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ARTICLE INFO ABSTRACT

The aim of this study was to develop and validate a growth and growth boundary model with terms for melting
salts to predict growth of Listeria monocytogenes in spreadable processed cheese. Cardinal parameter terms for
phosphate salts and citric acid were developed in broth studies and used to expand an available growth and
growth boundary model. The expanded model includes the effect of nine environmental factors (temperature,
PH, a,,, lactic acid, acetic acid, citric acid, orthophosphate, di-phosphate and tri-phosphate). To generate growth
data for model evaluation challenge tests with inoculated commercial (n = 10) and customized (n = 10)
spreadable processed cheeses were performed. Evaluation of the new model by comparison of observed and
predicted g, -values resulted in a bias factor of 1.12 and an accuracy factor of 1.33 (n = 42). Prediction of
growth and no-growth responses in processed cheese (n = 60) were 89% correct with 11% fail-safe and 0% fail-
dangerous predictions. The developed model can be used to support product development, reformulation or risk

Keywords:

Phosphate salts
Product development
Risk assessment
Predictive microbiology

assessment for spreadable processed cheese.

1. Introduction

Spreadable processed cheese is a ready-to-eat product manufactured
by blending cheese, melting salts (e.g. sodium or potassium salts of
phosphoric or citric acid) and other dairy and non-dairy ingredients,
followed by heating and mixing to obtain a uniform molten mass which
is typically hot-filled into the final packaging (Fox et al., 2017). For-
mulation parameters for spreadable processed cheese may vary con-
siderably in terms of pH (4.7-6.3), moisture (ca. 50-70%) and salt
content (Maurer, 2012; Kim et al., 2018). Food-grade hydrocolloids
(e.g. carob bean gum, guar gum, xanthan gum, gelatine and/or carra-
geenan) can be used to influence product texture and to reduce the
water activity of spreadable processed cheese (Guinee et al., 2004).
Melting salts are ingredients known to contribute to the microbiological
safety and stability of spreadable processed cheese, besides their main
function as emulsifying agents. Among melting salts, phosphates are
well known to inhibit the growth of spore-forming bacteria which are
key microorganisms to control in processed cheeses (Tanaka et al.,
1986; Tompkin, 1983). However, little information is available about
their inhibitory effect against pathogens that may potentially

contaminate the product during open shelf-life and especially under
conditions of temperature abuse by the consumer.

Unsafe food handling by consumers, including cross-contamination
and storage conditions, is believed to contribute significantly to food-
borne illness (De Jong et al.,, 2008; Evans and Redmond, 2018;
Redmond and Griffith, 2003). Based on data for several countries, more
than one third of domestic refrigerators operate at temperatures above
5 °C which is the maximum recommended chilled temperature for most
ready-to-eat products (James et al., 2008; Roccato et al., 2017; WHO,
2006). Hygiene and temperature control can be critical in relation to
food safety with EFSA estimates showing that prevention of growth of
Listeria monocytogenes in ready-to-eat products at the consumer phase
can reduce annual listeriosis cases in the Member States by 37% (EFSA,
2018).

Within the EU, it is mandatory for food business operators to eval-
uate and manage potential L. monocytogenes growth depending on
product characteristics and different reasonably foreseeable storage
conditions of ready-to-eat foods (EC, 2005). Melting salts are known to
inhibit growth of foodborne pathogens such as Bacillus cereus, Clos-
tridium botulinum and Staphylococcus aureus (ter Steeg et al., 1995;
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Maier et al., 1999; Loessner et al., 1997). In the same way, melting salts
may be important in controlling L. monocytogenes growth in spreadable
processed cheeses but their anti-listerial effect remains little studied.
The potential growth of L. monocytogenes e.g. after opening a hot-filled
packaged food product can be evaluated by challenge tests or predictive
mathematical modelling (EC, 2005). Application of validated predictive
models is typically a faster and more cost effective approach but to
accurately predict growth responses of L. monocytogenes mathematical
models must include the effect of all important preserving factors
(Mejlholm et al., 2010; Ross and Dalgaard, 2004). Many L. mono-
cytogenes growth models are available, some including the inhibitory
effect of several intrinsic along with extrinsic factors and a few models
have been successfully validated for different types of dairy products
(Augustin et al., 2005; Martinez-Rios et al., 2019; Mejlholm et al.,
2010). However, none of the available L. monocytogenes growth models
include the inhibitory effect of melting salts or have been successfully
validated for spreadable processed cheeses.

The objective of the present study was to expand and validate a
mathematical model to predict growth and growth boundary of L.
monocytogenes in spreadable processed cheese including phosphate/ci-
trate salts and/or organic acids. Firstly, the growth inhibiting effects of
phosphate and citrate salts on L. monocytogenes were studied in broth
and their minimum inhibitory concentrations (MICs) were determined.
Secondly, new mathematical terms for the inhibiting effect of these
compounds were included in the growth and growth boundary model of
Mejlholm and Dalgaard (2009). Finally, the performance of the ex-
panded model was evaluated by comparison of predicted and observed
growth for L. monocytogenes in spreadable processed cheese.

