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Abstract The ability of Listeria monocytogenes to adapt to
low temperature, low pH, and osmotic stress, to withstand
cleaning and disinfection agents, to induce stress-related
cross-protection responses, and to form biofilms, enables it
to prevail and survive most of the common safety measures
employed in industrial-scale food processing to ensure food
safety. The objective of this study was to determine the chang-
es that occur in the lipid composition of the membrane of
L. monocytogenes under the conditions of the manufacture
and storage of a laboratory-prepared soft cheese (feta type).
The results show that L. monocytogenes cells present in the
raw milk may survive the cheese manufacturing process as
well as the storage period and that the history of the inoculated
cells has an effect on their behavior during storage of the
cheese. The bacterium seems to follow different pathways
and adopt different strategies to preserve the optimal fluidity
and functions of the membrane depending on the length of
storage time and the history of the inoculated cells. In this
context, cells derived from pre-inoculated cells grown in opti-
mal or acidic conditions showed an increase in the number of
straight chain fatty acids (SCFA) relative to branched ones
(BCFA), without altering the ratio of BCFA C15:0 to BCFA
C17:0 and the ratio of iso to anteiso FA. Alternatively, those
cells derived from pre-inoculated cells grown in presence of
benzalkonium chloride followed a different pathway. These
cells achieved a balance between optimal fluidity and solid
phase membrane not only by changes in SCFA content, but
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also by changes in the ratios of BCFA C15:0 to C17:0 and of
iso to anteiso fatty acids. This latter approach to maintain mem-
brane fluidity seems to be paired with the different survival
trends of the bacterium under the conditions of this study.
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Introduction

Listeria monocytogenes is prevalent in a variety of foods and
ready-to-eat products where it has the potential to become a
serious public health problem. Dairy products are commonly
ready-to-eat products, and the evaluation of their ability to
support growth or survival of this pathogen is crucial for risk
assessment (Kozak et al. 1996). Previous studies have dem-
onstrated the behavior of L. monocytogenes in soft cheese
(Papageorgiou et al. 1996, 1997), semi-hard cheese
(Papageorgiou and Marth 1989), and hard ripened cheese
(Theodoridis et al. 2006), reporting that most cases of contam-
ination occurred in the final product. Nevertheless, contami-
nation of a product in a dairy/milk processing plants can occur
at various stages (i.e. storage, production, ripening) and have
different sources (i.e., unpasteurized milk; final products; con-
tact with humans, unclean surfaces, insects).
L. monocytogenes cells from these different sources have a
different physiology and probably a different capacity to over-
come the hurdles posed to them throughout the manufacture
and ripening of dairy products as well as by their own phys-
icochemical properties (Kousta et al. 2010).

The ability of L. monocytogenes to adapt to low tempera-
ture, low pH, and osmotic stress (Tasara and Stephan 2006;
Gandhi and Chikindas 2007), to withstand cleaning and dis-
infection agents (Lopes 1986; Lunden et al. 2003; Bisbiroulas
et al. 2011), and to induce stress-related cross-protection
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responses (Beales 2004), combined with its ability to form
biofilms (Carpentier and Chassaing 2004; Pereira da Silva
and Pereira De Martinis 2013), enable it to prevail and survive
most of the commonly used safety measures used in
industrial-scale food processing to ensure food safety.
Among the strategies undertaken by L. monocytogenes to
adapt to environmental changes is modification of the mem-
brane lipids; such modifications are essential to maintain suf-
ficient fluidity compatible with the integrity, and functionality
of the membrane (Diakogiannis et al. 2013). The effects of
reduced temperature on the fatty acid (FA) composition of
L. monocytogenes’ membrane has been studied extensively.
The principal change in the FA composition of this bacte-
rium’s membrane with a drop in temperature to below the
optimum value is an increase in the number of anteiso-
C15:0 FA at the expense of anteiso-C17:0 FA. The membrane
of L. monocytogenes is characterized by an unusual propor-
tion of branched chain FA (BCFA) (>85 %), primarily anteiso-
C15:0 and anteiso- C17:0 (Mastronicolis et al. (1996a, b). It
has been proposed that the membrane FA composition of
L. monocytogenes cells, especially the content of anteiso-
15:0 FA, may play an important role in its ability to grow at
low temperatures (Annous et al. 1997). Cells grown at lower
temperatures contain significantly fewer anteiso-17:0 FA than
those grown at higher temperatures (Mastronicolis et al. 1998;
Chihib et al. 2003). Similarly, the membrane lipid composi-
tion can be determined by the pH of the growth medium. The
acid adaptation response will lead to alterations in FA compo-
sition, mainly in the neutral lipids (NL) class of adapted cul-
tures (Mastronicolis et al. 2010). Changes in the FA profile of
newly synthesized NL were also observed in cold (5 °C)
adapted L. monocytogenes (Mastronicolis et al. 2000).

