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The effect of pH and water activity (aw) on the formation of bioﬁlm by Salmonella enterica ser. Newport,
previously identiﬁed as a strong bioﬁlm producer, was assessed. Bioﬁlm formation was evaluated in
tryptone soy broth at 37  C and at different combinations of pH (3.3e7.8) and aw (0.894e0.997). In total,
540 bioﬁlm formation tests in 108 pH and aw combinations were carried out in polystyrene microtiter
plates using crystal violet staining and optical density (OD; 580 nm) measurements. Since the individual
effects of pH and aw on bioﬁlm formation had a similar pattern to that observed for microbial growth
rate, cardinal parameter models (CPMs) were used to describe these effects. CPMs described successfully
the effects of these two environmental parameters, with the estimated cardinal values of pHmin, pHopt,
pHmax, awmin and awopt being 3.58, 6.02, 9.71, 0.894 and 0.994, respectively. The CPMs assumption of the
multiplicative inhibitory effect of environmental factors was validated in the case of bioﬁlm formation
using additional independent data (i.e. 430 OD data at 86 different combinations of pH and aw). The
validation results showed a good agreement (r2 ¼ 0.938) between observed and predicted OD with no
systematic error. In the second part of this study, a probabilistic model predicting the pathogen's bioﬁlm
formation boundaries was developed, and the degree of agreement between predicted probabilities and
observations was as high as 99.8%. Hence, the effect of environmental parameters on bioﬁlm formation
can be quantitatively expressed using mathematical models, with the latter models, in turn, providing
useful information for bioﬁlm control in food industry environments.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
In nature, the majority of bacteria are organized in surfaceassociated communities, known as bioﬁlms. These communities
are adhered onto surfaces, biotic or abiotic, and are enclosed within
an extracellular polymeric matrix produced by the bacteria themselves (Branda et al., 2005; Steenackers et al., 2012; Wong and
O'Toole, 2011). The main components of such a matrix are polysaccharides, proteins, nucleic acids and phospholipids (Sutherland,
2001; Wingender et al., 1999). Within bioﬁlms, bacterial cells are in
a different state compared to those growing planktonically, and are
protected against various adverse environmental conditions such
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as UV light radiation, metal toxicity, pH and osmotic changes,
dehydration, host immune responses, antimicrobial agents and
disinfectants (Donlan and Costerton, 2002; Karunakaran et al.,
2011; Nilsson et al., 2011; Smirnova et al., 2010). As such, bacterial bioﬁlms constitute a signiﬁcant concern, both for food safety
authorities and the food industry where bioﬁlms may be a major
source of food contamination with spoilage and pathogenic microorganisms (Shi and Zhu, 2009; Stepanovi
c et al., 2004).
Salmonella enterica, one of the most common causes of foodborne disease worldwide, is a bacterial species capable of adhering
to and forming bioﬁlms on both biotic and abiotic surfaces
(Giaouris and Nychas, 2006; Joseph et al., 2001; Vestby et al., 2009).
The adhesion and bioﬁlm-forming ability of this pathogen depend
on several factors including the growth medium, the growth phase
of the cells, the type and properties of the inert material, the contact time, the presence of organic material, as well as environmental parameters such as temperature and pH (Speranza et al.,
2011).
Due to its major public health signiﬁcance, the complex and
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multifactorial phenomenon of bioﬁlm formation has been studied
extensively the last decade. Indeed, the ability of pathogenic bacteria, including S. enterica, to form bioﬁlms on various surfaces and
under different environmental conditions has been investigated in
several recent research studies (Bonsaglia et al., 2014; Díez-García
et al., 2012; Lianou and Koutsoumanis, 2012; Nilsson et al., 2011).
However, despite the widespread application of mathematical
models for the prediction of microbial growth and survival, and the
signiﬁcant amount of scientiﬁc literature on modelling of bioﬁlm
processes (Beg and Chaudhry, 1999; Wanner et al., 2006), there has
not been made any attempt until now to develop and implement
mathematical models for the description of the effects of environmental factors on bioﬁlm formation. Therefore, the objective of
this study was the development and evaluation of predictive
mathematical models for the description of the effects of pH and
water activity on the bioﬁlm-forming ability of S. enterica.
2. Materials and methods
2.1. Bacterial strain
The bacterial strain used in this study was S. enterica serotype
