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The objective of this study was the in vitro evaluation of the effect of a cell-free microbial supernatant, produced
by a luxS-positive Salmonella enterica ser. Typhimurium strain, on the single-cell growth kinetic behavior of two
strains of S. enterica (serotypes Enteritidis and Typhimurium) and a methicillin-resistant Staphylococcus aureus
strain. The single-cell lag time (λ) of the pathogens was estimated in the absence and presence (20% v/v) of
microbial supernatant based on optical density measurements. As demonstrated by the obtained results, the
tested microbial supernatant had a strain-specific effect on the single-cell λ and its variability. Although the
mean λ values were similar in the absence and presence of microbial supernatant in the case of Salmonella
Enteritidis, a significant (P ≤ 0.05) reduction and increase in the mean value of this parameter in the presence
of microbial supernatant were observed for Salmonella Typhimurium and St. aureus, respectively. With regard
to the effect of the tested microbial supernatant on the single-cell variability of λ, similar λ distributions were
obtained in its absence and presence for S. Enteritidis, while considerable differences were noted for the other
two tested organisms; the coefficient of variation of λ in the absence and presence of microbial supernatant
was 41.6 and 69.8% for S. Typhimurium, respectively, with the corresponding values for St. aureus being 74.0
and 56.9%. As demonstrated by the results of bioassays, the tested microbial supernatant exhibited
autoinducer-2 activity, indicating a potential association of such quorum sensing compounds with the observed
effects. Although preliminary in nature, the collected data provide a good basis for future research on the role of
quorum sensing in the single-cell growth behavior of foodborne pathogens.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In nature, the presence, survival and proliferation ofmicroorganisms
inmulticellular communities are, to a great extent, delineated bymicro-
bial interactions taking place at both intra- and inter-species levels
(Duan et al., 2009). Various chemical compounds, produced as part of
bacterial metabolism and diffused and accumulated in the surrounding
growth environment, have been shown to be involved in such inter-
actions and determine their character (i.e. neutral, cooperative or com-
petitive microbial relationships) (Duan et al., 2009). In this context,
spent culture supernatants (or conditionedmedia) have been frequently
utilized for the purpose of evaluating the effect of microbial products
on bacterial behavior, with the ultimate goal of elucidating microbial
interactions and/or identifying natural antimicrobial compounds
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(Chorianopoulos et al., 2010; Dourou et al., 2011; Lopes et al., 2011;
Qin et al., 2009).

Cell-to-cell communication has been widely identified as a process
of strong implication in bacterial gene regulation and of major signifi-
cance for microbial interactions (Waters and Bassler, 2005). The system
underlying cell-to-cell communication is known as quorum sensing
(QS) and involves the production, release and subsequent detection of
and response to chemical signal molecules referred to as autoinducers
(Fuqua et al., 1994). Among the four so far identified groups ofmicrobial
QS compounds, the furanosyl borate diesters, encoded by the luxS gene
and referred to as autoinducer-2 (AI-2) molecules, stand out due to
their ability to serve as universal chemical signals, being involved in
both intra- and inter-species communication (Federle and Bassler,
2003). In the context of QS, various cellular functions and bacterial traits
are modulated in response to threshold autoinducer concentrations
including bioluminescence, transfer of conjugative plasmids, virulence,
symbiosis, competence, secretion of nutrient-sequestering compounds,
synthesis of antimicrobial compounds and biosurfactants, motility,
sporulation and biofilm formation (Jesudhasan et al., 2010; Nadell
et al., 2008). With particular reference to food microbiology, numerous
studies have investigated the role of QS in the virulence potential of
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foodborne pathogens, as well as in the biofilm-forming ability of both
food spoilage and pathogenic bacteria (Painter et al., 2014; Skandamis
andNychas, 2012). Nevertheless, limited research studies have assessed
the involvement of QS in the growth behavior of microorganisms
in vitro (Dourou et al., 2011; Dunstall et al., 2005; Nychas et al., 2009)
or in situ (Rasch et al., 2005; Wevers et al., 2009). Furthermore, the
available research data refer to microorganisms being studied exclu-
sively at a population level, with the potential variability in the behavior
of individual bacterial cells not being taken into account.

Given the above, the objective of the present study was the evalua-
tion of the effect of amicrobial supernatant, produced by a luxS-positive
Salmonella enterica ser. Typhimurium strain, on the single-cell lag time
of two important foodborne pathogens, namely S. enterica and Staphylo-
coccus aureus.