Bacterial cells have the capacity to remember past environ-
ments, which accelerates their physiological adaptation.
Memory in bacteria has been studied in the context of epige-
netic switches, which can maintain stable phenotypic states
over hundreds of generations (Casadesus and D’Ari 2002).
Growth conditions are known to alter several bacterial re-
sponses, implying that memory may be more than an inciden-
tal factor in modulating the regulatory mechanisms which
control acclimation of the cells or the status of the metabolic
stores (Wolf et al. 2008). Lambert and Kussell (2014) reported
two distinct memory mechanisms in the lac operon of
Escherichia coli, namely, phenotypic and response memory,
each of which is beneficial over different time scales.

The aims of our study were to determine (1) whether cell
history plays a role in pathogen survival and (2) whether this
role can be mirrored (memorized) in the membrane lipid com-
position of L. monocytogenes following its survival of the
manufacturing process and storage period in a laboratory-pre-
pared, feta-type soft white cheese. Our ultimate goal was there-
fore to gain a deeper understanding of the adaptive mechanisms
adopted by L. monocytogenes under food processing conditions.
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Material and methods
Culture preparation for inoculation of milk

Listeria monocytogenes DP-L1044 (D. Portnoy, University of
Pennsylvania) is the strain used in this study. It is a avirulent
mutant of parent strain L1044S (serotype 1/2a, resistant to
1 mg ml™" streptomycin) (Portnoy et al. 1988; Camilli et al.
1991). The strain was first inoculated in brain-heart infusion
broth (BHI; BD, Sparks, Maryland) at 30 °C for 20 h, follow-
ing which three 10-mL aliquots were removed. The first
10-mL aliquot was inoculated into 1 L of BHI broth, which
was then incubated at 30 °C (Control, pCO) until the early
stationary phase (ODggo=0.8; 8 h). The second 10-mL aliquot
was inoculated into 1 L BHI that had been adjusted to an
initial pH of 5.5 with L-lactic acid (Fluka, Sigma-Aldrich,
Allentown, PA) (culture pLA). The third 10-mL aliquot was
used to inoculate 1 L of BHI supplemented with 2.5 mg
benzalkonium chloride (Alfa Aesar, Karlsruhe, Germany)
and incubated at 30 °C, pH 7.65 until the early stationary
phase (culture pBC), as described in previous studies
(Mastronicolis et al. 2010; Bisbiroulas et al. 2011).

Aliquots (1 mL) of L. monocytogenes cultures were serially
decimally diluted in sterile water to attain the desired inocu-
lum level. Inocula (1 mL) of cultures CO, LA, and BC were
added to different test samples of milk to yield a concentration
of 5 log;o CFU ml! milk.

Cheese-making procedure

The white feta-type cheese was prepared in the laboratory
based on traditional manufacturing process of feta cheese.
Two types of milk (Department of Animal Breeding and
Husbandry, Agricultural University of Athens) were used in
a mixture of 70 % ewe’s milk and 30 % goat’s milk. Portions
(200 mL) of the mixture were thermized at 62 °C for 10 min
and cooled at 32 °C. Each portion was inoculated with appro-
priate culture of L. monocytogenes, and 0.1 g rennet was
added. The samples were allowed to clot at 36 °C for
20 min, following which the curd was allowed to drain for
24 h at room temperature. The samples were stored in 6 %
sterile salt brine (sterile stomacher bag) in the refrigerator
(5 °C) for up to 2 months.