Newport FSL R6-051 (bovine intestine isolate), kindly provided by
Dr. Martin Wiedmann (Cornell University, Ithaca, NY, USA). Based
on the ﬁndings of a previous study undertaken in our laboratory,
this strain was characterized as a strong bioﬁlm producer in a wide
range of environmental conditions (Lianou and Koutsoumanis,
2012).
The stock culture of the strain was stored frozen (70  C) onto
Microbank™ porous beads (Pro-Lab Diagnostics, Ontario, Canada),
whereas the working culture was maintained at 5  C on tryptone
soy agar (TSA; Lab M Limited, Lancashire, UK) slant and was
renewed bimonthly. The strain was activated by transferring a
loopful from the TSA slant into 10 ml of tryptone soy broth (TSB;
Lab M Limited) and incubating at 37  C for 24 h.
2.2. Bioﬁlm formation
2.2.1. Environmental conditions
The bioﬁlm-forming ability of the tested S. Newport strain was
evaluated in TSB at 37  C, in high-precision (±0.2  C) incubators
(Sanyo MIR 153, Sanyo MIR 253, Sanyo Electic Co., Ora  Gun,
Japan), and at different combinations of pH and water activity (aw)
values. More speciﬁcally, 11 pH values (3.3, 3.5, 3.8, 4.2, 4.6, 5.0, 5.4,
5.8, 6.5, 7.35 and 7.8) and 16 different NaCl concentrations (0.5%,
2.5%, 3.5%, 4.5%, 6.0%, 7.0%, 8.0%, 9.0%, 10.0%, 11.0%, 12.0%, 13.0%,
14.0%, 15.0%, 16.0% and 17.0% w/v) were evaluated. The pH of TSB
was adjusted to the above values with HCl (min. 37%; SigmaeAldrich, Seelze, Germany) using a digital pH meter with an epoxy
reﬁllable pH probe (Thermo Electron Corporation, Beverly, MA,
USA). The abovementioned salt concentrations were achieved by
adding to the medium (which has a NaCl concentration of 0.5% w/v)
appropriate amounts of NaCl (Merck, Darmstadt, Germany). The aw
values of the substrates were measured with an Aqualab water
activity meter (Model series 3; Decagon Devices, Inc., Pullman, WA,
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USA) and were the following: 0.997 (0.5% NaCl), 0.987 (2.5% NaCl),
0.980 (3.5% NaCl), 0.976 (4.5% NaCl), 0.966 (6.0% NaCl), 0.960 (7.0%
NaCl), 0.955 (8.0% NaCl), 0.950 (9.0% NaCl), 0.940 (10.0% NaCl),
0.934 (11.0% NaCl), 0.928 (12.0% NaCl), 0.922 (13.0% NaCl), 0.916
(14.0% NaCl), 0.909 (15.0% NaCl), 0.903 (16.0% NaCl) and 0.894
(17.0% NaCl). The pH and aw values of the substrates were also
measured after sterilization in order to ensure that they were not
considerably changed. Five replicates for each pH and aw combination were tested resulting in a total of 540 tested samples from
108 pH and aw combinations.
2.2.2. Bioﬁlm formation assay
Bioﬁlm formation was quantiﬁed using a colorimetric method
which is based on the measurement of the optical density of bioﬁlms developed in microtiter plate wells after crystal violet staining. Various versions of such method have been used for the in vitro
evaluation of bioﬁlm production (Agarwal et al., 2011; Díez-García
et al., 2012; Naves et al., 2008; Stepanovic et al., 2000, 2003, 2004),
and the exact protocol implemented in this study for bioﬁlm formation and quantiﬁcation has been described in detail previously
(Lianou and Koutsoumanis, 2012). Brieﬂy, 20-ml aliquots of the 24-h
S. enterica culture were added to 180 ml of TSB (with the characteristics described in 2.2.1) dispensed in 100-well polystyrene microtiter plates (Oy Growth Curves Ab Ltd., Raisio, Finland), while
negative control wells (i.e. containing broth only) also were
included. The microtiter plates were incubated statically at 37  C for
48 h, and then the content of the plates' wells was discarded
(removal of non-adherent or reversibly attached cells) and the
wells were rinsed with sterile quarter strength Ringer's solution
(Lab M Limited). The adherent bacterial cells were ﬁxed with
methanol (min. 99.8%; Scharlau Chemie S.A., Barcelona, Spain), and
the plates' wells were then emptied, air-dried and stained with
crystal violet (Gram's crystal violet solution; Merck). After rinsing
off the excess stain with distilled water and air-drying of the microtiter plates, the crystal violet bound to the formed bioﬁlms was
solubilized in absolute ethanol (min. 99.8; SigmaeAldrich), and the
optical density of each well was measured at 580 nm using the
turbidimetric system Bioscreen C (Oy Growth Curves Ab Ltd.). The
quantiﬁcation of bioﬁlm formation was based on the difference
between the optical density measurements of the test and negative
control (uninoculated) samples (DOD) (Lianou and Koutsoumanis,
2012).
2.3. Model development
2.3.1. Modelling the extent of bioﬁlm formation
In order to describe the individual effects of pH and aw on the
extent of bioﬁlm formation, the collected DOD values at various pH
conditions (from 3.8 to 7.8) at optimum aw (0.997) and various aw
conditions (from 0.916 to 0.997) at optimum pH (6.5) were ﬁtted to
the cardinal parameter models of Rosso (Rosso et al., 1995) for pH
and aw, respectively:

DOD ¼ DODopt $ rðpHÞ
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where pHmin, pHopt and pHmax are the corresponding cardinal
values, and DODopt is the DOD corresponding to pH ¼ pHopt.

3. Results and discussion
3.1. Modelling the extent of bioﬁlm formation

DOD ¼ DODopt $rðaw Þ

ða  1Þ$ðaw  1Þ2
 
 
 w
 

rðaw Þ ¼ 
awopt  awmin $ awopt  awmin $ aw  awopt  awopt  1 $ awopt þ awmin  2$aw

where awmin and awopt are the corresponding cardinal values, and
DODopt is the DOD corresponding to aw ¼ awopt.
For the purpose of model validation, the combined effect of pH
and aw on the DOD was predicted using the following equation:

DOD ¼ DODopt $rðpHÞ $rðawÞ

(3)

For the DODopt , the average of the DODopt values estimated from
equations (1) and (2) was used.
In the present study, the Relative Bioﬁlm Formation Index (RBFI)
was introduced as a more effective measurement for the quantiﬁcation of the effect of the environment on the extent of bioﬁlm
formation. The RBFI is deﬁned as the ratio of the DOD value derived
from the crystal violet assay at a certain environmental condition
and the maximum DOD value observed at the optimum condition
for bioﬁlm formation:


RBFI ¼ DOD DODopt

(4)

From equations (3) and (4), RBFI can be predicted by the CPM as
follows:

RBFI ¼ rðpHÞ$rðawÞ

(5)

2.3.2. Modelling the boundaries of bioﬁlm formation
The collected optical density data (DOD), corresponding to
different environmental conditions, were converted into binary
data (0: no bioﬁlm formation, 1: bioﬁlm formation), using a
threshold RBFI value equal to 0.1 (10% DODopt observed at optimum
conditions). Then, a logistic polynomial regression model was ﬁtted
to the binary data using Minitab ver. 13 (Minitab Inc., State College,
PA, USA), based on the approach described by Ratkowsky and Ross
(1995). The model's equation is shown below:

(2)

In a previous study undertaken in our laboratory (Lianou and
Koutsoumanis, 2012), the S. enterica strain used in the present
study (S. Newport FSL R6-051) was found to be the strongest bioﬁlm producer among 60 strains of the pathogen. In the context of
the present study, the effects of pH and aw on the bioﬁlm formation
ability of this strain were evaluated in TSB after 48 h of incubation
in polystyrene microtiter plates. The extent of bioﬁlm formation
was quantiﬁed using crystal violet staining, and was based on the
difference between the optical density measurements of the test
and negative control (uninoculated) samples (DOD). The results
showed that the individual effects of pH and aw on bioﬁlm formation, expressed in DOD values, had a similar pattern to that
expected for microbial growth rate. For example, in the case of pH,
an increase in the DOD values was observed as pH increased from
3.8 up to an optimum value followed by a decrease for pH values
above this optimum (Fig. 1). Similarly, DOD values increased from
aw ¼ 0.916 up to a maximum value of 0.997 (Fig. 2).
Based on the above observation, CPMs were used to describe the
effects of pH (equation (1)) and aw (equation (2)) on bioﬁlm formation expressed in DOD. Since their initial introduction in predictive microbiology in 1993, CPMs have become an important
group of empirical secondary models for growth rate and lag phase
(Augustin and Carlier, 2000; Rosso and Robinson, 2001; Rosso et al.,
1993, 1995). The main advantage of CPMs is that they are based on
model parameters that have both biological and graphical interpretation. The results of the present study showed that CPMs are
also appropriate for modelling the effect of pH and aw on bioﬁlm
formation, with the latter being expressed in DOD values. As it is
shown in Figs. 1 and 2, the applied secondary models described
successfully the effects of these two environmental parameters on
bioﬁlm formation, with the estimated values of coefﬁcient of
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(6)
where Logit (P) is an abbreviation of ln[P/(1P)], P is the probability
of bioﬁlm formation (in the range of 0e1) and ai are the coefﬁcients
to be estimated.
The automatic variable selection option with a stepwise selection method was used to choose the most signiﬁcant effects
(P < 0.05). The predicted bioﬁlm formation/no formation interfaces
for P ¼ 0.1, 0.5 and 0.9 were calculated using Excel Solver (Microsoft
Corp., Redmond, WA, USA).
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Fig. 1. Cardinal parameter model for the effect of pH (equation (1)) on bioﬁlm formation, expressed in DOD values, of Salmonella enterica ser. Newport in tryptone soy
broth with aw ¼ 0.997 at 37  C. (Points: observed data; solid line: model ﬁtting; dotted
lines: 95% prediction intervals).
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Fig. 2. Cardinal parameter model for the effect of aw (equation (2)) on bioﬁlm formation, expressed in DOD values, of Salmonella enterica ser. Newport in tryptone soy
broth with pH ¼ 6.5 at 37  C. (Points: observed data; solid line: model ﬁtting; dotted
lines: 95% prediction intervals).