2. Materials and methods
2.1. Bacterial strains and pre-culture conditions

Four dairy related strains of L. monocytogenes were provided by Arla
Foods amba and used as a cocktail (SLU 92, 612, LM19, 6) to determine
Umax-values in broth and for inoculation of challenge tests. Prior to use,
each strain was transferred from storage at —80°C to Brain Heart
Infusion (BHI) broth (CM1135, Oxoid, Hampshire, UK) and incubated
for 24 h at 25 °C. Subsequently, for broth studies the individual strains
were pre-cultured 1day at 25°C in BHI broth with pH 6.2 and 0.5%
NaCl. For challenge testing the individual stains were pre-cultured one
or two daysat 8°C-20°C in BHI broth with pH 6.2 and 1% NacCl to
simulate temperature abuse conditions encountered in spreadable
processed cheese during open-shelf life. Pre-cultures were grown to a
relative increase in absorbance (540 nm) of 0.05-0.2 (Novaspec II,
Pharmacia Biotech, Allergd, Denmark). The L. monocytogenes cocktail of
strains (Lm-mix) used in broth and challenge test studies were produced
by mixing equal volumes of individual pre-cultures. The cell con-
centration of Lm-mix was determined by direct phase-contrast micro-
scopy at 1000x magnification considering that one cell per field of view
corresponded to a concentration of around 10° cfu/ml (Adams et al.,
2016).

2.2. Phosphate and citrate salts

MICs were determined for three different phosphate salts and tri-
sodium citrate. Furthermore, the anti-listerial effect of eight commer-
cially available melting salts preparations were determined (Table 1).

2.3. Cardinal parameter values for phosphate and citrate salts

The inhibitory effect of eight to 17 different concentrations of P1
(0-6.5%), P2 (0-6%), P3 (0-5%) and TC (0-9%; corresponding to 0-
137,000 ppm of citric acid) on Lm-mix were determined at 25 °C in BHI-
broth with pH 6.2. A total of 154 yi,.-values were determined. For each
condition, growth of Lm-mix was determined in duplicate by using
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automated absorbance measurements at 540nm (BioScreen C,
Labsystems, Helsinki, Finland). Detection times, 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 de-
termined for each absorbance growth curve. pp.-values of Lm-mix
were determined from absorbance detection times for serially diluted
inoculation levels of 102, 103 10% 10° and 10° cfu/ml as previously
described (Dalgaard and Koutsoumanis, 2001). The cardinal parameter
values for the different phosphate and citrate salts (P1, P2, P3 and TC)
were estimated by fitting eq. (1) to square root transformed p,,q,-values
of L. monocytogenes.

[ n2
| [P or TC] )m
VHMmax = 4| Mref 25°C” 1=
\J‘ of 25°C ( (MICpor C 6))

where [P or TC] are the concentrations (%) of individual phosphates
(P1, P2, P3) or citrate salt (TC) and MICp ,, ¢ is the fitted MIC-value
(%) of individual phosphates (P1, P2, P3) or citrate salt (TC) that pre-
vents growth of L. monocytogenes. The cardinal parameter value for
citric acid (MICy cac) was determined from concentrations of un-
dissociated citric acid calculated by eq. (2) with a pKa value of 3.13
(Ross and Dalgaard, 2004) from concentrations of TC. The cardinal
parameter value was estimated by fitting eq. (3) to square root trans-
formed p,05-values of Lm-mix.

Citric acid(mM)

Undissociatedcitricacid (mM) =
(mM) 1 + 10PH-PKa (2)

‘ n2
‘J [CACy] )"1
= | oo |l = |
JHmax V#mf 25°C ( (MICU cac ) ®

where [CACy] is the concentration (mM) of undissociated citric acid
and MICy cac is the fitted MIC-value of undissociated citric acid that
prevents growth of L. monocytogenes. When fitting egs. (1) and (3), nl
was set to 0.5 or 1 and n2 was set to 1 or 2 (Dalgaard, 2009) in order to
describe data most appropriately and this was determined from root
mean square error (RMSE) values.

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

The effect of interaction for different combinations of phosphate
and citrate salts concentrations (P1: 0-6%; P2: 0-5.5%; P3: 0-5%; TC:
0-8%) on Lm-mix were determined in BHI-broth with pH 6.2and at
25°C. A total of 66 ,.-values were generated experimentally as ex-
plained above (Section 2.3). Experiments were designed to include
combinations of concentrations that were close to the growth boundary
of L. monocytogenes.

2.3.2. Anti-listerial effect of commercial melting salt preparations

The inhibitory effect for different concentrations of DP (0-8.6%),
BUDAL (0-15.5%), PZ6, PZ35, S9, PZ189 (0-4.5%) and S9K (0-8%) on
Umax-values of Lm-mix were determined. A total of 94 ,.-values were
generated in BHI-broth with pH 6.2 and at 25 °C (See 2.3).