Enumeration of microorganisms

The bacterium was enumerated at 1, 30 and 60 days after the
cheese preparation (draining of curd). For enumeration, 25 g
were taken from each sample and homogenized with 225 mL
sterile Frazer broth (Oxoid Ltd., Basingstoke, Hampshire,
UK; code: CMO0895) in stomacher bags (stomacher 400;
Light Interscience, Rockland, MA). Appropriate serial deci-
mal dilutions were made in Frazer broth. L. monocytogenes
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was counted by surface-plating 0.1 mL of the appropriate
dilutions on Oxoid Chromogenic Listeria Agar (OCLA)
plates, a selective medium (modification of ALOA;
Ottaviani et al. 1997) utilized recently in routine food analysis
for the identification and differentiation of L. monocytogenes
from food samples (Oxoid Ltd; code: PO5165A). The petri
dishes were incubated at 36.6 °C for 24 h. This method has
been validated by the Association Francaise de Normalisation
and been shown to give equivalent results to ISO 11290
1:1997 (Oxoid Folio No. 1059, available at: http://www.
oxoid.com).

Culture preparation for analysis of membrane lipids

For each set of samples (CO, LA, BC) at every enumeration
time-point (1, 30, 60 days), we scraped off cells growing on
the surface of the selected medium in the petri dishes (inocu-
lated with bacteria extracted from cheese samples), inoculated
these in 10 mL BHI, and then incubated the inoculated BHI at
30 °C for 12 h. Aliquots from these latter cultures were was
used to inoculate 1 L BHI. These cultures were incubated for
8 h at 30 °C (OD 0.8—carly stationary phase), the cells were
harvested, and the membrane lipids were extracted from the
cells as described below.

Extraction of total lipids

From each culture, cells pelleted by centrifugation (4 °C, 5877
g2) were washed twice in phosphate buffer (pH 7.0). Total
lipids (TL) were extracted with chloroform/methanol (2/1,
v/v), and the extract was washed with 0.2 volumes of water
(Folch et al. 1957). After phase equilibration, the lower chlo-
roform layer (TL) was dried under nitrogen.

Methanolysis of lipids and gas chromatography

Each culture TL sample was converted to FA methyl esters
(FAME) as previously described (Mastronicolis et al. 20006).
FAME were separated using a Shimadzu gas chromatograph
equipped with a split/splitless injector, flame ionization detec-
tor, capillary column DB-5 ms (Phenyl Arylene polymer vir-
tually equivalent to 5 %-phenylmethylpolysiloxane; 30 m x
0.251 mm, film thickness of 0.25; Cat No. 1225532, Serial
No. US3270652 H; J&W Scientific/Agilent Technologies
Inc., Palo Alto, CA). Carrier gas (He) flow was 44 ml/min.
The injector and detector were maintained at 250 and 280 °C,
respectively. The oven temperature was ramped from 90 to
170 °C (70 °C min"") and from 170 to 210 °C (5 °C/min).
The initial and final holding times were 1 and 2 min, respec-
tively. Two standard mixtures were used: bacterial FAME (CP
Matreya, Inc., State College, PA) and Marine oil FAME
(Restek Corp., Middelburg, the Netherlands).

Identification and quantification of membrane
phospholipids by thin-layer chromatography
and phosphorus analysis

Thin-layer chromatography (TLC) analysis of phosphorus
content was performed as previously described (Long and
Staples 1961; Mastronicolis et al. 2010). Chloroform/metha-
nol/acetic acid/water (50/25/6/2, v/v/v/v) was used for one-
dimensional TLC [silica gel G60 aluminum chromatoplate
(Merck Cat. No. 1.05554; Merck & Co., Kenilworth, NJ);
thickness 0.25 mm; 10 x 9 x 10 cm]. Spots were visualized
using iodine, ninhydrin, and phosphomolybdenum blue re-
agents (Dittmer and Lester 1964). The standards were pur-
chased from Sigma Chemical Co. (St. Louis, MO)

Statistical analysis

All values were reported as the means of two experiments
performed at different times, with two replicates at each time.
The data were analyzed using analysis of variance. The # test
for unpaired observations was tested at a confidence level of
95 %. Statistical analysis was carried out using STATISTICA
7 statistical software (Statsoft Inc., Tulsa, OK).

Results
Enumeration of L. monocytogenes in cheese samples.

The results on the enumeration of L. monocytogenes in
cheeses made from milk inoculated at 10° CFU ml ™' are
shown in Fig. 1.

In the first day after cheese-making, the counts in cheese
samples prepared from milk inoculated with non-adapted cells
(pCO) or acid-adapted cells (pLA) showed an increase of 2.38
and 2.30 log;o CFU g ! respectively, compared to the unpro-
cessed milk. A different pattern, a decrease of 1.79 log;o CFU
g ! was observed for cheese samples prepared from milk in-
oculated with benzalkonium chloride-adapted cells (pBC).
During storage, L. monocytogenes counts were maintained at
a stable level at the values reached on the first day.

