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ABSTRACT 
21 

The aim of this study was to develop and validate a growth and growth boundary model with terms 22 

for melting salts to predict growth of Listeria monocytogenes in spreadable processed cheese. 23 

Cardinal parameter terms for phosphate salts and citric acid were developed in broth studies and 24 

used to expand an available growth and growth boundary model. The expanded model includes the 25 

effect of nine environmental factors (temperature, pH, aw, lactic acid, acetic acid, citric acid, 26 

orthophosphate, di-phosphate and tri-phosphate). To generate growth data for model evaluation 27 

challenge tests with inoculated commercial (n = 10) and customized (n = 10) spreadable processed 28 

cheeses were performed. Evaluation of the new model by comparison of observed and predicted 29 

μmax-values resulted in a bias factor of 1.12 and an accuracy factor of 1.33 (n = 42). Prediction of 30 

growth and no-growth responses in processed cheese (n = 60) were 89% correct with 11 % fail-safe 31 

and 0 % fail-dangerous predictions. The developed model can be used to support product 32 

development, reformulation or risk assessment for spreadable processed cheese.  33 

 34 

 35 

Keywords: Phosphate salts, product development, risk assessment, predictive microbiology 36 
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1. Introduction 37 

Spreadable processed cheese is a ready-to-eat product manufactured by blending cheese, 38 

melting salts (e.g. sodium or potassium salts of phosphoric or citric acid) and other dairy and non-39 

dairy ingredients, followed by heating and mixing to obtain a uniform molten mass which is 40 

typically hot-filled into the final packaging (Fox et al., 2017). Formulation parameters for 41 

spreadable processed cheese may vary considerably in terms of pH (4.7-6.3), moisture (ca. 50-70%) 42 

and salt content (Maurer, 2012; Kim et al., 2018).  Food-grade hydrocolloids (e.g. carob bean gum, 43 

guar gum, xanthan gum, gelatine and/or carrageenan) can be used to influence product texture and 44 

to reduce the water activity of spreadable processed cheese (Guinee et al., 2004). Melting salts are 45 

ingredients known to contribute to the microbiological safety and stability of spreadable processed 46 

cheese, besides their main function as emulsifying agents. Among melting salts, phosphates are well 47 

known to inhibit the growth of spore-forming bacteria which are key microorganisms to control in 48 

processed cheeses (Tanaka et al., 1986; Tompkin, 1983). However, little information is available 49 

about their inhibitory effect against pathogens that may potentially contaminate the product during 50 

open shelf-life and especially under conditions of temperature abuse by the consumer.  51 

Unsafe food handling by consumers, including cross-contamination and storage conditions, 52 

is believed to contribute significantly to foodborne illness (De Jong et al., 2008; Evans and 53 

Redmond, 2018; Redmond and Griffith, 2003). Based on data for several countries, more than one 54 

third of domestic refrigerators operate at temperatures above 5°C which is the maximum 55 

recommended chilled temperature for most ready-to-eat products (James et al., 2008; Roccato et al., 56 

2017; WHO, 2006). Hygiene and temperature control can be critical in relation to food safety with 57 

EFSA estimates showing that prevention of growth of Listeria monocytogenes in ready-to-eat 58 

products at the consumer phase can reduce annual listeriosis cases in the Member States by 37% 59 

(EFSA, 2018). 60 
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Within the EU, it is mandatory for food business operators to evaluate and manage potential 61 

L. monocytogenes growth depending on product characteristics and different reasonably foreseeable 62 

storage conditions of ready-to-eat foods (EC, 2005). Melting salts are known to inhibit growth of 63 

foodborne pathogens such as Bacillus cereus, Clostridium botulinum and Staphylococcus aureus 64 

(ter Steeg et al., 1995a; Maier et al., 1999; Loessner et al., 1997). In the same way, melting salts 65 

may be important in controlling L. monocytogenes growth in spreadable processed cheeses but their 66 

anti-listerial effect remains little studied. The potential growth of L. monocytogenes e.g. after 67 

opening a hot-filled packaged food product can be evaluated by challenge tests or predictive 68 

mathematical modelling (EC, 2005). Application of validated predictive models is typically a faster 69 

and more cost effective approach but to accurately predict growth responses of L. monocytogenes 70 

mathematical models must include the effect of all important preserving factors (Mejlholm et al., 71 

2010; Ross and Dalgaard, 2004). Many L. monocytogenes growth models are available, some 72 

including the inhibitory effect of several intrinsic along with extrinsic factors and a few models 73 

have been  successfully validated for different types of dairy products (Augustin et al., 2005; 74 

Martinez-Rios et al. 2019; Mejlholm et al., 2010). However, none of the available L. 75 

monocytogenes growth models include the inhibitory effect of melting salts or have been 76 

successfully validated for spreadable processed cheeses.  77 

The objective of the present study was to expand and validate a mathematical model to 78 

predict growth and growth boundary of L. monocytogenes in spreadable processed cheese including 79 

phosphate/citrate salts and/or organic acids. Firstly, the growth inhibiting effects of phosphate and 80 

citrate salts on L. monocytogenes were studied in broth and their minimum inhibitory concentrations 81 

(MICs) were determined. Secondly, new mathematical terms for the inhibiting effect of these 82 

compounds were included in the growth and growth boundary model of Mejlholm and Dalgaard 83 
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(2009). Finally, the performance of the expanded model was evaluated by comparison of predicted 84 

and observed growth for L. monocytogenes in spreadable processed cheese.  85 

 86 

2. Materials and methods 87 

2.1. Bacterial strains and pre-culture conditions 88 

Four dairy related strains of L. monocytogenes were provided by Arla Foods amba and used 89 

as a cocktail (SLU 92, 612, LM19, 6) to determine µmax-values in broth and for inoculation of 90 

challenge test. Prior to use, each strain was transferred from storage at -80°C to Brain Heart 91 

Infusion (BHI) broth (CM1135, Oxoid, Hampshire, UK) and incubated for 24h at 25°C. 92 

Subsequently, for broth studies the individual strains were pre-cultured one day at 25°C in BHI 93 

broth with pH 6.2 and 0.5% NaCl. For challenge testing the individual stains were pre-cultured one 94 

or two days at 8°C to 20°C in BHI broth with pH 6.2 and 1% NaCl to simulate temperature abuse 95 

conditions encountered in spreadable processed cheese during open-shelf life. Pre-cultures were 96 

grown to a relative increase in absorbance (540 nm) of 0.05 to 0.2 (Novaspec II, Pharmacia Biotech, 97 

