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Abstract The relationship bet\ween membrane perme-
abilization and loss of viability by chilling depending on
the chilling rate was investigated in two bacterial models:
one Gram-positive bacterium, Lactobacillus plantarum,
and one Gram-negative bacterium, Escherichia coli. Cells
were cold shocked slowly (2°C/min) or rapidly (2,000°C/min)
from physiological temperature to 0°C and maintained
at this temperature for up to 1 week. Loss of membrane
integrity was assessed by the uptake of the fluorescent dye
propidium iodide (PI). Cell death was found to be strongly
dependent on the rate of temperature downshift to 0°C.
Prolonged incubation of cells after the chilling emphasized
the effect of treatment on the cells, as the amount of cell
death increased with the length of exposure to low
temperature, particularly when cells were rapidly chilled.
More than 5 and 3-log reductions in cell population were
obtained with L. plantarum and E. coli after the rapid
cold shock followed by 7-day storage, respectively.
A correlation between cell inactivation and membrane
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permeabilization was demonstrated with both bacterial
strains. Thus, loss of membrane integrity due to the chilling
treatments was directly involved in the inactivation of
vegetative bacterial cells.
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Introduction

Application of physical stresses to microorganisms is the
most widely used method for destruction or stabilization of
microorganisms (Marechal et al. 1999). Optimization of
such processes is the objective of both industry and sci-
entists. Preservation of foods using low temperatures is
popular and practiced worldwide, and examples of this are
chilling and freezing, which are the most commonly
used for food processing. Chilling generally refers to
temperatures above 0°C, at which the rate of growth of
microorganisms is slowed down. Exposure of microor-
ganisms to low positive temperatures is usually associated
with a cellular metabolic adaptive response (Jones and
Inouye 1994), contrary to freezing temperatures that are
well known to inhibit metabolic activity and cell growth for
most organisms (Panoff et al. 1998). At present, the effects
of the rates of cooling have been studied and applied only
to the freezing process, for which very low (<5°C/min) and
intermediate cooling rates (180-5,000°C/min) induced
noticeable cell injuries or death, whereas low (5-180°C/min)
or very high cooling rates (>5,000°C/min) were found to
optimize cell survival (Dumont et al. 2004; Mazur 1970).
With regard to chilling, the chilling rates in non-freezing
temperature range have often been neglected and conse-
quently remained unexplored fundamentally. It has been
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recently shown that chilling could induce cell inactivation
if cells are rapidly chilled at critical chilling rate (Cao-
Hoang et al. 2008a). Membrane alterations seemed to be
the principal cause of the cold shock injury during the rapid
temperature variation. The kinetics of temperature decrease
to 0°C appears thus an important criterion for cell preser-
vation or cell inactivation, depending on the degree of
membrane damage. In this paper, we investigated the effect
of a lethal chilling (2,000°C/min) and a slow chilling (2°C/
min) followed by cold storage on the inactivation of the
Gram-negative bacterium Escherichia coli TG 1 and the
Gram-positive  bacterium  Lactobacillus  plantarum
103151T. The relationship between cell death and mem-
brane permeabilization induced by cold shock was also
studied to better understand the mechanisms leading to the
cell death, by measuring the uptake of the fluorescent probe
propidium iodide (PI). It has been shown that this probe is a
good indicator of membrane integrity as it is a nucleotide-
binding probe excluded by intact cells (Wouters et al.
2001). Indeed, PI uptake was successfully used to
membrane permeabilization measurement by flow cytom-
etry in relation with inactivation kinetics of different
microbial strains after various treatments (Aronsson et al.
2005; Pagan and Mackey 2000; Ulmer et al. 2000; Wouters
et al. 2001).

Materials and methods
Microbial materials

Escherichia coli strain TGl (K12 supE hsdAS5 thi A
(lac-proAB) F’[traD36 proAB™ lacl%lacZAM15]) was from
the Microbiology Laboratory Culture Collection, ENSBANA,
Dijon, France. L. plantarum strain 103151T was obtained from
the Collection of Pasteur Institute, Paris, France.

E. coli was maintained on Luria Broth (LB) agar plates
(Sigma—Aldrich, St. Louis, MO, USA) at 4°C. Subculture was
prepared by transferring a colony from each plate into 10 ml of
LB broth at water activity (a,,) equal to 0.992, followed by
incubation for 18 h at 37°C. A culture was then prepared by
inoculating 0.1 ml of bacterial suspension into 10 ml of the
respective growth medium and incubated statically to mid-log
growth phase (final population of 2 x 107 cells/ml).