Changes in L. monocytogenes membrane TL content

Bacterial cells were scraped from selected petri dishes [inocu-
lated with bacteria extracted from cheese samples at 24 h (CO1,
BCl1, LAl), at 30 days (CO2, BC2, LA2), and at 60 days (CO3,
BC3, LA3) after the curds had been drained] and cultured as
described in the Culture preparation for analysis of membrane
lipids section. Each culture was grown to the early stationary
phase at 30 °C and their TL extracted. The ratio of TL to cell
mass (wet cell weight, mg g_l) and the lipid phosphorus content
of each TL sample, expressed as a percentage, are shown in
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Fig. 1 Listeria monocytogenes
counts in feta-type cheese
samples during manufacture and
storage at 5 °C. Cheese samples
were prepared from milk
inoculated with

L. monocytogenes cells
previously grown in brain-heart
infusion broth (BHI) at 30 °C
under optimal conditions (pCO,
filled circles), at pH 5.5 due to
addition of'lactic acid, (pLA, open
diamonds), or in presence of
benzalkonium chloride 2.5 mg
L (pBC, open circles). For
details on the culture conditions
see Culture preparation for 5
inoculation of milk section 0
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Table 1. The TLC analysis of the TL content of each culture
revealed patterns similar to those observed in our previous stud-
ies (Mastronicolis et al. 2008, 2010).

The phosphorus content of the lipids in cultures CO1, CO2,
and CO3 was respectively 37.7, 29.2, and 23.4 % lower than
that of the cells of the pre-inoculated culture pCO (all

Table 1  Ratio of total lipid content to wet cell mass and percentage
phosphorus content of each Listeria monocytogenes sample of cells
grown prior to inoculation either under optimal culture conditions, in
the presence of benzalkonium chloride, or at pH 5.5, and from cells
derived from bacteria extracted from matured cheese and grown under
optimal conditions (series CO, BC and LA)

Culture of Listeria Ratio of TL to wet cell Phosphorus content

monocytogenes™ ® mass (mg g ) of TL (%)
pCO 3.31+0.28 3.19+0.29
Co1 5.07+0.11 1.99+0.32
co2 4.84+0.01 2.25+0.50
CO3 3.51+0.28 2.44+0.34
pBC 2.70+£0.13 2.81£0.10
BCl 5.63+£0.87 1.73£0.48
BC2 3.62+0.48 1.95+0.35
BC3 3.01+0.47 1.27+0.25
pLA 4.39+0.65 1.14+£0.07
LAl 4.73+0.02 2.13+0.32
LA2 2.85+0.12 1.95+£0.30
LA3 246+0.32 2.58+0.54

Values are presented as the mean + standard deviation (SD) of two
experiments performed on each TL/cell culture (n =4-6)

TL, Total lipids

4pCO, pLA, pBC, Cells grown under optimal conditions [brain-heart
infusion broth (BHI) at 30 °C], at pH 5.5 (BHI, 30 °C), and in presence
of benzalkonium chloride ( (BHI, 30 °C), respectively

® The extraction was performed at 24 h (CO1, BC1, LA1), 30 days (CO2,
BC2, LA2), and 60 days (CO3, BC3, LA3) after cheese production
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differences significant at P<0.05). In terms of phosphorus
content, cultures CO1 and CO2 differed by 13.5 % (higher
in CO1; P<0.05). For the culture BC1, the phosphorus con-
tent of the lipids in culture BC1 was 38.4 % lower than that of
culture pBC (P<0.05). The difference in phosphorus content
between cultures BC1 and BC2 was 12.6 % (higher in BC2;
P<0.05), and between cultures BC2 and BC3, 34.9 % (lower
in BC3; P<0.05). The percentage of phosphorus content was
54.8 % lower in culture BC3 than in culture pBC. The phos-
phorus content of the lipids in culture LAl increased by
87.1 % compared with culture pLA, with an 8.6 % difference
in values between cultures LA1 and LA2 (lower in LA2;
P<0.05) and a 34.9 % difference between cultures LA2 and
LA3 (higher in LA3; P<0.05).