Allerød, Denmark). The L. monocytogenes cocktail of strains (Lm-mix) used in broth and challenge 98 

test studies were produced by mixing equal volumes of individual pre-cultures. The cell 99 

concentration of Lm-mix was determined by direct phase-contrast microscopy at 1000x 100 

magnification considering that one cell per field of view corresponded to a concentration around 106 101 

cfu/ml (Adams and Moss, 2016). 102 

 103 

2.2. Phosphate and citrate salts 104 
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MICs were determined for three different phosphate salts and trisodium citrate. 105 

Furthermore, the anti-listerial effect of eight commercially available melting salts preparations were 106 

determined (Table 1).  107 

 108 

2.3. Cardinal parameter values for phosphate and citrate salts 109 

The inhibitory effect of eight to 17 different concentrations of P1 (0 to 6.5%), P2 (0 to 6%), 110 

P3 (0 to 5%) and TC (0 to 9%; corresponding to 0-137,000 ppm of citric acid) on Lm-mix were 111 

determined at 25°C in BHI-broth with pH 6.2. A total of 154 µmax-values were determined. For each 112 

condition, growth of Lm-mix was determined in duplicate by using automated absorbance 113 

measurements at 540 nm (BioScreen C, Labsystems, Helsinki, Finland). Detection times, defined as 114 

incubation time necessary to observe an increase in absorbance of 0.05 from the lowest absorbance 115 

measured in the beginning of incubation, were determined for each absorbance growth curve. µmax-116 

values of Lm-mix were determined from absorbance detection times for serially diluted inoculation 117 

levels of 102, 103, 104, 105 and 106 cfu/ml as previously described (Dalgaard and Koutsoumanis, 118 

2001). The cardinal parameter values for the different phosphate and citrate salts (P1, P2, P3 and 119 

TC) were estimated by fitting eq. (1) to square root transformed µmax-values of L. monocytogenes.  120 

                                        �����	 =	��	
��°� 	 ∙ �1 − � �	�	�		��	����	�	��	� 	!"#$"�                                     (1) 121 

where [P or TC] are the concentrations (%) of individual phosphates (P1, P2, P3) or citrate salt (TC) 122 

and MICP or TC is the fitted MIC-value (%) of individual phosphates (P1, P2, P3) or citrate salt (TC) 123 

that prevents growth of L. monocytogenes. The cardinal parameter value for citric acid (MICU CAC) 124 

was determined from concentrations of undissociated citric acid calculated by eq. (2) with a pKa 125 
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value of 3.13 (Ross and Dalgaard, 2004) from concentrations of TC. The cardinal parameter value 126 

was estimated by fitting eq. (3) to square root transformed µmax-values of Lm-mix.  127 

%&'())*+(,-.'	*/0,&(+	,+('	(23) 	= 	�56	57	�758	(��)#9#:;<=;>?                                                                  (2) 128 

�����	 =	@�	
��°� 	 ∙ A1 − B �	�C�D	����D	 E 		F
"#G"�                                                                             (3) 129 

where [CACU] is the concentration (mM) of undissociated citric acid and MICU CAC is the fitted 130 

MIC-value of undissociated citric acid that prevents growth of L. monocytogenes. When fitting eq. 131 

(1 and 3), n1 was set to 0.5 or 1 and n2 was set to 1 or 2 (Dalgaard, 2009) in order to describe data 132 

most appropriately and this was determined from root mean square error (RMSE) values.	133 

 134 

2.3.1. Growth inhibiting effect of interaction between phosphate and citrate salts 135 

The effect of interaction for different combinations of phosphate and citrate salts 136 

concentrations (P1: 0-6%; P2: 0-5.5%; P3: 0-5%; TC: 0-8%) on Lm-mix were determined in BHI-137 

broth with pH 6.2 at 25°C. A total of 66 µmax-values were generated experimentally as explained 138 

above (Section 2.3). Experiments were designed to include combinations of concentrations that 139 

were close to the growth boundary of L. monocytogenes.  140 

2.3.2. Anti-listerial effect of commercial melting salt preparations 141 

The inhibitory effect for different concentrations of DP (0 to 8.6%), BUDAL (0 to 15.5%), 142 

PZ6, PZ35, S9, PZ189 (0 to 4.5%) and S9K (0 to 8%) on µmax-values of Lm-mix were determined.  143 

A total of 94 µmax-values were generated in BHI-broth with pH 6.2 at 25°C (See 2.3). 144 
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 145 

2.4. Development of a new L. monocytogenes growth and growth boundary model 146 

New mathematical terms including MIC values for P1, P2, P3 and either TC or CACU were 147 

added to an existing cardinal parameter growth and growth boundary model previously validated 148 

for growth of L. monocytogenes in some non-fermented dairy products (Mejlholm and Dalgaard, 149 

2009; Mejlholm et al., 2010). Of the 12 environmental factors in that model, exclusively terms for 150 

the effect of temperature, pH, NaCl/aw, lactic acid and acetic acid were used in the present study 151 

and included in a new L. monocytogenes growth and growth boundary model with terms for the 152 

inhibitory effect of phosphate salts and either citrate salt or undissociated citric acid (eq. 4). A 153 

recently developed cardinal parameter pHmin-function was used to estimate pHmin-values for L. 154 

monocytogenes depending on the storage temperature (Martinez-Rios et al., 2019).  155 

���� = �	
� ∙ H (�9�.JK)L��MN9�.JKOP� ∙ (�QR:.S�K)(#R:.S�K) ∙ T1 − 10(VWXYZRVW[ ∙ �1 − �\C�D�K.]S ! ∙ B1 − ^�CC�D�#:.K F ∙156 

_A1 − � ��C�D����D	 E $G */	�1 − � ��������� �!"#$"�` ∙ 	 �1 − � ��#������a�!"#$"� ∙ 	 �1 − � ���������b�!"#$"� ∙157 

	�1 − � ��K������c�!"#$"� ∙ 	d            (4) 158 

where μref is a fitted parameter with value equal to μmax at the reference temperature (Tref) of 25°C 159 

when other environmental factors do not inhibit growth; T is the temperature (°C) and aw is the 160 

water activity measured in the product (Supplementary Table S1). [LACU], [AAC U], [CACU] are 161 

the concentrations (mM) of undissociated lactic acid, acetic acid and citric acid in the water phase, 162 

respectively. [P1], [P2], [P3] and [TC] are the concentrations (%) in water phase of orthophosphate, 163 

di-phosphate, tri-phosphate and trisodium citrate respectively. [MICP1], [MIC P2], [MIC P3], and 164 