L. plantarum was maintained on Petri dishes with De
Man, Rogosa, Sharpe (MRS) (Sigma—Aldrich) agar at 4°C.
Cultures were grown in 10 ml of MRS broth (a,, = 0.992)
followed by incubation at 30°C. Inoculation was carried
out by using 0.1 ml of bacterial suspension from a 18-h
subculture grown under analogous conditions until the
mid-log growth phase was reached (final population of
1 x 10® cells/ml). The growth phases of the microbial
cultures were estimated from the scatter at 600 nm (Aggp).
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Chilling treatments

Chilling was conducted in phosphate-buffer saline (PBS)
and performed as described previously (Cao-Hoang et al.
2008a). Cells were collected by centrifugation at 2,800g for
10 min. The pellets were washed and resuspended in PBS
to a cell concentration of about 10’7 CFU/ml (Agpo = 0.6).
Cells were then submitted to chilling from 7; (growth
temperature: 7; = 37°C for E. coli or 30°C for L. planta-
rum) to 0°C at two chilling rates 2°C/min and 2,000°C/min
as described in the previous paper (Cao-Hoang et al.
2008a). The temperature variation was followed using a
T-thermocouple (TCSA, Dardilly, France) inserted into an
uninoculated tube (blank) that was placed into the cryostat
along with the inoculated samples. When the target
temperature of 0°C was obtained, samples were either
transferred directly to a water-bath at 7; for warming at
2°C/min or incubated at 0°C for several days up to 1 week
before viability determination. The experimental design is
schematically represented in Fig. 1.

Viable cell counts

Cell viabilities were determined immediately after chilling
treatment or after 1-, 3- and 7-day incubation in PBS buffer
at 0°C. Cell suspensions were adequately diluted then
plated simultaneously onto nutritive media and incubated
at 37°C for 24 h for E. coli and 30°C for 48 h for
L. plantarum. After incubation, colony forming units
(CFU) were counted. Viabilities were determined by
comparing the experimental and control CFU counts. Each
experiment was repeated at least three times.

Propidium iodide (PI) staining for cell membrane
integrity by fluorescence measurement

Propidium lodide (PI) from Molecular Probes (Invitrogen
SARL, Cergy Pontoise, France) was used to evaluate the
effect of chilling treatment on cell membrane integrity.
This probe is a nucleotide-binding probe excluded by intact
cells, and it cannot penetrate an intact cell membrane. It
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Fig. 1 Schematic representation of the experimental design
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stains the DNA of the cells having lost their membrane
integrity. Cells were stained with PI either before the
treatment or after the treatment. Changes in membrane
permeability were also followed during incubation period
at 0°C. Before treatments, cells were harvested by centri-
fugation (2,800g, 10 min) and washed twice in PBS. The
cell pellets were resuspended in the same buffer, and the
cell concentration was adjusted to Aggo = 0.2. PI was
prepared in distilled water and added to cell suspensions to
a final concentration of 2.9 uM (Pagan and Mackey 2000).
After 10-min incubation in the dark, cell suspensions were
centrifuged and washed twice to ensure that no extracel-
lular PI remained in the buffer. Fluorescence was measured
using a Fluorolog-3 spectrofluorometer (Jobin—Yvon,
Horiba Group, Edison, Inc., USA) using a 535-nm excita-
tion filter and a 625-nm emission filter. The slit width was
10 nm. When cells were stained with PI after treatments, PI
was added to cell suspensions to a final concentration of
2.9 pM, and fluorescence was measured. Changes in
membrane permeability were expressed as PI uptake, so-
called the degree of permeabilization, which corresponds to
the ratio of fluorescent intensity value of treated and
untreated cells. All fluorescence measurements were per-
formed at least in triplicate from independent cultures.
Means and 95% confidence intervals were calculated.

Results
Effect of chilling treatments on cell survival

The effect of different kinetics of chilling from optimal
growth temperature to 0°C was assessed on the survival of
two bacteria, one Gram-positive bacterium, L. plantarum,
and one Gram-negative bacterium, E. coli. Figure 2a, b
show the bacterial survival fraction after the slow chilling
of 2°C/min and the rapid chilling of 2,000°C/min followed
by 0°C-storage, respectively.

