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In this study, factors relevant to nature-ripened Gouda cheese were evaluated for their potential to
inhibit growth of Listeria monocytogenes. Factors included water activity, pH, undissociated acetic and
lactic acid, diacetyl, free fatty acids, lactoferrin, nitrate, nitrite and nisin. In addition, the effect of tem-
perature was evaluated. For each factor, the actual concentrations and values relevant to Gouda cheese
were obtained and the inhibitory effect of these individual factors on growth of L. monocytogenes was
assessed. This evaluation revealed that undissociated lactic acid is the most important factor for growth
inhibition of L. monocytogenes in Gouda cheese and that, additionally, low water activity as present in the
cheese rind and after prolonged ripening times can also cause full growth inhibition. Gouda cheeses have
a typical total lactic acid content of 1.47% w/w. In a 2-week old Gouda cheese, with a pH value of 5.25 and
a moisture content of 42% w/w, the concentration of undissociated lactic acid in the water phase is
10.9 mM. Growth of L. monocytogenes is not supported when the undissociated lactic acid concentration
is >6.35 mM. Concentrations of undissociated lactic acid in the water phase of Gouda cheese will be
higher than this value when the total lactic acid content is >0.86% w/w at a pH < 5.25 (relevant to young
Gouda cheese), or >1.26% w/w at a pH < 5.50 for mature Gouda cheese (moisture content of 35% w/w).
This study underlines the importance of undissociated lactic acid as growth inhibitor for
L. monocytogenes in Gouda cheese.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Listeria monocytogenes is a foodborne pathogen and the causa-
tive agent of listeriosis (Lou & Yousef, 2000). L. monocytogenes is
able to form biofilms (Pan, Breidt, & Kathariou, 2006), can grow at
low temperatures and can adapt to highly acidic or saline condi-
tions (Cole, Jones, & Holyoak, 1990). This pathogen is a concern to
the food industry, in particular in ready-to-eat (RTE) products.

Nature-ripened Dutch-type Gouda cheese is cheese that is
coated after production and then dried during ripening. This study
.H.J. Wells-Bennik).

Ltd. This is an open access article u
focused on the vast majority of Dutch-type Gouda cheeses which
are produced using mesophilic starter cultures that primarily
consist of strains of Lactococcus lactis subsp. cremoris and Lacto-
coccus lactis subsp. lactis, but may also contain Leuconostoc species
and Lactococcus lactis subsp. lactis var. diacetylactis (Stadhouders,
1974). Nature-ripened Dutch-type Gouda cheese as produced on
an industrial scale by the Dutch dairy industry is made from
pasteurized cow's milk and is a RTE food. To avoid contamination of
cheese with L. monocytogenes, raw milk is subjected to minimal
pasteurization conditions of 15 s 72 �C as one of the options ac-
cording to regulation (EC) No 1662/2006 (European Commission,
2006) amending regulation (EC) No 853/2004 laying down spe-
cific hygienic rules for food of animal origin (European Commission,
2004). The estimated concentration of L. monocytogenes in rawmilk
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is low: Meyer-Broseta, Diot, Bastian, Rivi�ere,& Cerf (2003) reported
maximum concentrations of 0.1 cfu mL�1 in 7.7% of the raw milk
samples (<0.04 cfu mL�1 for the remaining 92.3% of samples), and
Ruusunen et al. (2013) reported maximum concentrations of
30 cfu mL�1 for 5.5% of the raw milk samples (<1 cfu mL�1 for the
remaining 94.5% of samples). Minimum pasteurization of 15 s at
72 �C leads to a reduction of L. monocytogenes with 10.4 log units
based on the average D72�C (and a minimum inactivation of 2.7 logs
based on the 95% prediction interval of D72�C [Den Besten &
Zwietering, 2012; ILSI, 2012]). Contamination of cheese during
further processing and storage is furthermore limited by applying
good manufacturing processing conditions, and sampling schemes
are in place to verify absence of L. monocytogenes in processing
areas, on equipment and on finished products.