[MIC TC] are the fitted MIC-values (%, in the water phase) of orthophosphate, di-phosphate, tri-165 
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phosphate and trisodium citrate, respectively, that prevents growth of L. monocytogenes. The 166 

interaction between environmental parameters (d) was modelled as previously described using the 167 

Le Marc approach (Le Marc et al., 2002; Mejlholm and Dalgaard, 2009). The effect of interaction 168 

between environmental factors in eq. (4) was expressed by the parameter d, which has a value of 169 

between 0 and 1. The value of d, was calculated according to eq. (5), with contributions from 170 

different environmental factors as shown in eq. (6) and (7). In eq. (7), ei represents the 171 

environmental factors. Eq. (5) divides the space of environmental factors into three regions: (i) if e 172 

is less than 0.5, then no interactive effect between environmental factors occurs (d =1); (ii) if e is 173 

greater than 1, then no growth occurs (d =0); and (iii) if e is less than 1 and greater than 0.5, then 174 

the growth rate (μmax, 1/h) is reduced depending on the value of e. A e value greater than 1 (e.g., 175 

1.5 or 2.0) provides a measure of how far the properties of a specific food product is from the 176 

predicted growth boundary of L. monocytogenes (Mejlholm and Dalgaard, 2009).  177 

d(f(T, aw, pH, [LACU], [AAC U], [CACU], [P1], [P2], [P3], [TC])) 178 

=	g 		1,																	e ≤ 0.5	2(1 − e),						0.5 < e < 1	0,																e ≥ 1	                                                                                                          (5) 179 

where d(f( T, aw, pH, [LACU],[AAC U], [CACU], [P1], [P2], [P3], [TC])) is the term describing the 180 

effects of interactions between environmental factors on μmax: 181 

fn = 	 o1 − ^(n + 2.83) Ln	
� + 2.83O⁄ t�  182 

 183 

f,u = v1 − �(,u − 0.923) (1 − 0.923)⁄ x� 
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fyz = 	 v1 − �1 − 10(VWXYZRVW)x�   184 

f[LAC]; [AAC]; [CAC] 185 

=	 v1 − �L1 − ��{|}~� 3.79⁄ O ∙ L1 − ��||}~� 10.3⁄ O ∙ (1 − �}|}~� 3�}~	�C�⁄ )!x�  186 

f[P1]; f [P2]; f [P3]; f [TC] 187 

= o1 − B�1 − � �	�		������	��	� !"#$"�Ft�	                                                                                                  (6) 188 

	e = 	∑ �MY�∏ �#R�MY!��Y5                                                                                                                           (7) 189 

The inhibiting effect of organic acids on interaction with other environmental factors in eq. (6) was 190 

modelled by multiplication of their effects as previously suggested (Coroller et al., 2005).  191 

 192 

2.5. Challenge test with spreadable processed cheese 193 

To generate data for model evaluation, growth of L. monocytogenes in spreadable processed 194 

cheese was determined in 20 inoculated challenge tests including 60 growth/no-growth responses at 195 

constant and dynamic storage temperatures (see section 2.6.). These included ten 196 

batches/formulations of customized spreadable processed cheese and 4 batches of commercially 197 

available spreadable processed cheese (Table 2).   198 

 199 

2.5.1. Product characteristics 200 
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Ten customized spreadable processed cheese recipes were designed to evaluate the effect of 201 

phosphate salts, citrate salt and undissociated citric acid. The customized recipes were produced in 202 

the pilot plant at Arla Innovation Centre in Aarhus and transported on ice to DTU Food where they 203 

were stored upon arrival at 2°C for a maximum of 48h until further studied. Individual batches of 204 

customized spreadable processed cheese were produced with 3% or 6% orthophosphate (P1), di-205 

phosphate (P2) or trisodium citrate (TC) and 2% or 5% tri-phosphate (P3). A commercially 206 

available emulsifying salt preparation (S9K) was used to produce spreadable processed cheese with 207 

two different concentrations (3% or 6%). Two commercial spreadable processed cheeses were 208 

obtained from a local supermarket. Product pH was measured with a PHM 250 Ion Analyzer 209 

(MetroLabTM, Radiometer, Copenhagen, Denmark) after 1h stirring of a 5 g sample in 25 ml of 210 

distilled water. NaCl was quantified by automated potentiometric titration (785 DMP Titrino, 211 

Metrohm, Hesisau, Switzerland) and aw was calculated from the concentration of NaCl in the water 212 

phase (%WPS) according to the relation derived from Resnik and Chirife (1988) (aw = 1-0.0052471 213 

· %WPS - 0.0002206 · %WPS2). In addition aw was measured by a water activity meter (Aqua Lab 214 

model CX-2, Decagon devices Inc., Pullman, US) (Supplementary Table 1). The concentrations of 215 

lactic, acetic and citric acid were determined by HPLC using external standards for identification 216 

and quantification. In order to improve extraction, a centrifugation step was applied (Dalgaard and 217 

Jørgensen, 2000; Martinez-Rios et al., 2016). Phosphate and citrate salt concentrations were 218 

determined by Eurofins, New Orleans, USA (test method QA02S). Product characteristics were 219 

determined on three samples for each batch and data reported as average ± standard deviation. 220 

 221 

2.5.2. Inoculation, storage conditions and microbiological analysis 222 
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Cheese was inoculated with 0.1% (v/w) of Lm-mix appropriately diluted in chilled saline 223 

water (0.85% NaCl) to obtain an initial concentration in the range of 1-3 Log cfu/g. Following 224 

inoculation, 50±5g of cheese was placed in containers similar to those used for commercial 225 

distribution of the product. Samples were stored at 5, 10, 15 and 22°C or under dynamic 226 

temperatures (Table 2). Storage temperature was recorded every 30 minutes by data loggers 227 

(TinytagPlus, Gemini Data Loggers Ldt., Chichester, UK). Storage time was from 8 to 83 days for 228 

different treatments with 7 to 27 sampling times per treatment.  229 

At each time of sampling a container with 50±5g of cheese was analysed and then 230 

discarded. 10 g of cheese was diluted 10-fold in chilled physiological saline water with peptone 231 

(0.85% NaCl, 0.1% BactoTM Peptone, 211677, BD Bioscience, San Jose, USA) and subsequently 232 

homogenized for 30s at normal speed in a stomacher (Stomacher 400 Circulator, Seward Medical, 233 