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

New mathematical terms including MIC values for P1, P2, P3 and
either TC or CACy were added to an existing cardinal parameter growth
and growth boundary model previously validated for growth of L.
monocytogenes in some non-fermented dairy products (Mejlholm and
Dalgaard, 2009; Mejlholm et al., 2010). Of the 12 environmental factors
in that model, exclusively terms for the effect of temperature, pH, NaCl/
ay, lactic acid and acetic acid were used in the present study and in-
cluded in a new L. monocytogenes growth and growth boundary model
with terms for the inhibitory effect of phosphate salts and either citrate
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Table 1
Product information for phosphate, citrate and commercial melting salts.
Abbreviation® Name Chemical compound name Product number Producer E-number
P1 Orthophosphate Sodium phosphate monobasic 2-hydrate 04269 Sigma-Aldrich NA®
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" $9 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

2 Product name abbreviation used in the text.
> NA: information not available.

salt or undissociated citric acid (eq. (4)). A recently developed cardinal
parameter pH,,-function was used to estimate pH,,-values for L.
monocytogenes depending on the storage temperature (Martinez-Rios
et al., 2019).

T+283) | 0.923
(T +2. )].(a“’_ : ).[1_10(PHmin*PH]

(T +283) | (1 —0923)

.(1 _ [LACU]). 1— [1AACy]
3.79 \V 103
n1\n2
. 1_(M) or[1 - [LTC1Y"
MICU CAC [MICTC]
(- [Pl] nl n2. - [PZ] nl n2. - [P3] nl nZ.g
[MICp,] [MICp,] [MICps]

C)

Hmax = luref [

where 1, is a fitted parameter with value equal to f1,,qx at the reference
temperature (T, of 25°C when other environmental factors do not
inhibit growth; T is the temperature (°C) and a,, is the water activity
measured in the product (Supplementary Table S1). [LACyl, [AACyl,
[CACy] are the concentrations (mM) of undissociated lactic acid, acetic
acid and citric acid in the water phase, respectively. [P1], [P2], [P3]
and [TC] are the concentrations (%) in water phase of orthophosphate,
di-phosphate, tri-phosphate and trisodium citrate respectively. [MICp;],
[MICps], [MICps], and [MICyc] are the fitted MIC-values (%, in the
water phase) of orthophosphate, di-phosphate, tri-phosphate and tri-
sodium citrate, respectively, that prevents growth of L. monocytogenes.
The interaction between environmental parameters (§) was modelled as
previously described using the Le Marc approach (Le Marc et al., 2002;
Mejlholm and Dalgaard, 2009). The effect of interaction between en-
vironmental factors in eq. (4) was expressed by the parameter £, which
has a value between 0 and 1. The value of &, was calculated according
to eq. (5), with contributions from different environmental factors as
shown in egs. (6) and (7). In eq. (7), e; represents the environmental
factors. Eq. (5) divides the space of environmental factors into three
regions: (i) if ¢ is less than 0.5, then no interactive effect between en-
vironmental factors occurs (§ = 1); (ii) if ¢ is greater than 1, then no
growth occurs (§ = 0); and (iii) if ¥ is less than 1 and greater than 0.5,
then the growth rate (,qx, 1/h) is reduced depending on the value of .
A 1) value greater than 1 (e.g., 1.5 or 2.0) provides a measure of how far
the properties of a specific food product is from the predicted growth
boundary of L. monocytogenes (Mejlholm and Dalgaard, 2009).

§(p(T,aw, pH, [LACy], [AACy], [CACy], [P1], [P2], [P3], [TC]))
1,9 <05
=421 -19),05<yp <1
0,p=1 5)

where §(¢(T, ay, pH, [LACyl, [AACyl, [CACy], [P1], [P2], [P3], [TC]))
is the term describing the effects of interactions between environmental
factors on

oT = [1 - (T + 283)/(Ty + 2.83)

pay, = [1 — (@, — 0.923)/(1 — 0.923)]’
@pH = [1 = 1 — 10@Hnn—pH) |2

»[LAC]; [AAC]; [CAC]

=[1 - ((1 - J[LACy1/3.79)-(1 — J[AACy1/10.3)

-1 = [CACY]/MICy cac) P

. . . _ pPorTC \" "
@[P1]; p[P2]; @[P3]; @[TC]=|1 - [(1 - (m) ) ] ©

Pe;
Y=o a o
T2 Hj#i 1-9) )
The inhibiting effect of organic acids on interaction with other en-
vironmental factors in eq. (6) was modelled by multiplication of their
effects as previously suggested (Coroller et al., 2005).

2.5. Challenge test with spreadable processed cheese

To generate data for model evaluation, growth of L. monocytogenes
in spreadable processed cheese was determined in 20 inoculated chal-
lenge tests including 60 growth/no-growth responses at constant and
dynamic storage temperatures (see section 2.6.). These included ten
batches/formulations of customized spreadable processed cheese and 4
batches of commercially available spreadable processed cheese
(Table 2).

2.5.1. Product characteristics

Ten customized spreadable processed cheese recipes were designed
to evaluate the effect of phosphate salts, citrate salt and undissociated
citric acid. The customized recipes were produced in the pilot plant at
Arla Innovation Centre in Aarhus and transported on ice to DTU Food
where they were stored upon arrival at 2 °C for a maximum of 48 h until
further studied. Individual batches of customized spreadable processed
cheese were produced with 3% or 6% orthophosphate (P1), di-phos-
phate (P2) or trisodium citrate (TC) and 2% or 5% tri-phosphate (P3). A
commercially available emulsifying salt preparation (S9K) was used to
produce spreadable processed cheese with two different concentrations
(3% or 6%). Two commercial spreadable processed cheeses were ob-
tained from a local supermarket. Product pH was measured with a PHM
250 Ion Analyzer (MetroLab™, Radiometer, Copenhagen, Denmark)
after 1h stirring of a 5g sample in 25 ml of distilled water. NaCl was
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Table 3
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Growth parameters of L. monocytogenes in challenge tests with processed spreadable cheese.