The slow chilling alone, i.e. without low temperature
storage, did not affect cell survival for both bacterial
strains, as only about 13 and 3% of loss of viability were
recorded for E. coli and L. plantarum, respectively
(Fig. 2a). However, when cells were incubated at 0°C after
the slow chilling treatment, the total bacterial population
decreased progressively during the first 3-day incubation to
reach 55% for E. coli and 26% for L. plantarum, thereafter
remaining stable at 0°C until day 7. The rapid chilling at
2,000°C/min was more effective compared with the slow
chilling with regard to E. coli, as a 1-log reduction was
observed with this bacterium immediately after the shock.
However, no significant reduction in bacterial counts was
noticed for L. plantarum (Fig. 2b). Interestingly, cell via-
bility decreased rapidly upon storage at 0°C, and the
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Fig. 2 Effect of the chilling at a 2°C/min and b 2,000°C/min
followed by prolonged incubation at 0°C on bacterial survival of E.
coli and L. plantarum. Error bars show the standard deviation of the
mean of at least three replicates

inactivation rate of L. plantarum cells was higher than that
of E. coli cells. About 5.5-log and 3.8-log reductions in the
number of survivors were observed within 7 days at 0°C
with L. plantarum and E. coli, respectively (Fig. 2b).

Bacterial membrane permeabilization as a function
of chilling rate during treatment

From the previous results, it appeared that chilling to 0°C
sensitized both E. coli and L. plantarum, and the greater the
chilling rate was, the higher the percentage of cell death
obtained. Furthermore, incubation at 0°C after chilling
seemed to increase the effect of chilling on cell survival, as
loss of viability occurred during low temperature storage.
In order to evaluate the effect of chilling on the membrane
physical state, membrane permeabilization of both bacte-
rial strains was evaluated by measuring the PI fluorescence
and the amount of PI uptake by spectrofluorometer.
Table 1 shows the effect of the slow chilling (2°C/min) and
the rapid chilling (2,000°C/min) on PI fluorescence of
treated cells when PI was added before or immediately
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after the chilling treatments. The slow chilling did not
cause uptake of PI into both cells of E. coli and L. plan-
tarum in comparison with untreated cells, as evaluated by
PI fluorescence, suggesting that the bacterial membrane
remained intact after this treatment. Concerning the rapid
chilling, significant increase in PI fluorescence was
observed with both bacterial strains, particularly with
L. plantarum, where PI fluorescence of treated cells was
about 20-fold and 15-fold higher than that of untreated
cells when PI was present during or after the chilling,
respectively, confirming membrane damage due to the
rapid cold shock (Table 1).

Changes in membrane permeability of treated cells were
also followed during the incubation period at 0°C.
Figure 3a, b show, respectively, the membrane permeabi-
lization of E. coli and L. plantarum, as evaluated by PI
uptake, after the slow chilling at 2°C/min followed by
incubation at 0°C. The figures also include the percentage
of cell survival upon the treatments. A Slight increase in PI
fluorescence value was observed with L. plantarum when
the cells were maintained at 0°C after the slow chilling
(Fig. 3b), whereas cells of E. coli maintained a low degree
of membrane permeabilization upon storage (Fig. 3a). The
relationship between membrane permeabilization and cell
inactivation of E. coli and L. plantarum after the rapid
chilling at 2,000°C/min followed by storage at 0°C is
illustrated in Fig. 3c, d, respectively. Both cells of E. coli
and L. plantarum showed a gradual loss of membrane
integrity, as reflected by the increase in PI uptake (Fig. 3c,
d) when maintained at 0°C after the rapid chilling. Inter-
estingly, the PI uptake was much greater for L. plantarum,
and the fluorescence intensity remained approximately
120-fold higher than that of untreated control at day 7 of
storage (Fig. 3d), whereas for E. coli, it was 30-fold higher
than that of untreated cells (Fig. 3c).