2. Materials and methods

2.1. Bacterial strains and culture conditions

The bacterial strains used in the present study, along with all perti-
nent information (designation, origin, source and exact use in the
conducted experiments), are presented in Table 1. Stock cultures of
the strains were stored frozen (−80 °C) onto treated beads in a cryo-
protective fluid (Protect Microorganism Preservation System, Lab M
Limited, Lancashire, UK).

With regard to the S. enterica and St. aureus strains, frozen stock
cultures were revived by transferring one bead in 10 ml of tryptone
soy broth (TSB; Lab M Limited) and incubating at 37 °C for 24 h, and
working cultures were stored refrigerated (4 °C) on tryptone soy agar
(TSA; Lab M Limited) and were renewed biweekly. For the purpose of
inoculum preparation, these strains were activated by transferring a -
single colony from TSA into 10 ml of Luria–Bertani broth (Bertani,
1951) supplemented with 0.5% (w/v) glucose (Merck, Darmstadt,
Germany) (LBG), and incubating with agitation (160 rpm) at 37 °C for
24 h. The pH of LBG broth used for strain activation was adjusted to
6.5 with 10 N HCl (Merck) using a digital pH meter (RL150, Russell
pH, Cork, Ireland) with a glass electrode (Metrohm AG, Herisau,
Switzerland). Portions (10-μl) of the activated cultureswere transferred
into 10ml of fresh LBG broth of the above properties and incubatedwith
agitation (160 rpm) at 37 °C for 8 h (S. Typhimurium CDC 6516-60) or
18 h (S. Enteritidis, S. Typhimurium 4/74 and St. aureus).

With reference to the Vibrio harveyi strains, frozen stock cultures
were revived by transferring one bead in 10 ml of autoinducer bioassay
(AB) broth (Lu et al., 2004) and incubating with agitation (160 rpm) at
30 °C for 24 h, while working cultures were stored refrigerated (4 °C)
onto AB agar and renewed biweekly. The cultures used in the AI-2
activity bioassay (described in Section 2.3) were prepared by transfer-
ring a single colony from AB agar in 10 ml of AB broth, and incubating
with agitation (160 rpm) at 30 °C for 16 h.
Table 1
Bacterial strains used in this study and their characteristics.

Bacterial strain Designation Description

Salmonella enterica ser. Enteritidis PT4 P167807 Tested strain1

S. enterica ser. Typhimurium 4/74 Tested strain1

S. enterica ser. Typhimurium CDC 6516-60
(ATCC 14028)

Strain used in microbial
production; luxS-positiv

Staphylococcus aureus (methicillin-resistant) COL Tested strain1

Vibrio harveyi BAA-1117
(ATCC BB-170)

Biosensor strain2

Vibrio harveyi BAA-1119
(ATCC BB152)

AI-2 producer (bioassay

1 Bacterial strains evaluated for their growth behavior.
2 The strain contains luxN:Tn5, bioluminescent reporter, and cognate signal: borated AI-2.
2.2. Preparation of microbial supernatants

The microbial supernatant evaluated in this study was produced
from late-exponential-phase cultures (i.e. 8-h cultures in LBG of
pH 6.5 as described above) of the luxS-positive S. Typhimurium strain
CDC 6516-60 (Table 1). More specifically, bacterial cells were removed
from the growth medium via centrifugation (Heraus Multifuge 1S-R,
Thermo Electron Corporation, Langenselbold, Germany) at 5000 ×g
for 15min at 4 °C, followed by filtration through 0.2 μm-pore-size filters
(Whatman, Inc., Clifton, NJ, USA). Part of the produced microbial super-
natant was heat treated (121 °C for 15 min), and both types of cell-free
culture supernatants (i.e. heat treated and untreated) were maintained
at 4 °C until use (maximum storage period of 4 days).

2.3. AI-2 activity bioassays

The AI-2 activity of the tested microbial supernatants, as well as of
cell-free culture supernatants of the tested (for their growth behavior)
S. enterica and St. aureus strains, was evaluated using the biosensor
V. harveyi BAA-1117 strain (Table 1) and the procedure described by
Surette and Bassler (1998). Sterile growth medium (LBG of pH 6.5)
and microbial supernatant obtained from the AI-2-producing V. harveyi
BAA-1119 (Table 1) strain were used as negative and positive control,
respectively. Luminescence measurements were taken using a Synergy
HT multi-mode microplate reader (Biotek®, Winooski, VT, USA), and
AI-2 activity was expressed as “relative AI-2 activity” (i.e. ratio of the
luminescence of the sample containing the microbial supernatant
under evaluation to that of the negative control).