Table 1
Estimated values for the parameters and ﬁtting statistics of the cardinal parameter
model describing the effect of pH and aw on DOD.
Parameter

pH model
pHmin
pHmax
pHopt
DODopt
aw model
awmin
awopt
DODopt
a
b
c

Estimated valuea

95% Conﬁdence
limits

r2b

RMSEc

Lower

Upper

0.05
0.36
0.07
0.040

3.48
8.98
5.88
2.026

3.69
10.44
6.17
2.188

0.931

0.139

0.894 ± 0.002
0.994 ± 0.001
2.139 ± 0.033

0.889
0.993
2.073

0.899
0.995
2.206

0.972

0.113

3.58
9.71
6.02
2.107

±
±
±
±
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and 0.994, respectively, while the estimated optimum DOD values
for pH and aw were almost identical (Table 1).
General CPMs (equation (3)) rely on the assumption that the
inhibitory effect of environmental factors is multiplicative, and
thus, consist of a discrete term for each environmental factor. Each
term r in equation (3) has a numerical value between 0 and 1 and at
optimum conditions all terms have a value of 1. The successful use
of many general CPMs models for microbial growth rate has shown
this assumption to be reasonable for a wide range of environmental
conditions. In this study, the validity of the abovementioned
assumption in the case of bioﬁlm formation (DOD data) was evaluated. For this, 430 DOD data on bioﬁlm formation of S. Newport at
86 different combinations of pH and aw ranging from 3.8 to 7.8 and
from 0.894 to 0.987, respectively, were produced from independent
experiments and were compared with the DOD predicted by the
combined CPM model (equation (3)). The validation results are
presented in Fig. 3. In general, a good agreement (r2 ¼ 0.938) between observed and predicted DOD was found, with no systematic
error, supporting the validity of the assumption on multiplicative
inhibitory effect of pH and aw on bioﬁlm formation. For low DOD
values (<0.2) however, a high variability was observed among
replicate samples at the same pH and aw conditions. Such an
observation could be attributed to the potential presence of low
levels of excess dye even in samples with no bioﬁlm formation,
which may result in pigment and a slight increase in the optical
density measurements.
The structural components of S. enterica bioﬁlms include curli
and other ﬁmbriae, surface proteins, ﬂagella, cellulose, colanic acid,

Values are means ± standard errors.
r2: Coefﬁcient of determination.
RMSE: Root Mean Square Error.
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2.5
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Fig. 3. Comparison between the predicted and observed DOD values for bioﬁlm formation of Salmonella enterica ser. Newport at various combinations of pH and aw
derived from independent experiments.

determination (r2) being 0.931 and 0.972 for pH and aw, respectively, while the corresponding root mean square error (RMSE)
values were 0.193 and 0.113 (Table 1). The estimated cardinal values
of pHmin, pHopt, pHmax, awmin and awopt were 3.58, 6.02, 9.71, 0.894