Changes in FA profile of L. monocytogenes

Cells scrapped from selected petri dishes (inoculated with
bacteria extracted from cheese samples) and subcultured in
BHI under optimal conditions generally showed an FA profile
which differed from that of the corresponding pre-inoculated
cells (Fig. 2a—). The BCFA content did not differ among
cultures CO1, BC1, and LA1 (derived from cells extracted
from cheese samples 24 h after cheese manufacture) (Fig. 3).
In contrast, the unsaturated FA content did differ, with values
of 15.29, 7.62 and 4.15 % for CO1, BC1, and LA1 cultures,
respectively (Fig. 33a—c).The higher content of unsaturated
straight chain FA (unSCFA) in the CO sample relative to the
PCO sample was due to a remarkable 3.5-fold increase in
C14:1 content in the CO sample (Fig. 2a). The cells of the
CO2, BC2, and LA2 samples (derived from cells extracted
from cheese samples after 30 days of storage) showed a sim-
ilar FA profile, with SCFA content amounting to 22.26, 24.18,
and 21.40 % respectively (Fig. 3a—c) and unSCFA content in
the range of 5.45, 3.74, and 4.28 %, respectively. The cells of
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Fig. 2 Mean concentration [+ 60
standard deviation (whiskers)] of
fatty acids (x-axis) in 50

L. monocytogenes membrane
lipids in cells grown before
inoculation under optimal
conditions (pCO), in the presence
of benzalkonium chloride (pBC),
oratpH 5.5 (pLA) and after being
extracted from cells derived from 20
bacteria extracted from cheese
samples (series CO, BC, and LA;
see footnote Table 1). The
extraction was performed at 24 h
(CO1, BC1, LAI), at 30 days 0
(CO2, BC2, LA2), and at 60 days

(CO3, BC3, LA3) after cheese

production

40

30

% of FA

10

% of FA

cultures CO3, BC3, and LA3 (derived from cells extracted
from cheese samples after 60 days of storage) showed a dif-
ferent trend in terms of changes in the FA profile. There were
no statistically significant (95 % confidence level) changes in
the FA profile of cultures CO3 and BC3, but cells of the LA3
culture showed an increased SCFA content, namely, 41.63 %
of total FA (Fig. 3a—c). This increase is due to an increased

mpCo
[mCco1

@ pBC

saturated fatty acid (sSCFA) content, especially C16:0 which
presented a content of 17.90+£2.43 % (Fig. 2¢).

While for series CO and LA there were no changes in the
ratio of BCFA C15:0 to C17:0, there was a decrease in this
ratio in the BC series, from 3.15 in pBC cells to 2.32 in BC1
cells (P<0.05), with a subsequent erratic trend of in this ratio
over time (Fig. 4b). With respect to the ratio of iso to anteiso

@ Springer
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Fig. 3 Mean concentration [and 90
standard deviation (whiskers)] of mpCOo
fatty ac%d classes [branc.hed cha.in 80 BCO1
fatty acids (BCFA), straight chain
fatty acids (SCFA), saturated 70 coz2
straight chain fatty acids (sSCFA), 60 ®CO3
and unsaturated straight chain
fatty acids (unSCFA)] in . 50
L. monocytogenes membrane %
lipids in cells grown before 40
inoculation under optimal 30
conditions (pCO), in the presence
of benzalkonium chloride (pBC), 20
or at pH 5.5 (pLA) and in cells 10
from series CO, BC and LA
(derived from cells extracted from 0 2 ﬁ 2] L2 ..
cheese samples). The extraction YunSCFA >sSCFA
was performed at 24 h (CO1,
BClI, LAI), at 30 days (CO2, a)
BC2, LA2) and at 60 days (CO3, 90
BC3, LA3) after cheese W pBC
production (see Fig. 2 caption for 80 LBClL
more details) 70
E1BC2
60
BC3
50
%
40
30
20
10
SSCFA SunSCFA $SSCFA
b)
90
OplA
80
HLAL
70
B LA2
60
w HLA3
50 peeas - T
% -
40 'F:-:
30 E:E
Fae
20 fae!
0 o = = % R
SSCFA SunSCFA $SSCFA
c)