2.4. Growth experiments

Thegrowth behavior of the tested S.Enteritidis, S. Typhimurium4/74
and St. aureus strains was evaluated in LBG broth (pH 6.5) containing:
(i) no microbial supernatant (Control); (ii) 20% (v/v) microbial super-
natant (MS); and (iii) 20% (v/v) microbial supernatant thatwas subject-
ed to heat treatment (MS-HT), as described in Section 2.2. The 18-h
culture of each one of the strains was centrifuged (Heraeus Multifuge
1S-R, Thermo Electron Corporation) at 5000 ×g for 10 min at 4 °C. The
harvested cells were washed with quarter strength Ringer's solution
(Lab M Limited) and centrifuged under the same conditions. The har-
vested cells of the washed cultures were finally resuspended in 10 ml
of LBG of the above characteristics (Control, MS or MS-HT), and 300-μl
aliquots of appropriate dilution(s) (conducted in the same medium)
were transferred in 96-well polystyrene microplates (Nuova Aptaca
S.r.l., Canelli, Italy). The growth kinetic parameters of the tested strains
were estimated from optical density (OD) measurements, with the
latter being taken at 600 nm using the Synergy HT automated spectro-
photometer. The microplates were placed in the spectrophotometer
at an incubation temperature of 25 °C, and OD measurements were
Origin Reference or source

Food isolate (eggs) Division of Enteric Pathogens, Central
Public Health Laboratory, London, UK

Calf isolate (bowel) Hoiseth and Stocker, 1981
supernatant
e

Chicken isolate (tissue) Tindall et al., 2005

Clinical isolate Gill et al., 2005
– Bassler et al., 1997

positive control) – Bassler et al., 1997



Fig. 1. Mean (±standard deviation) relative AI-2 activity of 20 and 100% (v/v) microbial
supernatant (MS) ormicrobial supernatant subjected to heat treatment (MS-HT), obtained
from 8-h culture (in Luria–Bertani broth supplemented with 0.5% (w/v) glucose, LBG;
37 °C) of Salmonella enterica ser. Typhimurium (CDC 6516-60). Sterile LBG broth was
used as negative control.
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taken at 15-min intervals after agitation of the microplates for 10 s at
medium amplitude.

2.5. Maximum specific growth rate

The maximum specific growth rate (μmax) of each strain in each one
of the tested treatments was estimated using the decimal dilution
approach, as previously described (Aguirre et al., 2011; Lianou and
Koutsoumanis, 2011). In the context of this approach, μmax is estimated
from absorbance detection times (Tdet) of serially decimally diluted
cultures, with Tdet being defined as the time required for a certain OD
measurement (or increase) to be observed. In this study, six serial
decimal dilutions of each culture weremade in LBG of the same charac-
teristics with the corresponding treatment, and then, 300-μl aliquots of
each dilutionwere dispensed in themicroplates (sixteen replicatewells
for each dilution), resulting in initial bacterial concentrations ranging
approximately from 106 to 10 CFU/well. The Tdet was defined as the
time required for an OD measurement of 0.2 to be obtained (corre-
sponding to a bacterial concentration of ca. 107 CFU/well), while a
mean value (of the sixteen replicate samples) was estimated for each
dilution. Furthermore, dilutions of each culture were surface plated on
TSA and colonies were counted after incubation of the plates at 37 °C
for 24 h. The Tdet values of the serial decimal dilutions were plotted
against the natural logarithm of the corresponding bacterial concentra-
tion for each tested strain (ln CFU/well), and μmax values were deter-
mined by linear regression, using Microsoft® Excel, according to the
following equation:

ln Nð Þ ¼ k−μ max � T det ð1Þ

Three independent experiments were conducted for each one of the
tested bacterial strains and treatments.

2.6. Lag time

The single-cell lag time (λ) values of the tested organismswere esti-
mated based on turbidity growth curves, according to a widely used
methodology (Aguirre et al., 2011; Baranyi and Pin, 1999; Baranyi
et al., 2009).

