi T431-T432 2 Del Torre et al. (2004) 17-34 2,000 20.00 1.3 5.0-5.3 NP 
d
 

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 (Mejlholm et al., 2010) 

d 
Information is not provided by the study 

 

 
Table 6. Comparison of the current study with TTT models of non- proteolytic C. botulinum available in the literature. 

Model Current study  
Meng and 

Genigeorgis (1993) 
Fernandez et al. 

(2001) 
Baker et al. (1990b) 

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) 

a
 

Temp., (CO2) 
a 

Temp., (TAC) 
b
 Temp. 

Dataset Table 5 

Predicted responses 
c 2.2 Log- 

increase 
TTT 

c Time to  
turbidity 

TTT 
c 

TTT 
c 

TTT 
c 

n 
d
 415 163 

e 
432 424 

e 
432 432 
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Bf-TTT  0.96                1.40 0.20 0.89 0.42 0.20 

Af-TTT  1.80                1.71 5.47 1.66 2.50 5.02 

a 
No data with available CO2 concentrations were included in the present study 

b
 Total aerobic count, no available data for initial aerobic bacterial count 

c
 Time to toxicity  

d
 Number of experiments used to calculate Bf-TTT and Af-TTT values by Eq. (18) and Eq. (19) 

e  
Data used for development of these models were excluded when calculating Bf-TTT and Af-TTT values 

 

Table 7. Parameter values with standard error in new growth and growth boundary model for non-proteolytic C. botulinum 
Model parameters Value n

1 
n

2 
Optimum Maxi

mum 

µref-T (1/h) 0.795 ± 0.018 - - - - 

µref-c (1/h) 1.13 - - - - 

Tmin (
o
C) 1.47 ± 0.43 - - - - 

aw min 0.979 ± 0.001 - - 0.993 ± 
0.0007 

- 

pHmin 5.14 ± 0.03 - - 7.46 ± 0.13 9.97 
± 0.46 

Minimum inhibitory concentrations (MIC) of 
undissociated organic acids (mM) 

 

Acetic acid 11.40 ± 0.35 1 1 - - 

Benzoic acid 0.19 ± 0.008 1 1 - - 

Citric acid 0.047 ± 0.001 1 1 0.026 ± 
0.001 

- 

Lactic acid 2.81 ± 0.15 1 1 - - 

Sorbic acid 1.16 ± 0.05 1 1 - - 
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Highlights 
 

 C. botulinum growth model to support product development/re-formulation   

 Extensive model with terms for temperature, pH, NaCl/aw, acetic, benzoic, citric, lactic, 

sorbic acids 

 New model validated for seafood and poultry products 
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