CT" Type of cheese Growth parameter values (Avg. + SD) ° ¢  Predicted growth/no-growth responses
Lag-time (h) RLT (h) Log N (cfu/g) Log Npax (cfu/g)  tmax (1/h) Duration of exp. (days)

1 Customized 222 * 11 139 £ 21 23 *0.2 49 = 0.1 0.043 = 0.01 19.1 0.3 Correct
2 Customized 114 + 18 72 + 18 25 0.1 7.0 = 0.6 0.043 = 0.00 20.1 0.3 Correct
3 Customized 0.0 £ 0.0 0.0 %00 2401 22 = 0.1 0.000 + 0.00° 51.0 0.4 Fail-safe
4 Customized 0.0 = 0.0¢ 0.0 = 0.0 24 + 0.1 21 = 0.1 0.000 = 0.00° 65.1 1.5 Correct
5 Customized 0.0 £ 0.0 0.0 %00 20=+0.1 6.1 = 0.2 0.034 = 0.00 17.9 0.2 Correct
6 Customized 0.0 £ 0.0 0.0 %00 2401 1.3 = 0.3 0.000 + 0.00° 65.0 2.4 Correct
7 Customized 0.0 = 0.0¢ 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 = 0.0° 0.0 %00 26=0.1 7.8 £ 0.1 0.037 = 0.00 20.0 0.3 Correct
9 Customized 0.0 £ 0.0 0.0 =00 2202 2.4 + 0.2 0.000 + 0.00° 51.0 0.3 Fail-safe
10 Customized 0.0 = 0.0¢ 0.0 = 0.0 2.4 + 0.2 1.7 = 0.4 0.000 = 0.00° 65.0 1.2 Correct
11 Commercial 0.0 = 0.0¢ 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 £ 0.0° 0.0 %00 1.4 +0.1 3.4 £ 0.3 0.006 = 0.00 32.0 0.3 Correct
13 Commercial 0.0 £ 0.0 0.0 %00 1302 7.2 = 0.2 0.016 = 0.00 45.1 0.2 Correct
14 Commercial 0.0 = 0.0¢ 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 39 =04 26 =*01 7.2 £ 0.2 0.009 = 0.00 83.0 0.5 Correct
16  Commercial 43 £ 16 1.6 = 0.6 29 = 0.0 7.8 = 0.1 0.027 = 0.00 29.8 0.4 Correct
17 Commercial 7 + 10° 0.6 = 0.9 27 £ 0.1 7.9 = 0.2 0.056 = 0.00 17.0 0.3 Correct
18  Commercial 157 = 56 43 + 1.9 1.0 = 0.0 4.5 + 0.1 0.015 + 0.00 24.0 0.5 Correct
19  Commercial 0.0 £ 0.0° 0.0+00 1203 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
b

Avg: average; SD: standard deviation.
Challenge test.

c

4 No significant lag-time.

No growth observed for duration of experiment.
f One growth curve had a significant lag time out of three growth curves.

e

quantified by automated potentiometric titration (785 DMP Titrino,
Metrohm, Hesisau, Switzerland) and a,, was calculated from the con-
centration of NaCl in the water phase (%WPS) according to the relation
derived from Resnik and Chirife (1988) (a, = 1-0.0052471 - %WPS -
0.0002206 - %WPS?). In addition a,, was measured by a water activity
meter (Aqua Lab model CX-2, Decagon devices Inc., Pullman, US)
(Supplementary Table 1). The concentrations of lactic, acetic and citric
acid were determined by HPLC using external standards for identifi-
cation and quantification. In order to improve extraction, a cen-
trifugation step was applied (Dalgaard and Jgrgensen, 2000; Martinez-
Rios et al., 2016). Phosphate and citrate salt concentrations were de-
termined by Eurofins, New Orleans, USA (test method QA02S). Product
characteristics were determined on three samples for each batch and
data reported as average = standard deviation.

2.5.2. Inoculation, storage conditions and microbiological analysis

Cheese was inoculated with 0.1% (v/w) of Lm-mix appropriately
diluted in chilled saline water (0.85% NaCl) to obtain an initial con-
centration in the range of 1-3 Log cfu/g. Following inoculation, 50+5g
of cheese was placed in containers similar to those used for commercial
distribution of the product. Samples were stored at 5, 10, 15 and 22 °C
or under dynamic temperatures (Table 2). Storage temperature was
recorded every 30min by data loggers (TinytagPlus, Gemini Data
Loggers Ldt., Chichester, UK). Storage time was from 8 to 83 days for
different treatments with 7-27 sampling times per treatment.

At each time of sampling a container with 50+5g of cheese was
analysed and then discarded. 10 g of cheese was diluted 10-fold in
chilled physiological saline water with peptone (0.85% NaCl, 0.1%
Bacto™ Peptone, 211677, BD Bioscience, San Jose, USA) and subse-
quently homogenized for 30s at normal speed in a stomacher
(Stomacher 400 Circulator, Seward Medical, London, UK). Viable
counts of L. monocytogenes were determined by surface plating on
Palcam agar base (CM0877, Oxoid, Basingstoke, UK) with selective
supplement (SR0150, Oxoid) and incubated at 37 °C for 48 h.