The culture of each one of the tested strainswas decimally diluted in
the treatmentmedium (Control, MS or MS-HT) to a concentration of ca.
100 CFU/ml, and 300-μl aliquots of this dilutionwere dispensed in the96
wells of a microplate. The average number of cells per microplate well
was estimated based on the assumption that the probability of having
one cell per well is described by the Poisson distribution (Baranyi
et al., 2009). More specifically, the equation connecting the average
number of cells per well (m) with the probability of no growth occur-
ring in a well (P0) is the following:

m ¼ �LnP0 ð2Þ

with m being obtained, based on the calculated P0 values, from
Poisson distribution tables. Given that P0 values less than 0.14 or higher
than 0.85 are expected to result in inaccurate or unreliable single-cell λ
estimates, respectively (Aguirre et al., 2011), only data corresponding to
wells of m lower than 2 and higher than 0.36 were taken into account.

In this context, single-cell λ values were estimated using the follow-
ing equation (Baranyi and Pin, 1999):

λ ¼ T det �
Ln N detð Þ � Ln N0ð Þ

μmax
ð3Þ

where Ndet is the bacterial concentration at Tdet, N0 is the number of
cells initiating growth in eachmicroplatewell, and μmax is themaximum
specific growth rate of each bacterial strain estimated as described in
Section 2.5.
The experiments were replicated as many times needed for at least
150 values of λ to be obtained for each one of the tested bacterial strains
and growth media.

2.7. Statistical analysis

The estimated μmax and λ values were evaluated by analysis of
variance using the general linear model procedure of the IBM SPSS
Statistics for Windows software, Version 22.0 (IBM Corp., Armonk, NY,
USA). Homogeneity of variance was assessed using the Levene's test,
and means were separated using the Tukey HSD or the Games-Howell
test in the case of homogeneous or significantly different variances,
respectively, at a significance level of α = 0.05.

3. Results and discussion

Based on the bioassays' results, both the non-diluted (100% v/v) and
diluted (20% v/v) microbial supernatants, produced by S. Typhimurium
CDC 6516-60, expressed substantial AI-2 activity, which was 79.2 and
37.3-fold higher than that of the negative control (i.e. sterile LBG
broth), respectively (Fig. 1). Such finding was anticipated, given that
the strain used for the supernatant production is luxS-positive
(Jesudhasan et al., 2010), and the luxS/AI-2 system is one of the two
QS systems used by S. enterica for the purpose of intercellular signaling
(Surette and Bassler, 1998; Taga et al., 2003). On the other hand, the
corresponding relative AI-2 activity of MS-HT was similar to that of
the negative control, indicating that the intended inactivation of AI-2
signal molecules (Surette and Bassler, 1998) was, most likely, provided
by the applied heat treatment. The indigenous ability of the three tested
(for their growth behavior) bacterial strains to express AI-2 activity also
was evaluated and, as illustrated in Fig. 2, both of the tested S. enterica
strains exhibited significant such activity. On the contrary, the relative
AI-2 activity of the St. aureus supernatantwas not considerably different
from that of the negative control under the conditions of this study
(Fig. 2).

As demonstrated by the estimated μmax values (Table 2), no signifi-
cant effect of the microbial supernatant on this growth kinetic para-
meter could be observed, with the parameter's values being similar
among the three tested treatments for both S. enterica and St. aureus
strains. On the other hand, the effect of microbial supernatant on the
single-cell λ appeared to depend on the tested microbial species and
strain (Table 3). With regard to S. enterica, a different behavior between
the two tested strains was observed in response to the presence of
microbial supernatant in the growth medium. Although the mean
single-cell λ values were similar for the Control and MS treatments in
the case of S. Enteritidis, a considerable reduction (P ≤ 0.05) in the
mean value of this parameter inMS (1.81 h−1) compared to the Control



Fig. 2.Mean (±standard deviation) relativeAI-2 activity ofmicrobial supernatants obtained
from 8-h cultures (in Luria–Bertani broth supplemented with 0.5% (w/v) glucose, LBG;
37 °C) of Salmonella enterica ser. Enteritidis, S. enterica ser. Typhimurium (4/74) and
Staphylococcus aureus. Sterile LBG broth was used as negative control.