Bacterial membrane permeabilization was plotted
against log reduction in order to investigate whether the
observed decrease in viability of two strains was directly

Table 1 Effect of chilling treatments on PI fluorescence

caused by membrane permeabilization (Fig. 4a, b). We
found that increase in cell inactivation did not necessarily
imply greater PI uptake in the case of the slow chilling
(Fig. 4a), while there appeared to be a linear relationship
between the number of inactivated cells and the number of
permeabilized cells when cells were cold shocked rapidly
following by incubation at 0°C, and it was for both E. coli
and L. plantarum (Fig. 4b). These results showed a positive
correlation between membrane damage, as measured by PI
uptake, and the loss of viability induced by the rapid cold
shocked cells.

Discussion

In this work, we have investigated the effect of slow and
rapid chilling followed by low temperature storage on the
survival of one Gram-positive bacterium (L. plantarum)
and one Gram-negative bacterium (E. coli), as well as the
relationship between cell inactivation and membrane per-
meabilization due to the treatments. Numerous works have
reported the occurrence of membrane permeabilization
under different treatments such as pulsed electric fields
(Aronsson et al. 2005; Garcia et al. 2007; Pakhomov et al.
2007; Unal et al. 2001; Wouters et al. 2001), high hydro-
static pressure (Benito et al. 1999; Manas and Mackey
2004; Moussa et al. 2007; Pagan and Mackey 2000),
osmotic pressure (Simonin et al. 2007) or freezing (Kaidi
et al. 2001; Medrano et al. 2002; Reid et al. 1999) using PI
as detector of membrane damage. However, little was
known about the effect of chilling and chilling rates on loss
of microbial viability and its relation with loss of mem-
brane integrity. The relationship between irreversible
membrane permeabilization and inactivation by pulsed
electric fields has been observed in both Gram-positive and
Gram-negative bacteria (Garcia et al. 2007; Unal et al.
2001; Wouters et al. 2001). Garcia et al. (2007) have
correlated loss of viability with a permanent loss of

E. coli L. plantarum
Fluorescence PI uptake Fluorescence PI uptake (PI
intensity (PI fluorescence of treated intensity fluorescence of treated

(Arbitrary units)

cells:untreated cells)

(Arbitrary units) cells:untreated cells)

Untreated cells 24 1

Slow chilling + PT* 3.8 1.6
Slow chilling + PI” 2.9 1.2
Rapid chilling + PI* 14.4 6.0
Rapid chilling + PI° 9.7 4.0

7.6 1
13.1 1.7
11.6 1.5

156.9 20.6
113.4 14.9

* PI presence during the treatment
" PI presence after the treatment
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membrane integrity of pulsed electric field-treated cells.
Leslie et al. (1994), Simonin et al. (2007) have related the
cell death during dehydration to changes in plasma mem-
brane permeability. In our present investigation, it was
shown that the slow chilling of 2°C/min did not signifi-
cantly affect cell viability of both L. plantarum (Gram
positive) and E. coli (Gram negative) (c.f. Fig. 2a, day 0),
and neither renders the membrane permeabilized to PIL
Gradual loss in cell viability occurred when treated cells
were maintained at low temperature after the slow chilling;
approximately, 45 and 75% reductions in cell population
were achieved after 7-day incubation at 0°C with E. coli
and L. plantarum, respectively (Fig. 2a). However, cell
membrane remained apparently intact as very little per-
meabilization assessed by Pl uptake was observed (Fig. 3a,b).
As the cells were maintained in buffer after chilling, this

decrease in viability might thus simply be attributed to the
lack of nutrients in the incubation medium.