-value indicates how far the properties of a specific food product is from the predicted growth boundary of L. monocytogenes with 1 = 1.0.

2.5.3. Primary growth model

The integrated and log transformed logistic model with delay (four
parameter model) or without delay (three parameter model) (eq. (8);
Rosso et al., 1996) was fitted to all individual growth curves of L.
monocytogenes obtained in challenge tests at constant temperatures.
Fitted parameter values for initial cell concentration (Log Ny, Log cfu/
g), lag time (e, h), maximum specific growth rate (Unq, 1/h) and
maximum population density (Log Ny, Log cfu/g) were determined
for each growth curve and data was reported as average + standard
deviation for challenge tests (Table 2). An F-test was used to determine
if the lag time was significant.

Log(N,) = Log(No) if t < ligg

Nmax

Log(N:) = Log
1+ ((1\’1’\"]—[‘)"‘) - 1) - eXp(~Hpay * (= tag))

if t> tlag
C))

where t is the storage time (h) and N, is the cell concentration (cfu/g) at
time t. Other parameters were indicated above.

The relative lag time (RLT = tiqg ‘Umax/In (2)) (Mellefont and Ross,
2003) was calculated for all growth curves of L. monocytogenes in
challenge tests (Table 2). It was evaluated if RLT-values were constant
(RLT = K;) or dependent on storage temperature (RLT = K; +K,/T?)
as reported by Hereu et al. (2014).

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

Comparison of observed and predicted pi,q,-values was carried out
by calculation of bias (B¢) and accuracy (Ay) factor values (Ross, 1996).
For pathogenic bacteria, 0.95 < By < 1.11 indicates a good model
performance, with By 1.11-1.43 or 0.87-0.95 corresponding to accep-
table model performance and B¢ < 0.87 or > 1.43 reflecting un-
acceptable model performance (Mejlholm et al., 2010). Af > 1.5 has
been suggested to indicate an incomplete model or systematic deviation
between observed and predicted p,q,-values (Mejlholm and Dalgaard,
2013). Firstly, we used this approached to evaluate the effect of
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Table 4
Cardinal parameter values for the effect of melting salts on L. monocytogenes
growth.

Parameter values (value + SE)* nl n2
MIC p; (%) 149 £ 1.1 1 1
MIC p; (%) 94 =+ 04 1 2
MIC p3 (%) 7.6 £ 0.2 1 2
MIC 1¢ (%) or MICcacy (mM) 11.0 = 0.3 or 0.75 * 0.02 1 1

@ SE: standard error.

Table 5

Observed and predicted effect of commercial melting salt preparations for

growth of L. monocytogenes.

Percentage composition n® B AF

Commercial Conc. P1 P2 P3 TC

melting salts studied (g/

ml)

DP 0.0-9.1 55 0 0 0 12 132 1.47
BUDAL 0.0-15.7 26 0 0 0 8 209 226
PZ35 0.0-8.2 15 0 51 0 18 1.24 1.24
PZ6 0.0-3.9 3 15 6 11 24 152 1.53
S9 0.0-3.4 4 5 15 0 14 153 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

2 n, number of experiments.
b B, bias factor.
¢ Ay, accuracy factor.

interaction among environmental factors (eq. (4)). Secondly, the ap-
proach was applied to evaluate if the new model could appropriately
predict the inhibitory effect of commercial melting salt preparations on
the growth of L. monocytogenes. For these predictions the concentrations
of individual phosphates in the commercial melting salt preparations
were analysed and concentrations of P1, P2 and P3 were used as model
input to obtain predictions (Table 5). Finally, the performance of the
new model was evaluated by comparing predicted and observed growth
responses in 20 challenge tests with spreadable processed cheese (see
section 2.5). Predicted and observed growth and no-growth responses
were assessed by calculating the percentage of all samples that were
correctly predicted with or without inclusion in eq. (4) of the term for
interaction between environmental factors (§). Incorrect predictions
were considered as fail-safe (growth predicted with no growth ob-
served) or fail-dangerous (no growth predicted with growth observed).
y—values (eq. (5)) was used to describe how far a predicted response
(growth or no-growth) was from the growth boundary (3 = 1).

The acceptable simulation zone (ASZ) approach was used to com-
pare observed and predicted growth in challenge tests were growth was
observed under constant or dynamic temperature storage. The accep-
table interval was defined as +0.5 and —1.0 Log cfu/g from the si-
mulated growth of L. monocytogenes. When at least 70% of the observed
values were within ASZ, the simulation was considered acceptable
(Oscar, 2007; Velugoti et al., 2011).