Microbiological food safety criteria have been set in European
Union regulation EC 2073/2005, which includes criteria for
L. monocytogenes in RTE foods for three different RTE food cate-
gories (European Commission, 2005). For food category 1.1, “Ready-
to-eat foods intended for infants and ready-to-eat foods for special
medical purposes” this is absence in 25 g (n ¼ 10) for products
placed on the market during shelf life. For food category 1.2,
“Ready-to-eat foods able to support the growth of L. monocytogenes,
other than those intended for infants and for special medical pur-
poses” themaximum limit is 100 cfu g�1 (n¼ 5) for products placed
on themarket during their shelf-life. This criterion shall apply if the
manufacturer is able to demonstrate, to the satisfaction of the
competent authority, that the product will not exceed the limit
100 cfu g�1 throughout the shelf-life. The operator may fix inter-
mediate limits during the process that must be low enough to
guarantee that the limit of 100 cfu g�1 is not exceeded at the end of
shelf-life. For food category 1.2, an alternative criterion may apply,
namely, absence in 25 g (n ¼ 5) before the food has left the im-
mediate control of the food business operator, who has produced it;
this criterion shall apply to products before they have left the im-
mediate control of the producing food business operator, when he
is not able to demonstrate, to the satisfaction of the competent
authority, that the product will not exceed the limit 100 cfu g�1

throughout the shelf-life. Lastly, for food category 1.3, “Ready-to-
eat foods unable to support the growth of L. monocytogenes, other
than those intended for infants and for special medical purposes”
the maximum limit is 100 cfu g�1 (n¼ 5) for products placed on the
market during their shelf-life.

When a RTE product intended for consumption by the general
population has a pH� 4.4 or aw � 0.92, a pH� 5.0 and aw � 0.94, or
a shelf life <5 days, the product falls into category 1.3. If this is not
the case, evidence for no growth potential can be obtained by
predictive mathematical modelling, durability tests and/or chal-
lenge tests (European Commission, 2005).

In the case of Dutch-type Gouda cheese, the pH is > 5.0 and aw >
0.94. Nevertheless, various challenge studies have shown that
L. monocytogenes does not grow in the core or on the surface of this
cheese (Northolt et al., 1988; Wemmenhove, Beumer, Van
Hooijdonk, Zwietering, & Wells-Bennik, 2014; Wemmenhove,
Stampelou, Van Hooijdonk, Zwietering, & Wells-Bennik, 2013). In
this study, the impact of growth-inhibiting factors that are present
in Gouda cheese or relevant to storage of Gouda cheese was eval-
uated for growth inhibition of L. monocytogenes, and the pre-
dictions were compared with the fate of this bacterium in Gouda as
determined in previous challenge studies. Factors with potential to
inhibit growth in this evaluation included temperature (T), pH,
water activity (aw), undissociated acetic acid, undissociated lactic
acid, diacetyl, free fatty acids, lactoferrin, nitrate, nitrite and nisin.
Data were obtained from the literature, or experimentally obtained
in the absence of data in the literature. This evaluation leads to a
better understanding of the most important factors in Gouda
cheese that result in growth inhibition of L. monocytogenes.
2. Materials and methods

2.1. Comparison of growth-inhibiting potentials

Components that are present in Gouda cheese were evaluated
individually for their potential to inhibit growth of
L. monocytogenes and ranked in order of importance for growth
inhibition. The evaluation was based on the concentration present
in cheese, the concentration needed for inhibition of growth of
L. monocytogenes in culturemedium and/or cheese, and the Gamma
factor formula describing the relationship between the concen-
tration in cheese and the concentration needed for inhibition of the
pathogen.
2.2. Data search

For each component that had the potential to inhibit growth, the
scientific literature was evaluated for data on concentrations in
Gouda cheese, critical growth limits and Gamma factor formulas.
Data on concentrations in Gouda cheese were obtained using a
cheese handbook (Fox, McSweeney, Cogan, & Guinee, 2004) and
various literature databases (Web of Science, Scopus, PubMed) by
using the search terms [cheese] AND [temperature OR water ac-
tivity OR pH OR diacetyl OR lactoferrin OR nitrate OR nitrite OR
nisin OR acetic acid OR lactic acid]. Data on concentrations that
were minimally needed to inhibit growth of L. monocytogeneswere
obtained from publications and by using the same search terms as
for data on concentrations in Gouda cheese, but by replacing the
term [cheese] with [Listeria monocytogenes]. In addition, data on
concentrations needed for growth inhibition were obtained from
Combase (www.combase.cc) using terms ([Listeria monocytogenes];
[cheese]; minimum pH OR minimum water activity OR minimum
temperature]). The obtained results were sorted on relevance, and
datawere extracted from the first 500 hits. Critical growth limits for
T, aw and pH in culture mediumwere obtained from ICMSF (1996).
Additional experimental data were generated (see sections 2.3 and
2.4) when no literature data were available.