Table 3
Lag time of single bacterial cells in Luria–Bertani broth supplemented with 0.5% (w/v)
glucose at 25 °C, in the absence (Control) and presence of microbial supernatant (MS)
containing autoinducer-2 signal molecules.

Bacterium Treatment No.
samples2

No.
cells/well
(min-max)3

Lag time (h)4 Coefficient
of variation
(%)

Salmonella
Enteritidis

Control 193 0.37–0.65 3.68 ± 0.89 A 24.3
MS 210 0.37–0.94 3.49 ± 0.99 A 28.2
MS-HT1 170 0.43–0.78 3.00 ± 0.91 B 30.2

Salmonella
Typhimurium

Control 159 0.71–0.89 2.26 ± 0.94 B 41.6
MS 202 0.67–0.99 1.81 ± 1.26 C 69.8
MS-HT 221 0.78–0.92 3.95 ± 1.15 A 29.1

Staphylococcus
aureus

Control 180 0.42–1.47 5.92 ± 4.38 B 74.0
MS 195 0.42–1.43 9.27 ± 5.27 A 56.9
MS-HT 177 0.82–1.17 9.48 ± 5.38 A 56.8

1 Microbial supernatant subjected to heat treatment (121 °C, 15 min).
2 Total number of microplate wells showing growth (all replicates included).
3 Average number of cells per microplate well, as obtained from Poisson distribution

tables (range of values calculated for the different replicates).
4 Values are means ± standard deviations. Within a column and for each bacterium,

means lacking a common letter are significantly different (P b 0.05).
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(2.26 h−1) was observed for S. Typhimurium (Table 3). Such observa-
tionmay, to some extent, be associated with the fact that the latter test-
ed strain is of the same serotype (i.e. Typhimurium) as the strain used
for the production of the applied microbial supernatant. In contrast to
the observationsmade for S. Typhimurium, the single-cell λ of St. aureus
was significantly (P ≤ 0.05) longer in MS compared to the Control, with
the mean parameter's values being 9.48 and 5.92 h, respectively
(Table 3).

Despite the fact that the presence of QS signal molecules in food
systems has been demonstrated (Blana and Nychas, 2014; Blana et al.,
2011; Nychas et al., 2009), their exact role has not been completely ex-
emplified. The majority of studies on cell-to-cell communication have
focused on assessing the molecular aspects and the genetic processes
underlying this phenomenon (Surette and Bassler, 1998; Taga et al.,
2003), with relatively limited attention being paid to how both intra-
and inter-species communicationmodulate bacterial growth responses.
Indeed, the findings of relatively few studies have suggested a consider-
able effect of QS compounds on the growth behavior of food spoilage or
pathogenic bacteria, either in vitro (Dourou et al., 2011; Dunstall et al.,
2005; Kolling and Matthews, 2007; Nychas et al., 2009; Whan et al.,
2000) or in situ (Rasch et al., 2005; Wevers et al., 2009), with their
results being often contradictory and inconclusive.

Similar with the observations made for S. Typhimurium in the pres-
ent study were the findings of Kolling and Matthews (2007), who re-
ported that AI-2 signaling compounds present in the cell-free culture
supernatant of Escherichia coli O157:H7 significantly enhanced the
growth of stressed cells of the pathogen. Likewise, according to the find-
ings of Nychas et al. (2009), the growth rate of Pseudomonas fluorescens,
estimated through monitoring of conductance changes in the growth
medium,was enhanced in the presence of cell-freemeat extract derived
Table 2
Maximumspecific growth rate (μmax) values of Salmonella enterica and Staphylococcus aureus
strains in Luria–Bertani broth supplementedwith 0.5% (w/v) glucose at 25 °C, in the absence
(Control) and presence of microbial supernatant (MS) containing autoinducer-2 signal
molecules.