With regard to the rapid chilling of 2,000°C/min,
response of cells of E. coli and of L. plantarum appeared to
be different depending on whether the cells were hold at
0°C after the rapid chilling or not. The rapid chilling alone
resulted in 1-log decrease in E. coli population; then, cell
death increased as the period of incubation at 0°C was
extended, reaching more than 3-log inactivation at day 7
(Fig. 2b). Contrary to E. coli cells, cells of L. plantarum
seemed resistant to the rapid cold shock without post-
incubation, as no loss of viability occurred at day O;
however, they showed high sensitivity to the rapid chilling
followed by low temperature storage as more than 5-log
reductions in bacterial counts were obtained at day 7
(Fig. 2b). Interestingly, whether PI was added before or
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after the treatment, greater PI uptake was seen in
L. plantarum than in E. coli at day 0 (Table 1). These
results suggest that cells of L. plantarum had not neces-
sarily lost their ability to multiply after the rapid chilling to
0°C if cells were immediately returned to initial conditions,
although their cell membranes were permeabilized,
whereas cells of E. coli did not have this capacity. How-
ever, when maintaining L. plantarum and E. coli treated
cells at 0°C after the rapid cold shock, both showed gradual
loss of viability upon incubation, which correlated with the
loss of membrane integrity as evaluated by PI uptake
(Fig. 3c, d). This indicated that (1) this rate of temperature
decrease may be critical for cell viability as well as
membrane permeability during chilling and (2) membrane
was permanently permeabilized, as cells were stained with
PI after treatment. It was shown previously that rapid
temperature downshift could induce phase separation of
phospholipids, leading to increase in membrane perme-
ability (Cao-Hoang et al. 2008a). The instantaneous
chilling could lead to crystallization of some phospholipid-
containing compounds in the bacterial membranes, with
formation of crystals that puncture the membranes with
increase in membrane permeability and death as a sub-
sequent possibility. Furthermore, by plotting PI uptake
versus bacterial log reduction induced by the rapid chilling,
we obtained a linear relationship between increased PI
uptake and an increased level of inactivation (Fig. 4b).
These results are in agreement with those obtained previ-
ously (Cao-Hoang et al. 2008a, b), confirming the
destructive effect of the rapid chilling on the cell mem-
brane and that the membrane permeabilization observed
could be critical for bacterial survival. From the results of
the present study, we propose a mechanism leading to the
cell death during chilling followed by incubation at
reduced temperatures as follows: when cells are chilled at a
critical rate, their membrane is altered and undergoes
structural changes such as phospholipid phase separation,
leading to increase in membrane permeability and conse-
quently leading to immediate cell mortality or time-
induced death during prolonged incubation period at low
temperature if the cells are not able to survive permeabi-
lization. Following incubation, these cells, suffering
membrane damage, lose cellular materials (e.g. leakage of
ATP, UV-absorbing substances) as their membrane cannot
reseal, consequently leading to increased cell inactivation.

The membrane of bacterial cells, particularly of the
Gram-positive bacterium L. plantarum, was shown to be
drastically permeabilized after the rapid chilling followed
by 7-day incubation, as PI fluorescence intensities of
treated cells were 120-fold higher than those of untreated
cells (Fig. 3d). Besides, cells of L. plantarum seemed to
exhibit higher degree of membrane permeabilization than
that of E. coli for a same percentage of inactivated cells
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obtained (Fig. 4b). In other words, E. coli was found to be
more chilling resistant and showed less membrane per-
meabilization than the more chilling-sensitive bacterium,
L. plantarum. Thus, membrane permeabilization is proba-
bly important in determining chilling inactivation. These
results were in agreement with those observed with cells
treated by pulsed electric fields that Gram-positive
bacterial membrane was more permeabilized than Gram-
negative bacterial membrane when submitted to the same
treatment (Garcia et al. 2007). Indeed, Gram-negative
bacteria are bounded by two membranes, outer membrane
and cytoplasmic membrane, while Gram-positive bacteria
are surrounded only by one single cytoplasmic membrane
(Clark 2005). Thus, the outer membrane of Gram-negative
bacteria must be first permeabilized to allow molecules
such as PI to gain access to the cytoplasmic membrane.
This could explain the difference in PI fluorescence
intensities obtained with two bacterial species.

In conclusion, we have described for the first time
important differences about the way that chilling affects the
cellular membrane and that membrane damage may depend
on the intensity and the duration of the chilling treatment.
Loss of viability appears to be directly related to a per-
manent loss of membrane integrity induced by the rapid
cold shock. It is remarkable that cold-shocked cells main-
tained at low temperatures lost viability during storage time
as a function of the chilling rate. Recently, combination of
rapid chilling with nisin, a polypeptide produced by lactic
acid bacteria that is recognized as natural, toxicologically
safe, antimicrobial food additive (Cleveland et al. 2001),
was shown to be effective against the Gram-negative
bacterium E. coli as it resulted in more than 6-log reduction
in bacterial population (Cao-Hoang et al. 2008b). Thus,
utilization of chilling in adequate conditions such as in
combination with nisin or other bacteriocins or following
by low temperature incubation in food processing treat-
ments could increase the efficiency of the process,
enhancing microbiological safety and stability. Finally,
more knowledge is required about the mechanisms under-
lying chilling sensitivity, so that conditions under which
microorganisms can be optimally inactivated can be
designed.
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