London, UK). Viable counts of L. monocytogenes were determined by surface plating on Palcam 234 

agar base (CM0877, Oxoid, Basingstoke, UK) with selective supplement (SR0150, Oxoid) and 235 

incubated at 37°C for 48h.  236 

 237 

2.5.3. Primary growth model 238 

The integrated and log transformed logistic model with delay (four parameter model) or 239 

without delay (three parameter model) (eq. (8); Rosso et al., 1996) was fitted to all individual 240 

growth curves of L. monocytogenes obtained in challenge tests at constant temperatures. Fitted 241 

parameter values for initial cell concentration (Log N0, Log cfu/g), lag time (tlag, h), maximum 242 

specific growth rate (μmax, 1/h) and maximum population density (Log Nmax, Log cfu/g) were 243 

determined for each growth curve and data was reported as average ± standard deviation for 244 

challenge tests (Table 2). An F-test was used to determine if the lag time was significant.  245 
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Log 	(�6) = Log 	(�:)                                                                                                 (�	- < -��� 246 

Log 	(�6) = {*0� �X?�#9B��X?��� !R#F∙����R�X?�∙L6R	6�?�O!�                                                (�	- ≥ 	 -���    (8) 247 

where t is the storage time (h) and Nt is the cell concentration (cfu/g) at time t. Other parameters 248 

were indicated above.  249 

The relative lag time (RLT = tlag ·μmax/ln(2)) (Mellefont and Ross, 2003) was calculated for 250 

all growth curves of L. monocytogenes in challenge tests (Table 2). It was evaluated if RLT-values 251 

were constant (RLT = K1) or dependent on storage temperature (RLT = K1 +K2/T
2) as reported by 252 

Hereu et al. (2014).  253 

 254 

2.6. Evaluation of the new L. monocytogenes growth and growth boundary model 255 

Comparison of observed and predicted μmax-values was carried out by calculation of bias 256 

(Bf) and accuracy (Af) factor values (Ross, 1996). For pathogenic bacteria, 0.95 < Bf <1.11 indicates 257 

a good model performance, with Bf 1.11-1.43 or 0.87-0.95 corresponding to acceptable model 258 

performance and Bf <0.87 or >1.43 reflecting unacceptable model performance (Mejlholm et al., 259 

2010). Af > 1.5 has been suggested to indicate an incomplete model or systematic deviation 260 

between observed and predicted μmax-values (Mejlholm and Dalgaard, 2013). Firstly, we used this 261 

approached to evaluate the effect of interaction among environmental factors (eq. (4)). Secondly, 262 

the approach was applied to evaluate if the new model could appropriately predict the inhibitory 263 

effect of commercial melting salt preparations on the growth of L. monocytogenes. For these 264 

predictions the concentrations of individual phosphates in the commercial melting salt preparations 265 

were analysed and concentrations of P1, P2 and P3 were used as model input to obtain predictions 266 
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(Table 5). Finally, the performance of the new model was evaluated by comparing predicted and 267 

observed growth responses in 20 challenge tests with spreadable processed cheese (see section 2.5). 268 

Predicted and observed growth and no-growth responses were assessed by calculating the 269 

percentage of all samples that were correctly predicted with or without inclusion in eq. 4 of the term 270 

for interaction between environmental factors (d). Incorrect predictions were considered as fail-safe 271 

(growth predicted with no growth observed) or fail-dangerous (no growth predicted with growth 272 

observed). e–values (eq. (5)) was used to describe how far the predicted response (growth or no-273 

growth) was from the growth boundary (e =1).  274 

The acceptable simulation zone (ASZ) approach was used to compare observed and 275 

predicted growth in challenge tests were growth was observed under constant or dynamic 276 

temperature storage. The acceptable interval was defined as +0.5 and -1.0 Log cfu/g from the 277 

simulated growth of L. monocytogenes. When at least 70% of the observed values were within ASZ, 278 

the simulation was considered acceptable (Oscar, 2007; Velugoti et al., 2011).  279 

2.7. Evaluation of existing models 280 

Three existing L. monocytogenes growth models were evaluated to assess their ability to 281 

predict growth responses in spreadable processed cheese. The studied models were: (a) the model of 282 

Mejlholm and Dalgaard (2009) previously evaluated for different non-fermented dairy products 283 

(Mejlholm et al., 2010), (b) the model of Augustin et al. (2005) developed for cheese and including 284 

terms for temperature, pH, NaCl/aw, phenol, nitrite and CO2 and (c) the ComBase model including 285 

the effect of temperature, pH, NaCl/aw and lactic acid (Combase, 2012).  286 

2.8. Statistical analysis and curve fitting 287 
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Model parameters and standard errors were estimated by using GraphPad PRISM (version 8, 288 

GraphPad Software, San Diego, CA, USA). F-tests to determine significant lag times were 289 

performed using Microsoft Excel 2010 (Microsoft Corp., Redmond, WA, USA).  290 

 291 

3. Results 292 

 293 

3.1. Development of a new L. monocytogenes growth and growth boundary model  294 

The fitted MIC-values for phosphates were 14.9±1.1 %, 9.4±0.4 %, 7.6±0.2 % in the water 295 

phase for orthophosphate (P1), di-phosphate (P2), tri-phosphate (P3), respectively (Fig. 1; Table 4). 296 

The fitted MIC-values for trisodium citrate (TC) salts and undissociated citric acid (CACU) were 297 

11.0±0.3 % and 0.75±0.02 mM, respectively (Fig. 2; Table 3). These MIC-values were used in eq. 298 

(4) together with a μref-value of 0.419 1/h as determined at 25°C by Mejlholm and Dalgaard (2009).  299 

When predictions by the new model (Eq. (4)) were performed either the MIC-value for TC or 300 

CACU was used.   301 

3.2. Challenge test with spreadable processed cheese 302 

Commercial spreadable processed cheese showed little variation in initial pH (6.1-6.3), aw 303 

(0.969-0.975) or concentrations of P1 (1.90-2.14%) and TC (0.49-0.58%) (Table 2). More 304 

variability was observed for water phase concentrations of lactic acid (4120-12,624 ppm), acetic 305 

acid (619-1,594 ppm) and citric acid (518-7,708 ppm) (Table 2).  306 

L. monocytogenes grew in commercial spreadable processed cheese at 5, 10, 15 and 22°C 307 

and μmax-values were influenced by storage conditions and product characteristics (Table 2 and 3). 308 
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As expected storage temperature had a pronounced effect on L. monocytogenes growth rate as seen 309 

for challenge tests 15, 16 and 17 which were performed with batch 3 of a commercial spreadable 310 

processed cheese and therefore had the same product characteristics (Table 2; Table 3). Tri-311 

phosphate (P3) concentration had a major effect on L. monocytogenes μmax-values, as suggested by 312 

their fitted MIC-values and confirmed by challenge tests 5 and 6 (Table 2, 3 and 4).  313 