Bacterium Treatment μmax (h−1)2

Salmonella Enteritidis
Control 0.94 ± 0.08
MS 0.97 ± 0.09
MS-HT1 0.91 ± 0.10

Salmonella Typhimurium
Control 0.98 ± 0.09
MS 0.93 ± 0.06
MS-HT 1.04 ± 0.13

Staphylococcus aureus
Control 0.41 ± 0.07
MS 0.43 ± 0.04
MS-HT 0.47 ± 0.07

1 Microbial supernatant subjected to heat treatment (121 °C, 15 min).
2 Values are means ± standard deviations (n = 3).
from spoiled meat and containing QS compounds. Monitoring of the
effect of QS signal molecules, present in the cell-free culture superna-
tants of various microorganisms, on the growth and metabolic activity
of S. Enteritidis and S. Typhimurium indicated that such effect depended
on the bacterial strain producing the signal molecules (Dourou et al.,
2011). As demonstrated by the results of the present study, where a
single strain was used for the production of the tested microbial super-
natant, the observed effect of this supernatant on the growth kinetic
behavior of S. enterica (in terms of single-cell λ) also depended on the
tested pathogen's strain. Since a significant effect was only observed
for the strain belonging to serotype Typhimurium, and not for the strain
of serotype Enteritidis (Table 3), an association of the pathogen's sero-
type with the observations made may exist. However, given that only
two S. enterica strains were evaluated in this study, and that the major-
ity of the available research data, pertinent to the QS systems of the
pathogen, refer to serotype Typhimurium (Jesudhasan et al., 2010;
Surette and Bassler, 1998; Taga et al., 2003), there is not enough infor-
mation to firmly support a serotype-specific behavior.

Although the main well-characterized QS system in staphylococci is
the “accessory gene regulator” (agr), which has been shown to play a
central role in staphylococcal pathogenesis (Atkinson and Williams,
2009), a second QS system, dependent on the AI-2 synthase gene luxS,
has also been described (Federle and Bassler, 2003). As mentioned
above, the microbial supernatant produced by the tested St. aureus
strain did not exhibit AI-2 activity (Fig. 2). Nonetheless, given that
AI-2 signal molecules are considered to be universal, allowing bacteria
to respond not only to endogenously produced AI-2 signals but also to
those produced by other bacterial species in their vicinity (Federle and
Bassler, 2003), it is interesting to assess the responses of this pathogen,
regardless of its ability to produce such molecules on its own. Based on
the results of the present study, the single-cell λ of the tested St. aureus
strain was significantly increased in the presence of microbial super-
natant expressing AI-2 activity (Table 3). In the absence of any data
specifically related to growth, the above observation can only be
discussed in conjunction with similar findings relevant to biofilm
formation and virulence. Unlike many QS systems described in Gram-
negative bacteria, both agr and luxS of staphylococci have been shown
to reduce rather than induce biofilm formation and virulence (Kong
et al., 2006; Yu et al., 2012). For instance, luxS has been shown to reduce
cell-to-cell adhesion of St. aureus by down-regulating the expression of
biofilm exopolysaccharides (Kong et al., 2006). In any case, the expres-
sion, under the conditions of this study, of luxS in the tested St. aureus
strain needs to be determined if solid conclusions regarding its potential
for AI-2 activity and the involvement of the latter in its growth behavior
are to be drawn.



Fig. 4. Mean (±standard deviation) coefficient of variation of the single-cell lag time
values of the tested pathogens' strains (i.e. Salmonella enterica ser. Enteritidis, S. enterica
ser. Typhimurium and Staphylococcus aureus), in the absence (Control) or presence of
20% (v/v)microbial supernatant (MS) ormicrobial supernatant subjected to heat treatment
(MS-HT), estimated separately for each experimental replicate (CV_Rep).
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Besides the overall effect of the tested microbial supernatant on the
pathogens' growth, as this can be evaluated based on themeanvalues of
the single-cell λ, it is also important to look into the corresponding
effect on the single-cell variability of this growth parameter. As demon-
strated by the values of the percent coefficient of variation (CV= 100 ×
standard deviation / mean), the effect of the applied microbial superna-
tant on the variability of λ was different for the three strains studied
(Table 3). Although no considerable differences in the CV values were
observed for S. Enteritidis, the single-cell variability of λ was sub-
stantially increased in MS compared to the Control in the case of S.
Typhimurium,with the estimated values of CV being 69.8 and 41.6%, re-
spectively. On the other hand, the variability of λ of St. aureus decreased
in the presence of microbial supernatant, with the CV being reduced
from 74.0% in the Control to 56.9% in the MS treatment (Table 3). A
similar conclusion can be drawn by Fig. 3 inwhich the probability distri-
butions of the single-cell λ values are illustrated for each one of the
tested strains. As demonstrated by the comparative evaluation of the
distributions corresponding to the Control and MS treatments, the
way in which the presence of microbial supernatant affected the
position and the shape of the single-cell λ distributions was strain-
dependent (Fig. 3). Given the widely recognized importance of single-
cell dynamics for quantitative microbial risk assessment (Ross and
McMeekin, 2003), great attention has been drawn recently to the
need of evaluating the behavior of single cells (or small populations/
sub-populations) and describing its variability via the use of stochastic
modeling approaches (Alonso et al., 2014; Koutsoumanis and Lianou,
2013). To our knowledge, this is the first study assessing the potential
effect of QS signalmolecules on the growth behavior of foodborne path-
ogens at the single-cell level.