2.7. Evaluation of existing models

Three existing L. monocytogenes growth models were evaluated to
assess their ability to predict growth responses in spreadable processed
cheese. The studied models were: (a) the model of Mejlholm and
Dalgaard (2009) previously evaluated for different non-fermented dairy
products (Mejlholm et al., 2010), (b) the model of Augustin et al.
(2005) developed for cheese and including terms for temperature, pH,
NaCl/a,,, phenol, nitrite and CO, and (c) the ComBase model including
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Fig. 1. Maximum specific growth rates (tmqax, 1/h) of L. monocytogenes in BHI
broth at 25°C and pH 6.2 as influenced by increasing concentrations of or-
thophosphate (a; P1), di-phosphate (b; P2) and tri-phosphate (c; P3). MIC-va-
lues for phosphate salts were determined by fitting eq. (3) to observed data ([7).
Solid and dashed lines represent the fitted (eq.(3)) and confidence intervals
(95%), respectively.

the effect of temperature, pH, NaCl/a,, and lactic acid (ComBase,
2012).

2.8. Statistical analysis and curve fitting

Model parameters and standard errors were estimated by using
GraphPad PRISM (version 8, GraphPad Software, San Diego, CA, USA).
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00 01 02 03 04 05 06 07 0.8
Undissociated citric acid (CAC,, mM)

Fig. 2. Effect of trisodium citrate (TC) (a) or undissociated citric acid (b) on maximum specific growth rates (i;ax, 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 ([7). Solid and dashed lines represent the fitted

(eq. (3)) and confidence intervals (95%), respectively.

F-tests to determine significant lag times were performed using
Microsoft Excel 2010 (Microsoft Corp., Redmond, WA, USA).

3. Results

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

The fitted MIC-values for phosphates were 14.9 + 1.1%,
9.4 = 0.4%, 7.6 * 0.2% in the water phase for orthophosphate (P1),
di-phosphate (P2), tri-phosphate (P3), respectively (Fig. 1; Table 4).
The fitted MIC-values for trisodium citrate (TC) salt and undissociated
citric acid (CACy) were 11.0 = 0.3% and 0.75 + 0.02 mM, respec-
tively (Fig. 2; Table 3). These MIC-values were used in eq. (4) together
with a p.~value of 0.419 1/h as determined at 25 °C by Mejlholm and
Dalgaard (2009). When predictions by the new model (Eq. (4)) were
performed either the MIC-value for TC or CACy was used.

3.2. Challenge test with spreadable processed cheese

Commercial spreadable processed cheese showed little variation in
initial pH (6.1-6.3), a, (0.969-0.975) or concentrations of P1
(1.90-2.14%) and TC (0.49-0.58%) (Table 2). More variability was
observed for water phase concentrations of lactic acid (4120-
12,624 ppm), acetic acid (619-1,594ppm) and citric acid (518-
7,708 ppm) (Table 2).

L. monocytogenes grew in commercial spreadable processed cheese
at 5, 10, 15 and 22°C and pq-values were influenced by storage
conditions and product characteristics (Tables 2 and 3). As expected
storage temperature had a pronounced effect on L. monocytogenes
growth rate as seen for challenge tests 15, 16 and 17 which were per-
formed with batch 3 of a commercial spreadable processed cheese and
therefore had the same product characteristics (Table 2; Table 3). Tri-
phosphate (P3) concentrations had a major effect on L. monocytogenes
Umax-values, as suggested by their fitted MIC-values and confirmed by
challenge tests 5 and 6 (Tables 2-4).

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

Broth studies with combinations of phosphates and citrate salt or
undissociated citric acid suggested the need to include the growth in-
hibiting effect of interaction between these factors in the new growth
and growth boundary model. By including ¢[P1]; ¢ [P2]; ¢ [P3]; and
either ¢ [TC] or ¢ [CACy] in eq. (7) the B¢ and A values changed from
1.55/1.67 to 1.00/1.61. The seven studied commercial melting salt

preparations all reduced growth rates of L. monocytogenes at 25 °C in
BHI broth with pH 6.2 and this growth inhibiting effect was on average
acceptably predicted by eq. (4) when using concentrations of P1, P2
and P3 as model input. On average for the 94 p,,,,,-values determined in
broth the B and Af were 1.42 and 1.46, respectively (Table 5). Speci-
fically, the model predicted growth with acceptable model performance
for DP, PZ35, PZ189 and S9K but overestimates growth for BUDAL and
to a lesser extend for PZ6 and S9 (Table 5).

For challenge test with spreadable processed cheese the new model
predicted growth rates of L. monocytogenes at constant temperature with
a good performance as determined from independent growth curves
(n = 42) belonging to a total of 14 challenge test where growth was
observed (Table 3). Comparison of observed and predicted pi,q-values,
using either MIC7c (%) or MICy cac (mM) (Fig. 2; Eq. (1); Eq. (3)),
resulted in B¢/A; —values of 1.06/1.35 or 1.12/1.29, respectively
(Table 6). For commercial (n = 27) or customized (n = 15) spreadable
processed cheese, B¢/A; —values were 1.15/1.33 and 0.91/1.39, re-
spectively, when using MICr¢ (%). When using MICy cac (mM) similar
B¢/Ae-values of 1.17/1.36 and 1.05/1.29 were obtained.

RLT-values for growth in spreadable processed cheese showed
considerable variability and they were not dependent on storage tem-
perature (Table 3). The minimum, average and maximum RLT-values
were 0.0, 1.2 and 13.9.

Table 6
Comparison of observed and predicted growth of L. monocytogenes in spreadable
processed cheese by bias and accuracy factors.