Additional data on the pH of Gouda after two weeks of ripening
and on the total lactic acid content of Gouda ripened during 3e26
weeks were supplied by four Dutch cheese-producing companies
(BelLeerdammer, DOC kaas, FrieslandCampina and Rouveen
Kaasspecialiteiten), resulting in n ¼ 24502 data points for pH and
n¼ 89 data points for the total lactic acid content. The data on pH as
supplied by different companies were clustered, following a Post-
hoc test (Duncan, alpha ¼ 0.05, harmonized mean sample size)
with SPSS Statistics (IBM, NY, US) showing alpha>0.05. All available
data on the total lactic acid content obtained from cheeses of
different ages were clustered, as it has previously been observed
that the total lactic acid content did not change in Gouda cheese
ripened for two weeks until six months (Wemmenhove et al.,
2013).

Gamma factor formulas were available in the literature for T, aw,
pH, undissociated lactic acid and acetic acid (Supplemental
Material S1), but not for diacetyl, free fatty acids, lactoferrin, ni-
trate, nitrite, and nisin. For these potentially inhibiting factors, we
assumed a linear relationship between the concentration of the
factor in the cheese and the degree of inhibition of growth of
L. monocytogenes. The Gamma factors were calculated by dividing
the concentration of the inhibiting factor in cheese by the
maximum concentration needed to inhibit growth of
L. monocytogenes and subtracting this fraction from 1 (as in
Equation (5) from Supplemental Material S1).

http://www.combase.cc
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Fig. 1. The growth-inhibiting potential (Gamma factor) of undissociated lactic acid, T,
lactoferrin, undissociated acetic acid, aw , pH, lauric acid, capric acid, nitrate, nitrite,
diacetyl and nisin for L. monocytogenes. Average Gamma factors were calculated for
each inhibitor based on the concentration as prevailing in cheese, which was
compared with the concentration needed to inhibit growth in culture medium (B)
according to the calculations presented in Supplementary Table S3. The concentration
as prevailing in cheese was also compared with the concentration needed to inhibit
growth in cheese or milk (C), if data were available. The Gamma factor is indicated
with an arrow with two ends if the Gamma factor spans a range, in case in the liter-
ature minimum and maximum values were available for the concentration in cheese
and/or for the concentration needed to inhibit growth of L. monocytogenes. An arrow
with only an upper end is used for an inhibitor in case growth of L. monocytogenes was
not inhibited at the highest concentration tested, implicating that for that inhibitor, the
actual Gamma factor is higher than the Gamma factor indicated with B or C.
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2.3. Experimental determination of concentrations of free fatty
acids in Gouda cheese

Data on the concentrations of free fatty acids present in Gouda
cheese were not available in the literature. The concentrations of
free fatty acids were analyzed in 2-week, 2-month and 6-month
ripened Gouda cheeses (n ¼ 12 data points) produced by four
different Dutch producers. Analysis of free fatty acids was per-
formed in duplicate according to the method described by De Jong
and Badings (1990).

2.4. Experimental assessment of concentrations of factors present in
cheese with inhibitory potential

No literature data were available on growth inhibition of
L. monocytogenes by nitrate and nitrite, and insufficient data were
available for growth inhibition by free fatty acids, therefore addi-
tional data were generated for these factors. The experimental
design to determine the effects of additional nitrate and nitrite in
Brain Heart Infusion (BHI) is described in Supplemental Material S2.
Experiments to determine concentrations of free fatty acids with
potential to inhibit growth of L. monocytogenes were performed
with capric acid and lauric acid, as these free fatty acids reportedly
have a higher inhibitory potential than other free fatty acids in
culture medium (Chen, Nummer, & Walsh, 2014; Petrone et al.,
1998; Sprong, Hulstein, & Van der Meer, 2001; Wang & Johnson,
1992). Additional experiments were performed to investigate
whether growth inhibition by free fatty acids was impaired in
cheese compared with their presence in culture medium due to the
presence of calcium, which may form complexes with the fatty
acids (Galbraith, Miller, Paton, & Thompson, 1971), and casein,
which may complex the fatty acids and therewith limit the avail-
able concentrations to inhibit L. monocytogenes (Wang & Johnson,
1992). The experiments in this study were performed in BHI with
and without calcium chloride (CaCl2) and Tween 80, and in model
Gouda cheeses (experimental design also described in
Supplemental Material S2).