   314 

3.3. Evaluation of the new L. monocytogenes growth and growth boundary model  315 

Broth studies with combinations of phosphates and citrate salt or undissociated citric acid 316 

suggested the need to include the growth inhibiting effect of interaction between these factors in the 317 

new growth and growth boundary model. By including f[P1]; f [P2]; f [P3]; and either f [TC] or 318 

f [CACU] in eq. (7) the Bf and Af values changed from 1.55/1.67 to 1.00/1.61. The seven studied 319 

commercial melting salt preparations all reduced growth rates of L. monocytogenes at 25 °C in BHI 320 

broth with pH 6.2 and this growth inhibiting effect was on average acceptably predicted by eq. 4 321 

when using concentrations of P1, P2 and P3 as model input. On average for the 94 μmax-values 322 

determined in broth the Bf and Af were 1.42 and 1.46, respectively (Table 5). Specifically, the 323 

model predicted growth with acceptable model performance for DP, PZ35, PZ189 and S9K but 324 

overestimates growth for BUDAL and to a lesser extend for PZ6 and S9 (Table 5).  325 

For challenge test with spreadable processed cheese the new model predicted growth rates 326 

of L. monocytogenes at constant temperature with a good performance as determined from 327 

independent growth curves (n= 42) belonging to a total of 14 challenge test where growth  was 328 

observed (Table 3). Comparison of observed and predicted μmax-values, using either MICTC (%) or 329 

MICU CAC (mM) (Fig. 2; Eq. (1); Eq. (3)), resulted in Bf/Af –values of 1.06/1.35 or 1.12/1.29, 330 

respectively (Table 6). For commercial (n= 27) or customized (n= 15) spreadable processed cheese, 331 
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Bf/Af –values were 1.15/1.33 and 0.91/1.39, respectively, when using MICTC (%). When using 332 

MICU CAC (mM) similar Bf/Af–values of 1.17/1.36 and 1.05/1.29 were obtained.  333 

RLT-values for growth in spreadable processed cheese showed considerable variability and 334 

they were not dependent on storage temperature (Table 3). The minimum, average and maximum 335 

RLT-values were 0.0, 1.2 and 13.9.  336 

For challenge tests, eq. (4) with interaction between environmental factors (d) resulted in 89 337 

% correct prediction of growth and no-growth responses with 11% being fail-safe (Table 3). 338 

Without interaction between environmental factors (d) 74 % of the growth and no-growth responses 339 

were correctly predicted with 26% being fail-safe. Clearly, inclusion of the interaction term (d) in 340 

eq. (4) was important to accurately predict growth responses of L. monocytogenes. The two fail-safe 341 

predictions (11%) had e-values of 0.3 and 0.4 and these were not close to the growth boundary 342 

with (e =1). Three correctly predicted no-growth responses had e-values of 1.2, 1.5 and 2.4 (Table 343 

3).   344 

On average 58% of the predicted cell concentrations were within the ASZ for spreadable 345 

processed cheese when calculated for 15 challenges where growth was observed resulting in 45 346 

growth curves at constant and dynamic temperatures (Table 7, Fig. 3). Predictions were obtained 347 

using the minimum observed RLT-value for L. monocytogenes, Nmax of 7.9 log cfu/g and the fitted 348 

MICU CAC–value of 0.75 mM (Table 7, Fig. 3). Lag times had a major effect on the ASZ scores. As 349 

examples, challenge test 15 with a significant lag time (306 h, Table 3) resulting in a very low ASZ 350 

value (31%), however, when no significant lag time was observed at the same storage temperature 351 

(challenge test 12) a ASZ value of 62% was found (Table 7). For challenge test 1 and 15  growth 352 

rates were accurately predicted by the model but the presence of lag times resulted in low ASZ 353 

scores (Fig.3. a, d). To overcome this limitation of the model, we evaluated the use of average and 354 
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maximum RLT-values but results were inferior to those obtained by applying the minimum RLT-355 

values (Table 7).  356 

3.4. Evaluation of existing models 357 

As expected, for spreadable processed cheese with melting salts, unacceptable model 358 

performance with Bf–values well above 1.43 were observed for both the model of Mejlholm and 359 

Dalgaard (2009) and the ComBase model. Acceptable performance with Bf and Af of 0.93/1.30 360 

were determined for the model of Augustin et al. (2005) developed for cheese (Table 6).   361 

 362 

4. Discussion 363 

A new mathematical model to predict growth and growth boundary of L. monocytogenes in 364 

spreadable processed cheese was developed by expanding an existing cardinal parameter model 365 

with terms to account for the effect of orthophosphate, di-phosphate, tri-phosphate and a new MIC-366 

value for undissociated citric acid of 0.75 mM (Eq.(4)). The new model predicted acceptably the 367 

growth at constant and dynamic storage temperatures as well as the growth boundary of L. 368 

monocytogenes in spreadable processed cheese (Table 6, Table 7, Fig. 3h).  The low average ASZ 369 

score of 58% was due to significant lag times in some challenge tests and predictions being fail-safe 370 

(Fig. 3 a, d). Similar effects of lag times on ASZ scores were previously observed for both L. 371 

monocytogenes and Salmonella spp. (Hereu et al., 2014; Velugoti et al. 2011).  372 

Based on the performed evaluation of the model, its range of applicability included 373 

orthophosphate (0.14 to 4.98 %), di-phosphate (<0.01 to 5.09 %), tri-phosphate (<0.01 to 5.17 %), 374 

lactic acid (6,371 to 15,328 ppm), acetic acid (568 to 3,483 ppm), citric acid (518 to 38,282 ppm) in 375 

the product water phase, pH (6.1 to 6.6), aw (0.952 to 0.975) and temperature (3.8 to 22.0°C). The 376 
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inhibitory effect of several dairy specific ingredients is included in the new model (Eq. (4)) and this 377 

makes the model of practical importance for product development, reformulation or risk assessment 378 

of spreadable processed cheese. As an example, for a spreadable processed cheese with pH 6.3, aw 379 

0.972 and water phase organic acid concentrations of 0.8% (lactic acid), 0.1% (acetic acid), 0.3% 380 

(citric acid) and 2.0 % (orthophosphate), the predicted time for L. monocytogenes to reach the 381 

critical concentration of 2 log cfu/g is 4-8 days if this product is contaminated with 1-10 cfu/g by 382 

consumer handling, e.g. when opening a package, and then stored at 8°C. A longer open shelf-life 383 

or larger safety margin may be desirable and the new model predicts that by substituting the 384 

orthophosphate with 2.0 % tri-phosphate the reformulated product requires 13-17 days at 8°C to 385 

reach the same critical concentration for L. monocytogenes.  It seems interesting to apply the new 386 

model in combination with available models to predict growth or toxin formation by C. botulinum 387 

in spreadable process cheese containing melting salts (Glass et al., 2017; Schaffner et al., 1998; ter 388 