B A
New model® using MICy¢ (%) 1.06 1.35
New model® using MICcacy (mM) 1.12 1.29
Modified Mejlholm and Dalgaard (2009) model® 1.15 1.34
Original Mejlholm and Dalgaard (2009) model® 1.70 1.82
Augustin et al. (2005), cheese® 0.93 1.30
ComBase® 2.65 2.65

@ By, bias factor where 0.95 < By < 1.11 indicates a good model perfor-
mance, with By 1.11-1.43 or 0.87-0.95 corresponding to acceptable model
performance and B¢ < 0.87 or > 1.43 reflecting unacceptable model perfor-
mance.

> Ag accuracy factor with A; > 1.5 suggested to indicate an incomplete
model or systematic deviation between observed and predicted pmax-values.

¢ Predicted by the new model (eq. (2) through eq. (5)).

4 Predicted by the Mejlholm and Dalgaard (2009) model using its MICy cac
-value (2.21 mM) but expanded with MIC-terms for phosphate salts (P1, P2, P3)
as determined in the present study.

¢ 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 si-
mulation zone (ASZ) method.

% observations within ASZ‘
Predictions performed with new
model including MICy cac (mM)

CT? Storage temperature (°C)
and growth data

1° 14.9 + 0.2, Fig. 3a 17 (22/56)
2¢ 14.9 * 0.2 32 (45/41)
5¢ 15.0 + 0.3 41 (46/26)
7¢ 14.9 + 0.2 67 (48/15)
8° 14.9 + 0.2, Fig. 3b 95 (79/13)
11° 22.0 * 0.2, Fig. 3¢ 97 (93/43)
12° 4.8 + 0.4 62 (64/44)
13° 10.1 = 0.2 32 (32/49)
14> 145 + 0.2 40 (30/30)
15° 4.8 + 0.4, Fig. 3d 31 (70/33)
16° 10.1 + 0.2, Fig. 3e 98 (100/21)
17" 14.5 + 0.2, Fig. 3f 100 (70/18)
18° 7.2 = 0.2, Fig. 3g 88 (88/54)
19° 11.1 + 0.2 67 (45/27)
20° Dynamic (3.8-19.4°C), 91 (21/18)
Fig. 3h
Average ASZ score
All data 58 (57/33)
Commercial 63 (61/34)
Customized 49 (49/31)

a

b

Challenge test.
Customized spreadable processed cheese.

¢ Commercial spreadable processed cheese.

d Calculation of ASZ score with minimum RLT-value (average/maximum
RLT-value).

For challenge tests, eq. (4) with interaction between environmental
factors (£) resulted in 89% correct prediction of growth and no-growth
responses with 11% being fail-safe (Table 3). Without interaction be-
tween environmental factors (§) 74% of the growth and no-growth
responses were correctly predicted with 26% being fail-safe. Clearly,
inclusion of the interaction term (£) in eq. (4) was important to accu-
rately predict growth responses of L. monocytogenes. The two fail-safe
predictions (11%) had 3-values of 0.3 and 0.4 and these were not close
to the growth boundary with (p = 1). Three correctly predicted no-
growth responses had -values of 1.2, 1.5 and 2.4 (Table 3).

On average 58% of the predicted cell concentrations were within
the ASZ for spreadable processed cheese when calculated for 15 chal-
lenge tests where growth was observed resulting in 45 growth curves at
constant and dynamic temperatures (Table 7, Fig. 3). Predictions were
obtained using the minimum observed RLT-value for L. monocytogenes,
Npax of 7.9 log cfu/g and the fitted MICy cac—value of 0.75mM
(Table 7, Fig. 3). Lag times had a major effect on the ASZ scores. As
examples, challenge test 15 with a significant lag time (306 h, Table 3)
resulting in a very low ASZ value (31%), however, when no significant
lag time was observed at the same storage temperature (challenge test
12) a ASZ value of 62% was found (Table 7). For challenge test 1 and 15
growth rates were accurately predicted by the model but the presence
of lag times resulted in low ASZ scores (Fig. 3a, d). To overcome this
limitation of the model, we evaluated the use of average and maximum
RLT-values but results were inferior to those obtained by applying the
minimum RLT-values (Table 7).

3.4. Evaluation of existing models

As expected, for spreadable processed cheese with melting salts,
unacceptable model performance with Bevalues well above 1.43 were
observed for both the model of Mejlholm and Dalgaard (2009) and the
ComBase model. Acceptable performance with By and A¢ of 0.93/1.30
were determined for the model of Augustin et al. (2005) developed for
cheese (Table 6).
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4. Discussion

A new mathematical model to predict growth and growth boundary
of L. monocytogenes in spreadable processed cheese was developed by
expanding an existing cardinal parameter model with terms to account
for the effect of orthophosphate, di-phosphate, tri-phosphate and a new
MIC-value for undissociated citric acid of 0.75 mM (Eq. (4)). The new
model predicted acceptably the growth at constant and dynamic storage
temperatures as well as the growth boundary of L. monocytogenes in
spreadable processed cheese (Table 6, Table 7, Fig. 3h). The low
average ASZ score of 58% was due to significant lag times in some
challenge tests and predictions being fail-safe (Fig. 3a, d). Similar ef-
fects of lag times on ASZ scores were previously observed for both L.
monocytogenes and Salmonella spp. (Hereu et al., 2014; Velugoti et al.,
2011).