2.5. Calculation of growth inhibition by lactic and acetic acid

The Gamma factors of lactic and acetic acid were calculated
according to Equations (5) and (6) in Supplemental Material S1,
with the highest and lowest ½HLac�MIC and ½HAcet�MIC in culture
medium as input values, in comparison to the average [HLac]water

and ½HAcet�water as calculated in Supplemental Material S3. Addi-
tional experiments (Supplemental Material S4) were performed for
lactic acid to obtain the dissociation constant (pKa) in cheese, which
contains high concentrations of Ca2þ and Naþ that compete with
Hþ for complexation with Lac�, and to obtain the lactic acid loga-
rithmic partition coefficient (log Pfw) in cheese using milk fat, as
cheese contains milk fat instead of octanol, which is normally the
apolar phase when determining the logarithmic partition coeffi-
cient (Pow).

½HAcet�water was also calculated according to Equation (12), but
with pKa ¼ 4:76 (Dawson, 1986) and log Pow ¼ �0:31 (CDC, 2016).

The contribution of undissociated lactic acid to the overall in-
hibition of growth of L. monocytogenes in Gouda cheese was
assessed by computational predictions, taking into account the
variation in undissociated lactic acid concentrations in Gouda
cheese and the concentrations of undissociated lactic acid needed
to inhibit L. monocytogenes. Hereby, it was assessed in how many
cases out of 1,000,000 produced cheeses undissociated lactic acid
alone ensures full inhibition of growth of L. monocytogenes, starting
with a hypothetical assumption that all cheeses were contaminated
with L. monocytogenes. A Monte Carlo simulation with 1,000,000
iterations was run using @Risk 7 (Palisade Corporation, Ithaca, USA)
and in each iteration the calculated concentration of undissociated
lactic acid present in the water phase of Gouda (½HLac�water) was
compared with the minimal inhibitory concentration (MIC) of un-
dissociated lactic acid for L. monocytogenes (½HLac�MIC). A
Kolmogorov-Smirnov test was used to find the best fits describing
the variation in ½HLac�water and ½HLac�MIC . The ½HLac�water was
calculated according to Equation (12), by using the variation in total
concentration of lactic acid from data provided by Gouda cheese
manufacturing companies (total lactic acid content of 1.44% w/w
cheese as displayed in Supplementary Table S1) and own mea-
surements in Gouda cheeses (total lactic acid content of 1.50% w/w
cheese as displayed in Supplementary Table S2). Its variation was
described with a Normal distribution: Normal (8.32 mM, 0.69 mM)
for data provided by companies as presented in Supplementary
Table S1 and Normal (11.48 mM, 3.91 mM) for the dataset as pre-
sented in Supplementary Table S2. ½HLac�MIC was described by a
Normal distribution with an average value of 5.11 mM and a stan-
dard deviation of 0.31 mM according to Aryani, Den Besten,
Hazeleger, and Zwietering (2015). In case that in an iteration
½HLac�water was higher than ½HLac�MIC , undissociated lactic acid was
indicated as able to inhibit growth of L. monocytogenes, and no
growth of the pathogen was predicted.