Fig. 4. Effect of pH (a) and aw (b) on the Relative Bioﬁlm Formation Index (RBFI),
predicted by the cardinal parameter model (equation (5)).
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anionic O-antigen capsule and fatty acids (Smirnova et al., 2010;
Steenackers et al., 2012). Among these components, curli,
ﬁmbriae and cellulose are the fundamental elements of the extracellular polymeric matrix of Salmonella bioﬁlms which in
conjunction result in the formation of a highly hydrophobic
€mling, 2001, 2003;
network of ﬁrmly packed cells (Gerstel and Ro
Smirnova et al., 2010; Steenackers et al., 2012). Due to its
complexity, the quantiﬁcation of bioﬁlm formation is not an easy
task. The crystal violet assay employed in this study is a frequently
used colorimetric method based on the measurement of the optical
density of bioﬁlm components in microtiter plate wells after crystal
violet staining (Agarwal et al., 2011; Díez-García et al., 2012; Lianou
and Koutsoumanis, 2012; Naves et al., 2008; Stepanovi
c et al., 2000,
2003, 2004). The output of this method is a DOD value for the
difference between the optical density measurements of the test
and negative control (uninoculated) samples which provides an
indirect measurement of bioﬁlm formation.
In the present study, the RBFI was introduced as a more effective
measure for the quantiﬁcation of the effect of the environment on
the extent of bioﬁlm formation. The RBFI is the ratio of the DOD
value derived from the crystal violet assay at a certain environmental condition and the maximum DOD value observed at the
optimum condition for bioﬁlm formation (equation (4)). As a result,
the RBFI takes values from 0 (no bioﬁlm formation) to 1 (maximum
bioﬁlm formation). For example, an RBFI ¼ 0.5 at a certain environmental condition means that the bioﬁlm formation (expressed
in DOD) is 50% of the maximum bioﬁlm that the bacterium can
form at the optimum conditions. The RBFI for S. Newport can be
predicted by the CPM developed in this study (equation (5)). Fig. 4a
and b presents the combined effect of pH and aw on the RBFI. The
developed model can be used to evaluate the extent of bioﬁlm
formation in a food production line based on the intrinsic properties (pH and aw) of the products. For example, pH and aw combinations of 5.0 and 0.926 or 4.0 and 0.943, respectively, lead to 90%
reduction (RBFI ¼ 0.1) of bioﬁlm formation compared to the
maximum bioﬁlm that S. Newport can form at optimum conditions
(i.e. pH ¼ 6.02, aw ¼ 0.994; Table 1). This information can be used by
the food industry to optimize bioﬁlm control by selecting, for
example, the appropriate sanitation procedures.

3.2. Modelling bioﬁlm formation boundaries
An increased number of probabilistic models predicting
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Fig. 5. Bioﬁlm formation boundaries of Salmonella enterica ser. Newport at 37  C with
respect to pH and aw predicted by the model (equation (6)) compared with the data
used to generate the model. (Black symbols: bioﬁlm formation in all replicates; grey
symbols: bioﬁlm formation observed only in some replicates; white symbols: no
bioﬁlm formation in all replicates; lower dashed line: P ¼ 0.1; interim solid line:
P ¼ 0.5; upper dashed line: P ¼ 0.9).

Table 2
Parameter estimates of the logistic regression model for the boundaries of bioﬁlm
formation.
Coefﬁcients

