
Contents lists available at ScienceDirect

International Journal of Food Microbiology

journal homepage: www.elsevier.com/locate/ijfoodmicro

Heat resistance, membrane fluidity and sublethal damage in Staphylococcus
aureus cells grown at different temperatures

G. Cebrián⁎, S. Condón, P. Mañas
Tecnología de los Alimentos, Facultad de Veterinaria de Zaragoza, Universidad de Zaragoza, C/ Miguel Servet, 177, 50013 Zaragoza, Spain

A R T I C L E I N F O

Keywords:
Food-borne pathogen
Thermal inactivation
Membrane fluidity
Sublethal injury
Growth temperature
Growth phase
Benzyl alcohol

A B S T R A C T

In this work the influence of growth temperature (10–42 °C) on Staphylococcus aureus heat resistance was stu-
died, and its relationship with the ability of cells to repair sublethal damages and with membrane fluidity was
evaluated. Non-linear, convex from above survival curves were obtained, and therefore a special case of the
Baranyi model was used to fit them. For exponential phase cells, heat resistance did not change with growth
temperature in the range between 10 and 37 °C, but cells grown at 42 °C were significantly more resistant,
showing D58 and shoulder length (sl58) values 2.5 and 4 times greater than the others, respectively. For stationary
growth phase cells, an increase in growth temperature above 20 °C resulted in an increase in D58 values, and cells
grown at 42 °C also displayed the highest D58 and sl58 values. The increased heat resistance at 58 °C of stationary
growth phase cells grown at higher temperatures was coincident with the appearance of a higher proportion of
sublethally damaged cells capable of recovery and outgrowth in non-selective medium. Membrane fluidity was
measured at treatment temperatures, and it was observed that those cells with more rigid membranes displayed
greater heat resistance (Pearson coefficient= 0.969***). Additionally, S. aureus cells whose membrane was
fluidized through exposure to benzyl alcohol were notably sensitized against the action of heat, in a con-
centration-dependent manner. Results obtained in this research indicate that membrane physical state could be
an important factor determining the survival capacity of bacterial cells to a heat treatment.

1. Introduction

Despite the widespread use and proven efficacy of thermal treat-
ments for the inactivation of pathogen and spoilage microorganisms
from foods, there is still a lack of knowledge regarding the factors in-
fluencing bacterial inactivation by heat, their mode of action, the ra-
tionale behind the kinetics of inactivation, and the responses that
bacteria may develop to increase their tolerance to heat, among other
aspects. This is still more relevant now, since consumer requirements
for fresher and less processed foods are currently leading to a decrease
in the intensity of treatments, thus requiring improved knowledge of all
these factors in order to design processes that ensure food safety (Abee
and Wouters, 1999; Raso and Barbosa-Cánovas, 2003).

Growth temperature is generally acknowledged as one of the main
factors influencing bacterial resistance to heat (Cebrián et al., 2017;
Jay, 1992; Russell, 1984). It is assumed that bacteria display greater
heat resistance when grown at higher temperatures (Cebrián et al.,
2008; Elliker and Frazier, 1938; Knabel et al., 1990; Mañas et al., 2003;
Pagán et al., 1999). Nevertheless, it should be noted that the degree of
influence of growth temperature varies widely among species (Pagán

et al., 1999). Although several theories have been proposed to explain
this behavior, studies specifically designed to elucidate the mechanisms
leading to the increased resistance of cells grown at higher tempera-
tures are scarce.

One controversial question is whether cells grown at higher tem-
peratures are more heat-resistant because they have more stable
membranes. The cytoplasmic membrane is considered to be one of the
targets of heat treatment (Hurst et al., 1973; Mackey, 2000). However,
it has hitherto not been possible to establish a direct relationship be-
tween membrane damage and bacterial inactivation by heat. It has been
suggested that the membrane could play an indirect role in inactivation,
since its damage might result in a loss of homeostasis and a loss of
cellular components that would lead to cell death (Coote et al., 1994;
Kramer and Thielmann, 2016; Mackey et al., 1991; Marcén et al., 2017;
Teixeira et al., 1997). Therefore, it is reasonable to suppose that
changes in membranes − for instance in their structure, composition,
or mechanical behavior − may influence cell survival to a variety of
stressing agents, including heat. Beuchat and Worthington (1976)
proposed that the increased heat tolerance of cells grown at higher
temperatures might be related to a higher degree of saturation of the
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fatty acids of their membranes. Such increased saturation would lead to
less fluid and thus more thermo-stable membranes reduce their fluidity,
thus making membranes more thermo-stable. However, it should be
noted that fatty acid composition is not the only factor that determines
membrane fluidity; other components should be considered in order to
determine how membrane fluidity varies with growth temperature
(Denich et al., 2003; Stintzi, 2003). Furthermore, to validate this hy-
pothesis, it would be necessary to carry out measurements of membrane
fluidity at lethal temperatures, since the complex composition of bac-
terial membranes makes it difficult to predict a membrane's degree of
fluidity at a given temperature.

On the other hand, it has also been observed that variations in
growth temperature induce proteomic changes. When bacterial cells are
grown close to their maximum growth temperature, a number of so-
called Heat-Shock Proteins (HSPs), including chaperones and proteases,
are induced (Lim and Gross, 2010; Schumann, 2007). Various authors
have hypothesized that these proteins might be responsible for the in-
creased resistance of bacterial cells grown at higher temperatures,
which could be attributed to their greater ability to repair damages
caused by heat exposure at different cellular levels (Herendeen et al.,
1979; Schumann, 2007; Smith et al., 1991). Moreover, it is known that
several heat shock proteins also exert direct stabilizing effects on cel-
lular structures including membranes (Coucheney et al., 2005; Török
et al., 1997; Tsvetkova et al., 2002).