3. Results and discussion

3.1. The effect of T, aw and pH

An overview of growth inhibition by the individual factors
present in Gouda cheese is given in Fig. 1. The factors are ranked in
order of magnitude of growth inhibition. The most generic growth-
inhibiting factors, namely, T, aw and pH had a relevant effect on
growth of L. monocytogenes. These three factors are often included
in growth models (Augustin, Zuliani, Cornu, & Guillier, 2005;
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Mataragas, Stergiou, & Nychas, 2008; Schvartzman et al., 2011).
During curd formationT is favorable for growth of L. monocytogenes,
but it is relatively low during ripening of Gouda (e.g. 12e13 �C),
resulting in a large growth-inhibiting effect on L. monocytogenes.
Nevertheless, T is not expected to fully inhibit growth of
L. monocytogenes, as growth can occur at lower temperatures
(ICMSF, 1996). In addition, ripening times can be very long. The aw
of Gouda cheese depends highly on the brining and ripening time
and on the position within a cheese (Wemmenhove, Wells-Bennik,
Stara, Van Hooijdonk, & Zwietering, 2016b). As a result, the Gamma
factor for aw may vary from values close to 0 (especially on the
cheese rind after brining which makes aw a very relevant growth
inhibiting factor if a cheese would be contaminated on the surface,
and inside a cheese after prolonged ripening times) to values close
to 1 (for example initially in the centre of a cheese). The pH is also
an important factor for growth inhibition of L. monocytogenes. The
minimum pH limit for growth is 4.4 in culture medium (ICMSF,
1996) and 4.32 in acidified milk (El-Shenawy & Marth, 1990). The
pH of a 2-week old Gouda cheese is 5.25 (SD 0.06) (Supplementary
Table S3). In this range, the pH contributes to growth inhibition of
L. monocytogenes (Gamma factor 0.55 in culture medium and 0.57
in cheese). In addition, pH affects the degree of dissociation of
organic acids. Gouda cheese contains lactic acid and acetic acid, and
lower pH values result in increased concentrations of their undis-
sociated forms, which have growth-inhibiting effects.

3.2. The effect of lactic and acetic acid

In addition to pH, T, and aw, undissociated lactic acid was eval-
uated as the main growth-inhibiting factor for L. monocytogenes in
Gouda cheese. This factor can explain why the three tested
L. monocytogenes strains Scott A, 2F and 6E did not grow in a chal-
lenge study with Goudamodel cheeses. After twoweeks of ripening,
these cheeses contained 1.40% lactic acidw/wcheese and had a pH of
5.3 and a moisture content of 48%, equaling ½HLac�water of 8.1 mM;
after 26 weeks of ripening, when the aw has approached the critical
level for growth of L. monocytogenes due to water loss, these cheeses
contained 1.40% lactic acid w/w cheese and had a pH of 5.50 and
moisture content of 43%, resulting in ½HLac�water of 5.8 mM. The MIC
values of undissociated lactic acid for these strainswere 4.3 (SD 0.96)
mM for Scott A, 4.1 (SD 1.1) mM for 2F and 4.8 (SD 1.3) mM for 6E
(Wemmenhove, Van Valenberg, Zwietering, Van Hooijdonk, &
Wells-Bennik, 2016a) with a maximum determined MIC of 5.8 mM
for these strains at pH 5.4 in BHI. Wemmenhove et al. (2016a)
determined ½HLac�MIC for six strains of L. monocytogenes as 4.98
(SD 1.48) mM with a maximum ½HLac�MIC of 9.00 mM based on 216
measurements (3 pH values, measurement in 6-fold, individual
replicate measurements). Out of the 216 measurements, the
½HLac�MIC of 9.00 mM published by Wemmenhove et al. (2016a) was
found in eight instances: four times for strain 1F, once for strain
EGDe and three times for strain L4, but only at pH 5.6. At pH 5.6, the
interval between the determined concentrations of undissociated
lactic acid was relatively large (from 5.8 mM to 9.0 mM), resulting in
a quite rough estimation of the ½HLac�MIC (the true ½HLac�MIC is thus
between 5.8 and 9.0 mM in this setting).

The ½HLac�MIC data from Aryani et al. (2015) were used to eval-
uate the growth-inhibiting potential of undissociated lactic acid.
The small intervals between the determined concentrations of
undissociated lactic acid in that study rendered an accurate deter-
mination of the true MIC of strains, and a large number of strains of
L. monocytogeneswas studied, permitting an accurate estimation of
strain variation. In total, Aryani et al. (2015) established ½HLac�MIC
for 20 strains of L. monocytogenes with an average ½HLac�MIC of 5.11
(SD 0.31) mM and a maximum ½HLac�MIC of 6.35 mM at pH 5.50.
EGDe was one of the strains studied by Aryani et al. (2015) and the
maximum determined ½HLac�MIC was 5.2 mM. In an additional
challenge study with Gouda model cheeses as described by
Wemmenhove et al. (2013), no growth of EGDe was observed
during ripening of Gouda (unpublished work).