Estimate

Standard error

P value

Constant
pH
aw
pH x aw
pH2

551.2
226.10
741.5
294.24
4.028

212.8
60.26
222.9
65.82
1.106

0.010
0.000
0.001
0.000
0.000

microbial growth/no growth boundaries have been developed until
now in both liquid and solid substrates and at various environmental conditions such as pH, temperature and aw (Koutsoumanis
and Sofos, 2004, 2005; Koutsoumanis et al., 2004; Lanciotti et al.,
2001; Presser et al., 1998; Valero et al., 2010; Yoon et al., 2012).
Nonetheless, no attempt has been made so far, to our knowledge,
towards the development of mathematical models for the
description of the bioﬁlm formation interfaces of bacterial pathogens. In the second part of this study, a probabilistic model was
developed predicting the pH and aw boundaries of S. Newport
bioﬁlm formation. For this purpose, the collected optical density
measurements (DOD values), corresponding to different environmental conditions, were converted into binary data (0: no bioﬁlm
formation, 1: bioﬁlm formation), using a threshold RBFI value equal
to 0.1 (i.e. 10% of maximum DOD observed at optimum conditions).
Based on the above critical value, among the 108 combination
treatments of pH and aw tested in the present study, bioﬁlm formation of S. Newport was observed in 58 conditions and no bioﬁlm
formation in 45; there were ﬁve conditions in which bioﬁlm formation occurred in some, but not all, of the ﬁve conducted replicates (Fig. 5).
The binary data were further ﬁtted to a polynomial model using
logistic regression. The estimated parameters of the logistic regression model are shown in Table 2. The parameters with no signiﬁcant
effect (P  0.05) were removed from the model. The concordance
index and the HosmereLemeshow goodness-of-ﬁt statistic were
used as measures of the goodness-of-ﬁt of the developed model. As
demonstrated by the concordance index, the degree of agreement
between the predicted probabilities and the observations was 99.8%.
The HosmereLemeshow goodness-of-ﬁt statistic was 6.661 (c2, df 8;
P ¼ 0.574). The goodness-of-ﬁt was also evaluated by comparing the
model predictions at probabilities of 0.1, 0.5 and 0.9 with the corresponding observed data from which the predictions were derived.
As illustrated in Fig. 5, where the bioﬁlm formation boundaries of S.
Newport are presented, only one condition fell outside the prediction probability range (from 0.1 to 0.9).
The pH and aw bioﬁlm formation boundaries of S. Newport
observed in this study are signiﬁcantly wider compared to the
growth boundaries of salmonellae reported in previous studies
(Koutsoumanis et al., 2004; Lanciotti et al., 2001). For example,
when comparing the bioﬁlm formation boundaries observed in the
present study with the growth/no growth boundaries of a
S. enterica ser. Typhimurium strain reported in a previous study
undertaken by Koutsoumanis et al. (2004), it becomes evident that
the range of pH and aw values allowing bioﬁlm formation is much
wider than that allowing growth of the pathogen: at aw ¼ 0.950, the
50% pH limit for bioﬁlm formation is 4.19, while the respective limit
for growth was estimated to be 5.12. The above data indicate that
bacterial growth is not a prerequisite for bioﬁlm formation. This is
in agreement with the ﬁndings of other studies with reference to
S. enterica strains, according to which, the growth kinetics of the
tested strains did not appear to be related to their bioﬁlm-forming
ability (Díez-García et al., 2012; Lianou and Koutsoumanis, 2012).
The discrete character of these two modes of bacterial growth (i.e.
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planktonic and bioﬁlm) is most likely related to the multifactoriality of bioﬁlm formation. For instance, the conditions favoring bacterial cell adherence to a surface and/or the production of
extracellular polymeric substances are not necessarily the same
with those favoring planktonic bacterial growth. Moreover, the
environmental conditions to which cells are exposed within a
bioﬁlm may not be the same for all cells in the bioﬁlm (depending
on their distribution and exact position in the bioﬁlm matrix), and
can be considerably different from those experienced by free cells
growing in a liquid medium. All these, however, are only speculations that future research needs to ascertain, providing information
of major signiﬁcance for the food industry.
In conclusion, the results of the present study demonstrated
that the effect of the environment on bioﬁlm formation can be
quantitatively expressed using mathematical models. The models
developed in this work, although based on simpliﬁed growth media
and referring to indirect (optical density) bioﬁlm formation measurements, constitute a good basis towards the quantiﬁcation of the
overall interactions of bioﬁlm growth factors and can, thus, provide
useful information for controlling bioﬁlms in food industry environments. Further research objectives of great value for the
advancement of bioﬁlm modelling approaches include the development of direct methods for bioﬁlm quantiﬁcation, the assessment and veriﬁcation of the predictive power of models based on
laboratory media in food substrates and food-related environments
(food contact surfaces), the description of the effect of additional
environmental factors (e.g., temperature, antimicrobials etc.), and
the incorporation of strain variability in bioﬁlm formation models.
Acknowledgments
The action THALIS: “Biological Investigation Of the Forces that
Inﬂuence the Life of pathogens having as Mission to Survive in
various Lifestyles; BIOFILMS”, has been co-ﬁnanced by the European Union (European Social Fund e ESF) and Greek national funds
through the Operational Program “Education and Lifelong
Learning” of the National Strategic Reference Framework (NSRF) Research Funding Program: THALES. Investing in knowledge society through the European Social Fund, MIS380229.
Dafni Dimakopoulou-Papazoglou: This project was completed
as part of her Master's program that was partly funded by the Act
“Scholarships Programme of State Scholarships Foundation (IKY)
with individualized academic assessment for the year 2012e2013”
from funds of the O.P “Education and Lifelong Learning” of the
European Social Fund (ESF) and the NSRF (2007e2013).
References
Agarwal, R.K., Singh, S., Bhilegaonkar, K.N., Singh, V.P., 2011. Optimization of microtiter plate assay for the testing of bioﬁlm formation ability in different Salmonella serotypes. Int. Food Res. J. 18, 1493e1498.
Augustin, J.-C., Carlier, V., 2000. Mathematical modelling of the growth rate and lag
time for Listeria monocytogenes. Int. J. Food Microbiol. 56, 29e51.
Beg, S.A., Chaudhry, M.A.S., 1999. A review of mathematical modelling of bioﬁlm
processes: advances in modelling of selected bioﬁlm processes. Int. J. Environ.
Stud. 56, 285e312.
Bonsaglia, E.C.R., Silva, N.C.C., Fernades, A., Araujo, J.P., Tsunemi, M.H., Rall, V.L.M.,
2014. Production of bioﬁlm by Listeria monocytogenes in different materials and
temperatures. Food control 35, 386e391.
Branda, S.S., Vik, Å., Friedman, L., Kolter, R., 2005. Bioﬁlms: the matrix revisited.
Trends Microbiol. 13, 20e26.
Díez-García, M., Capita, R., Alonso-Calleja, C., 2012. Inﬂuence of serotype on the
growth kinetics and the ability to form bioﬁlms of Salmonella isolates from
poultry. Food Microbiol. 31, 73e180.
Donlan, R.M., Costerton, J.W., 2002. Bioﬁlms: survival mechanisms of clinically
relevant microorganisms. Clin.Microbiol. Rev. 15, 167e193.
€mling, U., 2001. Oxygen tension and nutrient starvation are major
Gerstel, U., Ro
signals that regulate agfD promoter activity and expression of the multicellular
morphotype in Salmonella typhimurium. Environ. Microbiol. 3, 638e648.
€ mling, U., 2003. The csgD promoter, a control unit for bioﬁlm
Gerstel, U., Ro