Steeg and Cuppers, 1995b) to formulate recipes that will inhibit growth of the relevant pathogens. 389 

For these applications the new model has the advantages of including the inhibitory effect of 390 

ingredients specific to spreadable processed cheese and being validated for these products. When 391 

food products are reformulated, product characteristics must be selected at a sufficient distance 392 

from the growth boundary so that L. monocytogenes does not grow as a consequence of intrinsic 393 

variability of product characteristics, storage conditions or strain variability. In this respect, the new 394 

model (Eq. (4)) includes the parameter ψ as a quantitative measurement for the distance between 395 

specific environmental conditions and the growth boundary of L. monocytogenes (ψ =1). As an 396 

example, a ψ value of 0.20 was determined by the model for spreadable processed cheese with the 397 

following characteristics: pH 6.6, aw 0.970, 1.0% (lactic acid), 0.1% (acetic acid), 0.2% (citric acid), 398 

0.7% P1, 0.5% P2, 0.6% P3 in the water phase of product and stored at 15°C (Table 2, CT 5). These 399 

product characteristics are placed on the growth side of the growth boundary (ψ <1). The new 400 
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model can be used to optimize product characteristics to prevent growth of L. monocytogenes.  The 401 

formulation studied in CT 5 can be changed to prevent growth and to obtain a product with a 402 

desired ψ-value of e.g. 2. With pH reduced from 6.6 to 5.8, water phase concentrations of lactic acid 403 

increased from 1% to 2.2%, acetic acid increased from 0.1% to 0.35% and P1 reduced from 0.7 to 404 

0.3% and P3 increased from 0.6% to 1.5% the predicted ψ-value becomes 2.1.   405 

The model of Augustin et al. (2005) also provided acceptable prediction for growth rates of 406 

L. monocytogenes in spreadable processed cheese (Table 6) and included the effect of temperature, 407 

pH, NaCl/aw, phenol, nitrite and CO2. Without terms for organic acids and melting salts the 408 

potential of the Augustin et al. (2005) model to contribute to development and reformulation of 409 

spreadable processed cheese, however, is limited and in this respect the new model developed in the 410 

present study is more performant.  411 

The present study estimated a lower undissociated citric acid MIC-value (MICU CAC) for L. 412 

monocytogenes dairy strains (0.75 mM) than Mejlholm and Dalgaard (2009) observed for seafood 413 

isolates (2.21 mM). Future studies should compare model performance when using either MICU 414 

CAC-values for spreadable processed cheese with lower pH-values than the products evaluated in the 415 

present study.  416 

The approach used in the present study to develop an extensive model including the 417 

inhibiting effect of both organic acids and phosphate salts could also be interesting for C. botulinum 418 

as available predictive models with relevance for spreadable processed cheese include few 419 

environmental parameters (Glass et al., 2017; Schaffner et al., 1998; ter Steeg and Cuppers, 1995b). 420 

 421 

5. Conclusion 422 
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The present study developed and validated a new model to predict growth and growth 423 

boundary of L. monocytogenes in spreadable processed cheese. The obtained results demonstrate 424 

that interaction among environmental factors improved the performance of the model. This study 425 

confirmed that increasing concentrations of phosphate salts reduces the growth of L. monocytogenes 426 

and therefore, these salts can be used as growth inhibiting compounds. The model can be used to 427 

support spreadable processed cheese product development, reformulation or risk assessment.  It 428 

seems interesting to include the new model in predictive microbiology application software such as 429 

the Food Spoilage and Safety Predictor (FSSP http://fssp.food.dtu.dk/) to facilitate prediction of the 430 

effect of product characteristics at constant and dynamic temperature storage conditions on growth 431 

of L. monocytogenes in spreadable processed cheese.   432 
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Table 1. Product information for phosphate, citrate and commercial melting salts. 

Abbreviationa Name Chemical compound name Product number Producer E-number 

      P1 Orthophosphate Sodium phosphate monobasic 2-hydrate 04269 Sigma-Aldrich NAb 

P2 Di-phosphate Sodium pyrophosphate 10-hydrate 221368 Sigma-Aldrich NA 

P3 Tri-phosphate Pentasodium tripolyphosphate 238503 Sigma-Aldrich NA 

TC Trisodium citrate Trisodium citrate NA BK Giulini GmbH E331 

DP Disodium phosphate Disodiumhydrogenphosphate-2 hydrate NA BK Giulini GmbH E339ii 

BUDAL Budal® Na 322 Trisodium phosphate 12-hydrate NA Budenheim KG E339iii 

PZ35 JOHA®  PZ35 Sodium orthophosphate, trisodium citrate NA BK Giulini GmbH E339, E331 

PZ6 JOHA®  PZ6 Sodium orthophosphate, sodium diphosphate, sodium polyphosphates NA BK Giulini GmbH E339, E450, E452 

S9 JOHA®  S9 Orthophosphates, polyphosphates  NA BK Giulini GmbH E339, E452 

PZ189 JOHA®  189 Orthophosphates, polyphosphates, trisodium citrate  NA BK Giulini GmbH E339, E452, E331 

S9K JOHA®  S9K Potassium orthophosphates, potassium triphosphates NA BK Giulini GmbH E340, E451 

a Product name abbreviation used in the text 
b NA: information not available 
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Table 2. Storage conditions and product characteristics for challenge tests with processed spreadable cheese. 