The concentration of undissociated lactic acid present in Gouda
cheese was calculated based on the pH, total lactic acid content and
moisture content (Fig. 2): these parameters affect the concentration
of undissociated lactic acid, and thereby its potential to inhibit
growth of L. monocytogenes. This study focused on nature-ripened
Gouda cheese. In such cheeses, an increase in pH and decrease in
moisture content is observed during ripening (Wemmenhove et al.,
2013, 2016b). The concentration and growth-inhibiting effect of
undissociated lactic acid may be slightly different in other types of
Gouda cheeses. For instance, in a foil-ripened cheese the moisture
content will not decrease during ripening, and certain variants of
Gouda cheese are produced using adjunct cultures in addition to
the mesophilic starter culture. Such adjunct cultures may have
proteolytic, lipolytic or lactate-converting activity, and under such
circumstances the pH after ripening may be slightly higher than in
a Gouda that is produced without adjunct cultures. If the concen-
tration of undissociated lactic acid is insufficient to ensure com-
plete growth inhibition, other growth-inhibiting factors become
more important.

The distributions of ½HLac�water (based on input parameters of
Supplementary Table S1 and S2) and ½HLac�MIC (obtained from
Aryani et al., 2015) are based on a Monte Carlo simulation with
1,000,000 iterations and presented in Fig. 3. In the unlikely case
that Gouda cheeses were contaminated with L. monocytogenes, we
predict that undissociated lactic acid will inhibit growth of
L. monocytogenes in 100% of cases, based on a ½HLac�water of 8.32 (SD
0.69) mM from process data of 89 Gouda cheeses obtained from
Dutch manufacturers of these cheeses (Fig. 3A and dataset of
Supplementary Table S1). For another set of Gouda cheeses,
½HLac�water was calculated as 11.48 (SD 3.91) mM (Fig. 3B and
Supplementary Table S2). For this dataset, we predict that undis-
sociated lactic acid will inhibit growth of L. monocytogenes in 98.3%
of cases. In one out of 20 cheeses, ½HLac�water was 5.25 mM, which is
below the maximum ½HLac�MIC of 6.35 mM. At such a condition,
there will be a need for growth-inhibiting factors other than un-
dissociated lactic acid to inhibit growth of L. monocytogenes in case
of a contamination. The data of Supplementary Table S2 only con-
sisted of 20 measurements and in one out of these 20 cases
½HLac�water was <6.35 mM. The standard deviation was much larger
for this dataset than for the dataset of process data provided by
companies, for which the lowest ½HLac�water was 7.07 mM. The food
industry can ensure growth inhibition of L. monocytogenes in Gouda
by controlling the amount of lactic acid and pH and its variation.

When taking ½HLac�water above 6.35 mM as a basis for no growth
of L. monocytogenes in Gouda cheese (based on the maximum
½HLac�MIC of Aryani et al., 2015), then full growth inhibition of
L. monocytogenes is expected at a minimum total lactic acid content
of 0.86%w/w for a young cheesewith 48%w/w fat in drymatter (pH
5.25 and moisture content 42% w/w) and a minimum total lactic
acid content of 1.26% w/w for mature cheese with 48% w/w fat in
dry matter (pH 5.50 and moisture content 35%).

Acetic acid is present in Gouda cheese at concentrations of 0.11%
w/w cheese, which is around 10 times lower than those of lactic
acid (Wemmenhove et al., 2013). Overall, growth inhibition of
L. monocytogenes by undissociated acetic acid in Goudawith 48%w/
w fat in dry matter seems limited, as the calculated concentration
of undissociated acetic acid is 9.82 mM at pH 5.25 (based on
pKa ¼ 4.76 and log Pow ¼ �0.31 and 42% w/w moisture). The
½HAcet�MIC of undissociated acetic acid for L. monocytogenes is 19.0
(SD 6.5) mM with a maximum value of 30.2 mM (Wemmenhove
et al., 2016a).