FA, the major change seems to have happened with first 24 h,
with a decrease in the ratio from 0.28 to 0.15 at the 24-h time-
point (P<0.05); thereafter, there was a trend towards increas-
ing ratio values over time. At the last time-point of the analy-
ses, which corresponded to the end of the storage period, the
ratio equaled that of pre-inoculated cells. The ratio of sSSCFA
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to unSCFA (3 sSCFA/> unSCFA) for the sample series CO
decreased over the first 24 h and thereafter showed a trend
towards increasing, with the CO3 reaching a value higher than
that that of pCO cells (Fig. 4a). The other two series of sam-
ples showed lower values relative to their respective pre-
inoculated cells.
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Fig. 4 Ratios of branched (br) 7
chain fatty acids C15:0 to C17:0,
(br-C15:0/br-C17:0), of total
BCFA to total SCFA (3 BCFA/
>'SCFA), of total unSCFA to total

$SCFA (YunSCFA/Y sSCEA) and 2 °
of iso to anteiso BCFA (iso/ 1
anteiso) for cells before x4
inoculation and for cultures
derived from bacteria extracted 3
from cheese samples at 24 h
(CO1, BC1, LAI), at 30 days 2
(CO2, BC2, LA2), and at 60 days
(CO3, BC3, LA3) after cheese 1
production
0 2ooo]
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Discussion

Listeria monocytogenes behaves differently in different types
of cheese depending on the different physico-chemical condi-
tions during the manufacturing, ripening, and storage of the
cheese [e.g., starter culture, acidity, temperature and duration

mpCO
@Co1
@Co2
mCO3

>BCFA/YSCFA >sSCFA/>unSCFA iso/anteiso

pBC
BC1
BC2
BC3

- = - -

>BCFA/y SCFA > SSCFA/yunSCFA iso/anteiso

l OpLA

=LA1
= LA2
aLA3

T
A,

- §E % e

>BCFA/3SCFA Y sSCFA/yunSCFA iso/anteiso

of ripening and storage, moisture (a,,) and salt]. Papageorgiou
and Marth (1989) reported that L. monocytogenes added to
pasteurized milk was able to grow and increase by an average
of 1.5 log;o CFU g ' during the first 2 days of feta ripening at
22 °C. These authors confirmed that depending on strain, the
pathogen decreased by only 1.28 t0 3.07 log;o CFU g ' during

@ Springer
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the 90 days of storage at 4 °C, when the pH was as low as
4.30. These results led Papageorgiou and Marth (1989) to
suggest that such growth is dependent on conditions at the
early stage of cheese-making, when pH is >5.0. In contrast,
Morgan et al. (2001) link the higher values to the physical
entrapment of L. monocytogenes during the draining of the
curd. The results of our study show that L. monocytogenes
in the milk used for cheese-making may survive during the
manufacturing and storage of the processed cheese, there-
by supporting the conclusions of Papageorgiou and Marth
(1989). However, in contrast to Papageorgiou and Marth
(1989), who concluded that differences in strains have no
impact on the behavior of the pathogen, we demonstrated a
clear effect of inoculum history. We emphasize here that
these results were achieved in the absence of starter culture
and that the pH of the cheese did not fall to <5.5, which
suggests that the decrease in L. monocytogenes counts ob-
served in other studies could be due to the combined in-
hibitory effect of low pH and the activity of lactic starters
(Genigeorgis et al. 1991).

We analyzed our results in a comparative manner, and the
experimental conditions remained the same for all samples
from the moment of extraction from cheese.

The results of our analyses of phosphorus in the lipids of
the pre-inoculated cultures pCo, pBC, and pLA are consistent
with those reported in earlier studies by our research group
(Mastronicolis et al. 2010; Bisbiroulas et al. 2011). They dem-
onstrate a clear change in percentage content of lipid phospho-
rus in cultures of cells derived from those extracted from
cheese samples (series CO, LA, and BC) compared to pre-
inoculated cultures. Changes in the phosphorus content of
lipids suggests changes in the phospholipid composition of
TL and may be due to changes in TL (changes in NL) or polar
lipids (changes in glycolipids and aminolipids) (Mastronicolis
et al. 2006, 2010). Specifically, the observed reductions in
lipid phosphorus content of series CO and BC cells combined
with the increase in the TL to wet cell ratio indicate a reduction
in phospholipid content and a possible increase in NL. For the
LA series, derived from cells extracted from cheese samples
inoculated with acid-adapted cells, the increase in phosphorus
content indicates an increased phospholipid content with or
without a concomitant decrease in NL. Since changes in the
lipid headgroup region of lipid bilayers could lead to modifi-
cations in the structure of transmembrane alpha-helices of
proteins and, consequently, to changes in the packing of these
helices, it is important to maintain the presence of charged
lipids in the bilayer (Lopez et al. 2006). It has long been
known that bacterial cells which have experienced different
environmental histories may respond differently to current
conditions. It may be that some of these history-dependent
behavioral differences are physically necessary consequences
of the prior history, leading some to argue that other, insignif-
icant behavioral differences may be controllable—and
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therefore selectable—and even fitness-enhancing manifesta-
tions of memory (Wolf et al. 2008). Moderation of the phos-
pholipid content may be part of a resistance mechanism, but
several resistance mechanisms may contribute to a resistance
phenotype, and levels of resistance vary according to the type
of mechanisms present (Ming and Daeschel 1995; Verheul
et al. 1997; Vadyvaloo et al. 2002).