A widely used methodology was applied in this study for the pur-
pose of single-cell λ estimation, according to which the number of
cells per microplate well is estimated using the Poisson distribution,
based on the number of negative samples (i.e. wells not showing
growth) (Aguirre et al., 2011; Baranyi and Pin, 1999; Baranyi et al.,
2009). Despite its undoubtedly significant advantages, including its sim-
plicity and high effectiveness in the study ofmicrobial kinetics, there are
certain limitations of the applied methodology that need to be taken
into account. Such limitations include the potential error introduced in
λ estimation by the wells showing growth originating from more than
one cell, the assumption made that bacterial cells are only present in
wells in which growth is detected, as well as the fact that the applied
microbial supernatant may affect not only cell division but also cell
size. Indicative of the potential uncertainty of single-cell λ estimation
in this study is Fig. 4. When the CV of λwas calculated for each experi-
mental replicate separately, it was observed that in some cases (i.e. MS
treatment in S. Typhimurium and St. aureus), the single-cell variability
of this parameter was considerably different among replicates, as indi-
cated by the high standard deviation values (Fig. 4). Nonetheless, repli-
cating the experimental trials is inevitable in the context of the applied
Fig. 3. Probability distributions of the single-cell lag time values of Salmonella enterica ser. Ente
broth supplemented with 0.5% (w/v) glucose and containing: (i) nomicrobial supernatant (Con
that was subjected to heat treatment (MS-HT).
methodology since large data sets are needed in order for the single-cell
variability of λ to be properly assessed.

At this point it should be noted that the contribution to the observa-
tions made of other (than or in addition to AI-2) signal molecules, or
even of unknown non-signaling compounds (e.g., metabolic products),
that are also present in the microbial supernatant, cannot be excluded.
Despite the fact that theMS-HT treatment was applied as a supplemen-
tary control treatment, the conflicting results obtained with regard
to the estimated λ values limited its value. In contrast to what would
be expected, the single-cell λ of S. Typhimurium and St. aureus was
significantly (P ≤ 0.05) longer in the MS-HT than in the Control
(Table 3, Fig. 3). Although, in agreement with previous findings
(Chorianopoulos et al., 2010), GC-MS and HPLC analyses of the tested
media (Control, MS and MS-HT) did not reveal any considerable differ-
ences in their composition with regard to volatile compounds and
organic acids (data not shown), differences may exist in other chemical
compounds. For instance, inactivation of enzymes interfering in the
tested system or production of toxic by-products (e.g., non-enzymatic
browning reaction compounds) in response to the applied heat
treatment may be potential explanations for the obtained results. The
inconclusiveness of the observations made with regard to the MS-HT
treatment, necessitates the design and conductance of additional exper-
iments, if the exact role of QS on the metabolic responses and growth
phenotype of the tested organisms is to be ascertained. Such experi-
ments should be part of a more refined and basic research which,
based on the results of the present study, will also involve the use of a
ritidis (A), S. enterica ser. Typhimurium (B) and Staphylococcus aureus (C) in Luria–Bertani
trol); (ii) 20% (v/v) microbial supernatant (MS); and (iii) 20% (v/v) microbial supernatant
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luxS-mutant of the tested S. Typhimurium strain (Jesudhasan et al.,
2010) and/or inhibitors of AI-2 signaling (Guo et al., 2013).

In conclusion, as demonstrated by the results of this study, the effect
of a S. Typhimurium culture supernatant, exhibiting AI-2 activity, on
the single-cell lag time of S. enterica and St. aureus and its variability
depended on the tested bacterial strain. Although preliminary in nature,
the collected data should provide a good basis for future research on the
role of QS in the single-cell growth behavior of foodborne pathogens,
knowledge that is, in turn, expected to be useful in the control of such
pathogens in situ.
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