81

formation in Salmonella typhimurium. Res. Microbiol. 154, 659e667.
Giaouris, E.D., Nychas, G.-J.E., 2006. The adherence of Salmonella enteritidis PT4 to
stainless steel: the importance of the aireliquid interface and nutrient availability. Food Microbiol. 23, 747e752.
Joseph, B., Otta, S.K., Karunasagar, I., Karunasagar, I., 2001. Bioﬁlm formation by
Salmonella spp. on food contact surfaces and their sensitivity to sanitizers. Int. J.
Food Microbiol. 64, 367e372.
Karunakaran, E., Mukherjee, J., Ramalingam, B., Biggs, C.A., 2011. “Bioﬁlmology”: a
multidisciplinary review of the study of microbial bioﬁlms. Appl. Microbiol.
Biotechnol. 90, 1869e1881.
Koutsoumanis, K.P., Kendall, P.A., Sofos, J.N., 2004. Modeling the boundaries of
growth of Salmonella Typhimurium in broth as a function of temperature, water
activity and pH. J. Food Prot. 67, 53e59.
Koutsoumanis, K., Sofos, J.N., 2004. A comparative study on growth limits of Listeria
monocytogenes as affected by temperature, pH and aw when grown in suspension or on a solid surface. Food Microbiol. 21, 415e422.
Koutsoumanis, K., Sofos, J.N., 2005. Effect of inoculum size on the combined temperature, pH and aw limits for growth of Listeria monocytogenes. Int. J. Food
Microbiol. 104, 83e91.
Lanciotti, R., Sinigaglia, M., Gardini, F., Vannini, L., Guerzoni, M.E., 2001. Growth/no
growth interfaces of Bacillus cereus, Staphylococcus aureus and Salmonella
enteritidis in model systems based on water activity, pH, temperature and
ethanol concentration. Food Microbiol. 18, 659e668.
Lianou, A., Koutsoumanis, K.P., 2012. Strain variability of the bioﬁlm-forming ability
of Salmonella enterica under various environmental conditions. Int. J. Food
Microbiol. 160, 171e178.
Naves, P., del Prado, G., Huelves, L., Gracia, M., Ruiz, V., Blanco, J., Rodríguez-Cerrato, V.,
Ponte, M.C., Soriano, F., 2008. Measurement of bioﬁlm formation by clinical isolates of Escherichia coli is method-dependent. J. Appl. Microbiol. 105, 585e590.
Nilsson, R.E., Ross, T., Bowman, J.P., 2011. Variability in bioﬁlm production by Listeria
monocytogenes correlated to strain origin and growth conditions. Int. J. Food
Microbiol. 150, 14e24.
Presser, K.A., Ross, T., Ratkowsky, D.A., 1998. Modelling the growth limits (growth/
no growth interface) of Escherichia coli as a function of temperature, pH, lactic
acid concentration, and water activity. Appl. Environ. Microbiol. 64, 1773e1779.
Ratkowsky, D.A., Ross, T., 1995. Modelling the bacterial growth/no growth interface.
Lett. Appl. Microbiol. 20, 29e33.
Rosso, L., Lobry, J.R., Bajard, S., Flandrois, J.P., 1995. Convenient model to describe the
combined effects of temperature and pH on microbial growth. Appl. Environ.
Microbiol. 61, 610e616.
Rosso, L., Lobry, R., Flandrois, J.P., 1993. An unexpected correlation between cardinal
temperatures of microbial growth highlighted by a new model. J. Theor. Biol.
162, 447e463.
Rosso, L., Robinson, T.P., 2001. A cardinal model to describe the effect of water activity on the growth of moulds. Int. J. Food Microbiol. 63, 265e273.
Shi, X., Zhu, X., 2009. Bioﬁlm formation and food safety in food industries. Trends
Food Sci. Technol. 20, 407e413.
Smirnova, T.A., Didenko, L.V., Azizbekyan, R.R., Romanova, Y.M., 2010. Structural and
functional characteristics of bacterial bioﬁlms. Microbiology 79, 413e423.
Speranza, B., Corbo, M.R., Sinigaglia, M., 2011. Effects of nutritional and environmental conditions on Salmonella sp. bioﬁlm formation. J. Food Sci. 76,
M12eM16.
Steenackers, H., Hermans, K., Vanderleyden, J., De Keersmaecker, S.C.J., 2012. Salmonella bioﬁlms: an overview on occurrence, structure, regulation and eradication. Food Res. Int. 45, 502e531.