CTb Batch 
Type of 
cheese 

nc 
Storage 
temp. 
(°C) 

Product characteristics (Avg.±SD)a 

pH aw 
Organic acids in water phase (ppm) Melting salts in water phase (%) 

Lactic acid Acetic acid Citric acid P1d P2e P3f TCg  

              1 1 Customized 3 14.9±0.2 6.1±0.1 0.972±0.000   9,970±2,013 1,158±53   1,337±293 2.61±NAh <0.01 <0.01 0.23±NA 
2 2 Customized 3 14.9±0.2 6.2±0.3 0.970±0.004 11,605±588  1,272±57   1,493±91 4.98±NA <0.01 <0.01 0.25±NA 
3 3 Customized 3 15.0±0.3 6.4±0.2 0.967±0.001 11,969±1,611 3,483±934   1,709±384 0.52±NA 1.62±NA <0.01 0.25±NA 
4 4 Customized 3 15.0±0.3 6.2±0.1 0.971±0.001 14,768±523 3,231±922   2,134±125 0.48±NA 5.09±NA <0.01 0.26±NA 
5 5 Customized 3 15.0±0.3 6.6±0.1 0.970±0.002  9,559±1,630 1,451±1,135   1,642±281 0.68±NA 0.49±NA 0.63±NA 0.23±NA 
6 6 Customized 3 15.0±0.3 6.1±0.1 0.967±0.000 11,859±598 1,701±13   2,368±212 0.74±NA 1.45±NA 5.17±NA 0.28±NA 
7 7 Customized 3 14.9±0.2 6.4±0.1 0.970±0.000  7,051±1,030 1,116±18 11,510±290 0.42±NA <0.01 <0.01 2.78±NA 
8 8 Customized 3 14.9±0.2 6.3±0.1 0.963±0.001 12,339±1,620 2,162±1,116 38,282±5,319 0.44±NA <0.01 <0.01 5.01±NA 
9 9 Customized 3 15.0±0.3 6.4±0.2 0.964±0.001  9,514±2,760 1,116±90   1,289±479 2.04±NA 0.34±NA 0.29±NA 0.27±NA 
10 10 Customized 3 15.0±0.3 6.3±0.1 0.952±0.001 15,328±1,768 1,630±227   2,490±1,390 3.90±NA 0.54±NA 3.67±NA 0.28±NA 
11 1 Commercial 3 22.0±0.2 6.2±0.0 0.969±0.001  6,371±22    958±4      518±12 1.90±NA <0.01 <0.01 0.49±NA 
12 2 Commercial 3 4.8±0.4 6.2±0.0 0.969±0.001  7,641±865    568±178   2,558±290 1.94±NA <0.01 <0.01 0.50±NA 
13 2 Commercial 3 10.1±0.2 6.2±0.0 0.969±0.001  7,641±865    568±178   2,558±290 1.94±NA <0.01 <0.01 0.50±NA 
14 2 Commercial 3 14.5±0.2 6.2±0.0 0.969±0.001  7,641±865    568±178   2,558±290 1.94±NA <0.01 <0.01 0.50±NA 
15 3 Commercial 3 4.8±0.4 6.2±0.0 0.972±0.001 13,105±4,612 1,559±345   5,392±1,826 1.91±NA <0.01 <0.01 0.49±NA 
16 3 Commercial 3 10.1±0.2 6.2±0.0 0.972±0.001 13,105±4,612 1,559±345   5,392±1,826 1.91±NA <0.01 <0.01 0.49±NA 
17 3 Commercial 3 14.5±0.2 6.2±0.0 0.972±0.001 13,105±4,612 1,559±345   5,392±1,826 1.91±NA <0.01 <0.01 0.49±NA 
18 4 Commercial 3 7.2±0.2 6.1±0.0 0.969±0.001 12,624±1,468 1,436±159   7,612±1,062 2.14±NA <0.01 <0.01 0.57±NA 
19 4 Commercial 3 11.1±0.2 6.1±0.0 0.969±0.001 12,633±763 1,594±140   7,708±402 2.13±NA <0.01 <0.01 0.58±NA 
20 4 Commercial 3 3.8-19.4i 6.3±0.0 0.975±0.000  8,368±717 1,042±226   5,416±284 1.92±NA <0.01 <0.01 0.53±NA 

a Avg.: average; SD: standard deviation (n = 3) 
b Challenge test 
c Number of growth curves per challenge test 
d P1: orthophosphate 
e P2: di-phosphate 
f P3: tri-phosphate 
g TC: trisodium citrate 
h  NA, not available as pooled sample was analysed by Eurofins. 
i Dynamic storage temperature. 
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Table 3. Growth parameters of L. monocytogenes in challenge tests with processed spreadable cheese.  

CTb 
Type of 
cheese 

Growth parameter values (Avg. ±SD) a  
�

c 
 

Predicted growth/no-growth 
responses 

Lag-time 
(h) 

RLT (h) 
Log N0  
(cfu/g) 

Log Nmax  
(cfu/g) 

μmax (1/h) 
Duration of 
exp. (days) 

          1 Customized 222±11 13.9±2.1 2.3±0.2 4.9±0.1 0.043±0.01 19.1 0.3 Correct 
2 Customized 114±18 7.2±1.8 2.5±0.1 7.0±0.6 0.043±0.00 20.1 0.3 Correct 
3 Customized 0.0±0.0d 0.0±0.0 2.4±0.1 2.2±0.1 0.000±0.00e 51.0 0.4 Fail-safe 
4 Customized 0.0±0.0d 0.0±0.0 2.4±0.1 2.1±0.1 0.000±0.00e 65.1 1.5 Correct 
5 Customized 0.0±0.0d 0.0±0.0 2.0±0.1 6.1±0.2 0.034±0.00 17.9 0.2 Correct 
6 Customized 0.0±0.0d 0.0±0.0 2.4±0.1 1.3±0.3 0.000±0.00e 65.0 2.4 Correct 
7 Customized 0.0±0.0d 0.0±0.0 2.4±0.2 7.7±0.2 0.102±0.00 8.0 0.1 Correct 
8 Customized 0.0±0.0d 0.0±0.0 2.6±0.1 7.8±0.1 0.037±0.00 20.0 0.3 Correct 
9 Customized 0.0±0.0d 0.0±0.0 2.2±0.2 2.4±0.2 0.000±0.00e 51.0 0.3 Fail-safe 
10 Customized 0.0±0.0d 0.0±0.0 2.4±0.2 1.7±0.4 0.000±0.00e 65.0 1.2 Correct 
11 Commercial 0.0±0.0d 0.0±0.0 2.0±0.1 7.8±0.0 0.106±0.00 17.9 0.2 Correct 
12 Commercial 0.0±0.0d 0.0±0.0 1.4±0.1 3.4±0.3 0.006±0.00 32.0 0.3 Correct 
13 Commercial 0.0±0.0d 0.0±0.0 1.3±0.2 7.2±0.2 0.016±0.00 45.1 0.2 Correct 
14 Commercial 0.0±0.0d 0.0±0.0 1.3±0.0 7.0±0.1 0.051±0.00 16.2 0.2 Correct 
15 Commercial 306±22 3.9±0.4 2.6±0.1 7.2±0.2 0.009±0.00 83.0 0.5 Correct 
16 Commercial 43±16 1.6±0.6 2.9±0.0 7.8±0.1 0.027±0.00 29.8 0.4 Correct 
17 Commercial 7±10f 0.6±0.9 2.7±0.1 7.9±0.2 0.056±0.00 17.0 0.3 Correct 
18 Commercial 157±56 4.3±1.9 1.0±0.0 4.5±0.1 0.015±0.00 24.0 0.5 Correct 
19 Commercial 0.0±0.0d 0.0±0.0 1.2±0.3 7.6±0.0 0.035±0.00 24.0 0.4 Correct 
20 Commercial - - 1.9±0.2 7.6±0.3 - 24.0 -  
a Avg: average; SD: standard deviation 
b Challenge test. 
c �-value indicate how far the properties of a specific food product is from the predicted growth boundary of L. monocytogenes with 

�= 1.0. 
d No significant lag-time 
e No growth observed for duration of experiment. 
f One growth curve had a significant lag time out of three growth curves. 
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Table 4. Cardinal parameter values for the effect of melting salts on L. monocytogenes growth.  