Based on the performed evaluation of the model, its range of ap-
plicability included orthophosphate (0.14-4.98%), di-phosphate
(< 0.01-5.09%), tri-phosphate (< 0.01-5.17%), lactic acid (6,371 to
15,328 ppm), acetic acid (568-3,483 ppm), citric acid (518-38,282 ppm)
in the product water phase, pH (6.1-6.6), a,, (0.952-0.975) and tem-
perature (3.8-22.0 °C). The inhibitory effect of several dairy specific in-
gredients is included in the new model (Eq. (4)) and this makes the
model of practical importance for product development, reformulation or
risk assessment of spreadable processed cheese. As an example, for a
spreadable processed cheese with pH 6.3, a,, 0.972 and water phase
organic acid concentrations of 0.8% (lactic acid), 0.1% (acetic acid),
0.3% (citric acid) and 2.0% (orthophosphate), the predicted time for L.
monocytogenes to reach the critical concentration of 2 log cfu/g was 4-8
days if this product was contaminated with 1-10 cfu/g by consumer
handling, e.g. when opening a package, and then stored at 8 °C. A longer
open shelf-life or larger safety margin may be desirable and the new
model predicts that by substituting the orthophosphate with 2.0% tri-
phosphate the reformulated product requires 13-17 days at 8 °C to reach
the same critical concentration for L. monocytogenes. It seems interesting
to apply the new model in combination with available models to predict
growth or toxin formation by C. botulinum in spreadable process cheese
containing melting salts (Glass et al., 2017; Schaffner et al., 1998; ter
Steeg and Cuppers, 1995) to formulate recipes that will inhibit growth of
the relevant pathogens. For these applications the new model has the
advantages of including the inhibitory effect of ingredients specific to
spreadable processed cheese and being validated for these products.
When food products are reformulated, product characteristics must be
selected at a sufficient distance from the growth boundary so that L.
monocytogenes does not grow as a consequence of intrinsic variability of
product characteristics, storage conditions or strain variability. In this
respect, the new model (Eq. (4)) includes the parameter y as a quanti-
tative measurement for the distance between specific environmental
conditions and the growth boundary of L. monocytogenes (y = 1). As an
example, a y value of 0.20 was determined by the model for spreadable
processed cheese with the following characteristics: pH 6.6, a,, 0.970,
1.0% (lactic acid), 0.1% (acetic acid), 0.2% (citric acid), 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 product characteristics are placed on the growth side of the
growth boundary (y < 1). The new model can be used to optimize
product characteristics to prevent growth of L. monocytogenes. The for-
mulation studied in CT 5 can be changed to prevent growth and to obtain
a product with a desired y-value of e.g. 2. With pH reduced from 6.6 to
5.8, water phase concentrations of lactic acid increased from 1% to 2.2%,
acetic acid increased from 0.1% to 0.35% and P1 reduced from 0.7 to
0.3% and P3 increased from 0.6% to 1.5% the predicted y-value be-
comes 2.1.

The model of Augustin et al. (2005) also provided acceptable pre-
diction for growth rates of L. monocytogenes in spreadable processed
cheese (Table 6) and included the effect of temperature, pH, NaCl/a,,
phenol, nitrite and CO,. Without terms for organic acids and melting
salts the potential of the Augustin et al. (2005) model to contribute to
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Fig. 3. Comparison of observed ([J) 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 MICcacy (mM). Graphs include the ASZ (+0.5 and —1.0 Log cfu/g, dashed

lines).

development and reformulation of spreadable processed cheese, how-
ever, is limited and in this respect the new model developed in the
present study is more performant.

The present study estimated a lower undissociated citric acid MIC-
value (MICy cac) for L. monocytogenes dairy strains (0.75mM) than

seafood isolates

Mejlholm and Dalgaard (2009) observed for
(2.21 mM). Future studies should compare model performance when
using either MICy cac-values for spreadable processed cheese with
lower pH-values than the products evaluated in the present study.
The approach used in the present study to develop an extensive
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model including the inhibiting effect of both organic acids and phos-
phate salts could also be interesting for C. botulinum as available pre-
dictive models with relevance for spreadable processed cheese include
few environmental parameters (Glass et al., 2017; Schaffner et al.,
1998; ter Steeg and Cuppers, 1995).

5. Conclusion

The present study developed and validated a new model to predict
growth and growth boundary of L. monocytogenes in spreadable pro-
cessed cheese. The obtained results suggest that interaction among
environmental factors improved the performance of the model. This
study confirmed that increasing concentrations of phosphate salts re-
duces the growth of L. monocytogenes and therefore, these salts can be
used as growth inhibiting compounds. The model can be used to sup-
port spreadable processed cheese product development, reformulation
or risk assessment. It seems interesting to include the new model in
predictive microbiology application software such as the Food Spoilage
and Safety Predictor (FSSP http://fssp.food.dtu.dk/) to facilitate pre-
diction of the effect of product characteristics at constant and dynamic
temperature storage conditions on growth of L. monocytogenes in
spreadable processed cheese.
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