It has been suggested that in L. monocytogenes, anteiso
C15:0 coupled with unusually low amounts of sSSCFA plays
a critical role in providing an appropriate degree of membrane
fluidity for growth at low temperatures (Annous et al. 1997).
In our study, the cells (series CO) derived from
L. monocytogenes cells which prior to inoculation were grown
under optimal conditions (30 °C, 1 L BHI, pH 7) utilized the
increase in SCFA that was synchronized with decreasing
amounts of BCFA without altering the ratios of both BCFA
C15:0 to BCFA C17:0 and iso to anteiso FA. These changes
were reflected in the modifications of the BCFA to saturated
(s)SCFA ratio (Fig. 4), and the cells maintained these changes
during the whole experimetal period. The same was true for
series LA. The difference between series CO and LA lies in
the fact that while series CO showed an alteration in unsatu-
rated FA content over time, series LA showed a change in the
content of sSSCFA (Fig. 2). We focused on the differences in
the lipid composition and the FA profile among the series and
over time and found that the patterns were not similar. For
example, the pattern for sample CO1 was different from that
for sample BC1; similarly, the pattern for sample LA1 differed
from that of LA3. It is tempting to say that the patterns deter-
mined in the FA profiles of analyzed cultures are a memorized
reflection of the changes that L. monocytogenes developed
during the manufacturing and storage of feta cheese. The in-
corporation of higher SCFA proportions was observed in pre-
vious studies on L. monocytogenes and other bacteria under
different stress conditions (Ming and Daeschel 1995; van
Schaik et al. 1999; Chihib et al. 2005; Lopez et al. 2006;
Giotis et al. 2007; Mastronicolis et al. 2010; Bisbiroulas
et al. 2011).

We also followed cultures derived from cells that were
initially cultured in the presence of benzalkonium chloride,
an active antimicrobial agent present in many hand-sanitizers.
The balance between fluidity and solid phase membrane is
achieved not only by changes in SCFA (both unsaturated
and saturated), but also by changes in the ratios of
BCFAC15:0 to BCFA C17:0 (P<0.05), and iso to anteiso
FA (P<0.05). The decrease in the BCFA C15:0 to BCFA
C17:0 ratio is presented as the primary response of the FA
adaptation in L. monocytogenes to low temperature
(Mastronicolis et al. 1998; Chihib et al. 2003). This different
way of “memorized” modifications observed in the FA profile
of cells that were initially cultured in the presence of
benzalkonium chloride (pre-inoculation) can also be linked
with the different surviving trends shown by these cells
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compared to those of the other two series. Whenever the state
of a biological system is not determined solely by present
conditions but also depends on its past history, we can say that
the system has memory. Many different mechanisms can be
used to maintain a memory of the past history of a bacterial
cell. Memory is persistent, although not permanent
(Casadesus and D’Ari 2002). This memory effect triggered
by environmental conditions is probably an unexplored adap-
tation mechanism of bacterial pathogens (Grunert et al. 2014).

Overall, under the conditions of this study, the bacterium
seemed to adopt different strategies to preserve the optimal
fluidity and the functions of the membrane depending on the
history of the inoculated cells and time of storage. The FA
profile of L. monocytogenes’ membrane lipids is dominated
by the uneven-numbered branched fatty acids C15:0 and
C17:0. Consequently, it is important for the bacterium to
change the ratio of these FA in order to preserve the optimal
fluidity and the functions of the membrane, as these changes
will enable it to survive under harsh conditions and to over-
come the hurdles posed by the manufacturing process and
ripening of dairy products.
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