Stepanovi
c, S., Vukovi
c, D., Daki
c, I., Savi
c, B., Svabi
c-Vlahovi
c, M., 2000. A modiﬁed
microtiter-plate test for quantiﬁcation of staphylococcal bioﬁlm formation.
J. Microbiol. Methods 40, 175e179.




Stepanovi
c, S., Cirkovi
c, I., Mija
c, V., Svabi
c-Vlahovi
c, M., 2003. Inﬂuence of the
incubation temperature, atmosphere and dynamic conditions on bioﬁlm formation by Salmonella spp. Food Microbiol. 20, 339e343.


Stepanovi
c, S., Cirkovi
c, I., Ranin, L., Svabi
c-Vlahovi
c, M., 2004. Bioﬁlm formation by
Salmonella spp. and Listeria monocytogenes on plastic surface. Lett. Appl.
Microbiol. 38, 428e432.
Sutherland, I.W., 2001. The bioﬁlm matrix-an immobilized but dynamic microbial
environment. Trends Microbiol. 9, 222e227.
rez-Rodríguez, F., García-Gimeno, R.,
Valero, A., Rodríguez, M., Carrasco, E., Pe
Zurera, G., 2010. Studying the growth boundary and subsequent time to growth
of pathogenic Escherichia coli serotypes by turbidity measurements. Food
Microbiol. 27, 819e828.
Vestby, L.K., Møretrø, T., Langsrud, S., Heir, E., Nesse, L.L., 2009. Bioﬁlm forming
abilities of Salmonella are correlated with persistence in ﬁsh meal- and feed
factories. BMC Vet. Res. 5, 20e25.
Wanner, O., Eberl, H.J., Morgenroth, E., Noguera, D.R., Picioreanu, C., Rittmann, B.E.,
van Loosdrecht, M.C.M., 2006. Mathematical Modeling of Bioﬁlms. IWA Scientiﬁc and Technical Report No. 18. IWA Task Group on Bioﬁlm Modeling.
Wingender, J., Neu, T., Flemming, H.-C., 1999. What are bacterial extracellular polymeric substances? In: Wingender, J., Neu, T., Flemming, H.-C. (Eds.), Microbial
Extracellular Polymeric Substances. Springer Berlin Heidelberg, pp. 1e19.
Wong, G.C.L., O'Toole, G.A., 2011. All together now: integrating bioﬁlm research
across disciplines. MRS Bull. 36, 339e342.
Yoon, H., Lee, J.-Y., Suk, H.-J., Lee, S., Lee, H., Lee, S., Yoon, Y., 2012. Modeling to
predict growth/no growth boundaries and kinetic behavior of Salmonella on
cutting board surfaces. J. Food Prot. 75, 2116e2121.