Fig. 2. Concentration (mM) of undissociated lactic acid in the water phase of cheese (½HLac�water), as dependent on A) pH (based on a total lactic acid content of 1.1 (,) and 1.5% w/w
cheese (A) and a moisture content of 42% w/w cheese), B) total content of lactic acid (% w/w cheese) (based on a pH of 5.2 (C) and 5.4 (x) and a moisture content of 42% w/w
cheese) and C) moisture content (taking a total lactic acid content of 1.1 (B) and 1.5% w/w cheese (:) and an average pH of 5.2). The concentration of undissociated lactic acid was
calculated as described in Supplementary Material S3, taking into account the effects of dissociation and ion associations and partition in milk fat/water. Calculations were based on
a fat content of 48% w/w dry matter, a cheese density of 1070 kg m�3, pKa of 3.71 and log Pfw of �1.5. The dotted line indicates the highest minimum concentration of 6.35 mM of
undissociated lactic acid needed to inhibit growth of L. monocytogenes in BHI, based on previous results from Aryani et al. (2015).
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Fig. 3. Frequency distribution of the minimal inhibitory concentration of undissociated lactic acid ½HLac�MIC for L. monocytogenes (indicated with a solid grey line) and of the
concentration of undissociated lactic acid in the water phase of cheese ½HLac�water (indicated with a solid black line). ½HLac�MIC , as obtained from Aryani et al. (2015) for 20
L. monocytogenes strains, was 5.11 (SD 0.31) mM). ½HLac�water is displayed in A) as 8.32 (SD 0.69) mM based on process data of Dutch Gouda cheese-producing companies (n ¼ 89)
and in B) as 11.48 (SD 3.91) mM based on own measurements (n ¼ 20).
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3.3. The effect of other factors

Other factors with a potential to inhibit growth of
L. monocytogenes (e.g. diacetyl, free fatty acids, lactoferrin, nitrate,
nitrite and nisin) may contribute to growth inhibition in Gouda
cheese, but these are less important than T, aw, pH and lactic acid
(Fig. 1 and Supplementary Table S3). The free fatty acids capric and
lauric acid inhibited growth of L. monocytogenes in culturemedium,
but their inhibition efficacy decreased in the presence of emulsifier
(as shown for Tween 80) and CaCl2 (Supplementary Table S3),
suggesting a poor growth inhibition by capric and lauric acid in a
cheese matrix. Nevertheless, free fatty acids may have the potential
to inhibit growth of L. monocytogenes in other types of cheese (e.g.
Emmental, Roquefort), given the fact that free fatty acid concen-
trations can be 4e150 times higher in those cheese types than in
Dutch-type cheeses (Woo, Kollodge, & Lindsay, 1984). Lactoferrin is
naturally present in milk and can be present in the cheese as it can
withstand pasteurization (Dupont et al., 2006). However, lacto-
ferrin does not contribute to growth inhibition of L. monocytogenes
to a large extent, considering Gamma factors higher than 0.4 inmilk
(Fig. 1). Conesa et al. (2010) suggested that growth inhibition by
lactoferrin can be counteracted by proteins and divalent cations
such as Ca2þ in rich growth media. The growth-inhibiting effect of
lactoferrin can be further reduced during ripening because the
protein may be degraded as a result of proteolysis. Gamma factors
for nitrate and nitrite were at least 0.8 and 0.97 in BHI (Fig. 1),
suggesting a non-relevant or very limited growth inhibition for
L. monocytogenes. The growth-inhibiting effect of diacetyl is even
smaller, which is reflected by a Gamma factor of 1.0. A typical Gouda
cheese does not contain nisin, reflected by Gamma factor 1.0, but
nisin-producing starter bacteria are sometimes applied. In such
cases, nisin can inhibit growth of L. monocytogenes in cheese
(Maisnier-Patin, Deschamps, Tatini, & Richard, 1992; Samelis et al.,
2017), but due to proteolysis during ripening, its effect can be
reduced over time (Davies, Bevis, & Delves-Broughton, 1997).

4. Conclusion

This study provides quantitative insight into the factors that
potentially inhibit growth of L. monocytogenes in Gouda cheese.
Undissociated lactic acid was evaluated as the most important
factor for growth inhibition of L. monocytogenes. Gouda cheeses
have a typical total lactic acid content of 1.47% w/w (and 10.9 mM
undissociated lactic acid in 2-week old Gouda with pH 5.25). No
growth of L. monocytogenes is predicted in Gouda cheese with 48%
w/w fat in dry matter with a total lactic acid content �0.86% w/w
for young cheese (pH < 5.25) and with a total lactic acid content
�1.26% w/w for mature cheese (pH < 5.50). For L.monocytogenes in
cheeses, it is very relevant that undissociated lactic acid is included
as a factor, in addition to T, aw and pH, in both predictive models
and in setting criteria for growth/no growth.
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