 Parameter values  
(value ±SE)a 

n1 n2 

MIC P1 (%) 14.9 ± 1.1 1 1 
MIC P2 (%) 9.4 ± 0.4 1 2 
MIC P3 (%) 7.6 ± 0.2 1 2 
MIC TC (%) or MICCACU

 (mM) 11.0 ± 0.3 or 0.75 ± 0.02 1 1 
a SE: standard error 
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Table 5. Observed and predicted effect of commercial melting salt preparations for growth of L. monocytogenes.   

   Percentage composition  

na Bf
b Af

c Commercial 
melting salts  

Conc. studied 
(g/ml) 

 
P1 P2 P3 TC 

 

DP 0.0-9.1  55 0 0 0  12 1.32 1.47 

BUDAL 0.0-15.7  26 0 0 0  8 2.09 2.26 

PZ35 0.0-8.2  15 0 51 0  18 1.24 1.24 

PZ6 0.0-3.9  3 15 6 11  24 1.52 1.53 

S9 0.0-3.4  4 5 15 0  14 1.53 1.53 

PZ189 0.0-4.5  25 0 0 32  8 1.34 1.35 

S9K 0.0-3.5  26 2 28 0  10 1.16 1.18 

           All data        94 1.42 1.46 
a n, number of experiments 
b Bf, bias factor 
c Af, accuracy factor 
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Table 6. Comparison of observed and predicted growth of L. monocytogenes in spreadable processed cheese by bias and accuracy factors.  

 Bf
a Af

b 

   
New modelc using MICTC (%) 1.06 1.35 

New modelc using MICCACU (mM) 1.12 1.29 

Modified Mejlholm & Dalgaard (2009) modeld 1.15 1.34 

Original Mejlholm and Dalgaard (2009) modele 1.70 1.82 

Augustin et al. (2005), cheesee 0.93 1.30 

ComBasee 2.65 2.65 
a Bf, bias factor where 0.95 < Bf <1.11 indicates 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 reflecting unacceptable model performance 
b Af, accuracy factor with Af > 1.5 suggested to indicate an incomplete model or systematic deviation between observed and predicted µmax-values 
c Predicted by the new model (eq. (2) through eq. (5)) 
d Predicted by the Mejlholm and Dalgaard (2009) model using its MICU CAC -value (2.21 mM) but expanded with MIC-terms for phosphate salts (P1, P2, P3) as 
determined in the present study 
e Growth and no-growth prediction responses were 74% correct with 26% fail-safe and 0% fail-dangerous 
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Table 7. Comparison of predicted and observed growth data using the acceptable simulation zone (ASZ) method.  

CTa  Storage temperature (°C) and growth data 
% observations within ASZd 
Predictions performed with new model 
including MICU CAC (mM) 

1c 14.9±0.2, Fig 3a 17 (22/56) 
2c 14.9±0.2 32 (45/41) 
5c 15.0±0.3 41 (46/26) 
7c 14.9±0.2 67 (48/15) 
8c 14.9±0.2, Fig.3b 95 (79/13) 
11b 22.0±0.2, Fig. 3c 97 (93/43) 
12b 4.8±0.4  62 (64/44) 
13b 10.1±0.2 32 (32/49) 
14b 14.5±0.2 40 (30/30) 
15b 4.8±0.4, Fig. 3d 31 (70/33) 
16b 10.1±0.2, Fig. 3e 98 (100/21) 
17b 14.5±0.2, Fig. 3f 100 (70/18) 
18b 7.2±0.2, Fig. 3g 88 (88/54) 
19b 11.1±0.2 67 (45/27) 
20b Dynamic (3.8-19.4°C), Fig. 3h 91 (21/18) 
    Average ASZ score  
All data  58 (57/33) 
Commercial   63 (61/34) 
Customized   49 (49/31) 
a Challenge test 
b Customized spreadable processed cheese 
c Commercial spreadable processed cheese 
d Calculation of ASZ score with minimum RLT-value (average/maximum RLT-value). 
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Fig.1. Maximum specific growth rates (μmax, 1/h) of L. monocytogenes in BHI broth at 25°C and pH 6.2 as influenced 
by increasing concentrations of orthophosphate (a; P1), di-phosphate (b; P2) and tri-phosphate (c; P3). MIC-values for 
phosphate salts were determined by fitting eq. (3) to observed data (�). Solid and dashed lines represent the fitted (eq.( 
3)) and confidence intervals (95%), respectively.  
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Fig.2. Effect of trisodium citrate (TC) (a) or undissociated citric acid (b) on maximum specific growth rates (μmax, 1/h) 
of L. monocytogenes in BHI broth at 25°C and pH 6.2. MIC-values of citrate salts and undissociated citric acid were 
determined by fitting eq. (3) to observed data (�). Solid and dashed lines represent the fitted (eq. (3)) and confidence 
intervals (95%), respectively.  
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4 

 

Fig.3. Comparison of observed (�) and predicted (-) growth of L. monocytogenes. Spreadable processed spread cheese 
was studied at 22.0±0.2°C (a), 4.8±0.4°C (b), 10.1±0.2°C (c), 14.5±0.2°C (d), 14.9±0.2°C (e),  14.9±0.2 (f), 7.2±0.2 (g) 
and dynamic storage temperature 3.8-19.4°C (h, temperature profile is shown as grey lines). Solid lines represent the 
predicted growth by eq. (4) when using MICCACU

 (mM). Graphs include the ASZ (+0.5 and -1.0 Log cfu/g, dashed 

lines). 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Highlights 

• Model to predict growth of  Listeria monocytogenes in spreadable processed cheese 

• Model including the effect of nine environmental factors 

• Support tool for product development/reformulation of spreadable processed cheese 
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