Staphylococcus aureus is a well-known foodborne pathogen (Baird-
Parker, 2000). However, in spite of its frequent isolation as a causative
agent of food poisoning in almost every part of the world, little is
known about the influence of physiological factors on the susceptibility
of this microorganism to heat treatments. In this study we attempt to
describe and characterize the influence of growth temperature on heat
resistance, along with the occurrence of repairable cellular injuries, in
S. aureus cells in both exponential and stationary growth phases. Our
ultimate aim was to examine the role that membrane fluidity plays in
cell survival, and to gain fundamental knowledge about the physiology
of bacterial inactivation by heat treatments.

2. Materials and methods

2.1. Bacterial culture and media

Staphylococcus aureus CECT 4459 was used in this investigation. The
bacterial culture was maintained frozen at −80 °C in cryovials.
Stationary-phase cultures were prepared by inoculating 10mL of tryp-
tone soya broth (Biolife, Milan, Italy) supplemented with 0.6% yeast
extract (Biolife) (TSB-YE) with a loopful of growth from tryptone soy
agar supplemented with 0.6% yeast extract (TSA-YE) (Biolife) and in-
cubating the resulting culture for 12 h at 37 °C in a shaking incubator.
50 μL of this culture were inoculated into 50mL of fresh TSB-YE at 42,
37, 30, 20 and 10 °C. For each culture temperature, samples were taken
after different incubation times to construct growth curves and to de-
termine the time needed to reach stationary growth phase. In order to
obtain stationary phase cultures (containing approximately
6–8×108 cells/mL; data not shown), flasks were incubated for 18, 24,
24, 48 and 344 h (14 days) at 42, 37, 30, 20 and 10 °C, respectively.
Exponential-phase cells were prepared by inoculating 50 μL of the sta-
tionary-phase culture into 50mL of fresh TSB-YE and incubating at the
different temperatures listed above until optical density at 600 nm
reached 0.8, which corresponded to approximately 8×107 CFU/mL.

Cell suspensions were examined under a phase contrast microscope
in order to evaluate the presence of cell aggregates (Nikon Eclipse E-
400, Japan). It was determined that cell suspensions contained ag-
gregates with a different number of cells which corresponded, on
average, to 4.3 cells for exponential phase cell suspensions grown at
10–37 °C, to 2.0 cells for exponential phase cells grown at 42 °C and for
stationary phase cells grown at 10–37 °C, and to 3.1 cells for stationary
phase cells grown at 42 °C.

2.2. Heat treatments

Heat treatments were carried out in a specially designed re-
sistometer (Condón et al., 1993). Briefly, this instrument consists in a
350-mL vessel provided with an electrical heater for thermostation, an
agitation device to ensure inoculum distribution and temperature
homogeneity, and ports for the injection of microbial suspension and
for the extraction of samples. Once treatment temperature had attained
stability (± 0.1 °C), 0.2mL of an appropriately diluted cell suspension
was injected into the main chamber containing the treatment media.
After inoculation, samples were collected at different treatment times
and immediately pour-plated (Condón et al., 1996). The treatment
medium was McIlvaine citrate-phosphate buffer of pH 7.0 (Dawson
et al., 1974).

In some experiments, benzyl alcohol (BA) (Sigma, St. Louis, USA)
was added as a membrane fluidizer to the cell suspensions and to the
treatment medium at concentrations ranging from 5mM to 20mM
(Cebrián et al., 2016; Shigapova et al., 2005).

2.3. Incubation of heated samples and survival counting

The recovery medium was TSA-YE. After treatments, plates were
incubated for 24 h at 37 °C and, after incubation, colony-forming units
(CFU) were counted. It was checked that longer incubation times did
not influence survival counts (data not shown).

To estimate the percentage of sublethally injured cells, a selective
recovery medium consisting in the addition of NaCl to TSA-YE was
used. The loss of tolerance to the presence of NaCl is attributed to da-
mage to the functionality and/or integrity of the cytoplasmic mem-
brane (Mackey, 2000). The sodium chloride concentration employed
was chosen in previous experiments as the maximum non-inhibitory
concentration (MNIC) for untreated cells, and corresponded to 13% w/
v (Cebrián et al., 2014). It was ascertained that the MNIC was the same
for all the cells regardless of growth temperature and phase. When cells
were recovered in selective medium containing NaCl, incubation times
of 48 h were required for macroscopic colony growth. It was also
checked that longer incubation times did not influence survival counts
in NaCl-added medium (data not shown).

2.4. Resistance parameters

Survival curves were obtained by plotting the logarithm of the
fraction of survivors versus treatment time. Survival curves were fitted
to a special case of the Baranyi and Roberts model (Baranyi and
Roberts, 1994), which considers a survival curve as a mirror image of a
growth curve (Baranyi et al., 1996). Since survival curves did not show
tails, this model was defined by only two parameters: the maximum
inactivation rate (μ, min−1), and the shoulder length (sl, min), that
corresponds with the duration of the shoulder phase in the survival
curve. For practical reasons, the maximum inactivation rate parameter
(μ) was transformed into D value (D=1/μ, decimal reduction time
value, minutes).

Microsoft Office Excel 2002 (Microsoft Co., Redmond, Washington,
U.S.A.) with the special DMFit package (http://www.ifr.ac.uk/safety/
DMFit, IFR, Norwich, U.K.) was used to fit the data. Standard devia-
tions, statistical significance of differences (p < 0.05) and Pearson's
correlation coefficient were calculated using the GraphPad PRISM®

statistical software package (Graphpad Software, Inc., San Diego, CA,
USA).

All resistance determinations were performed at least three times on
separate working days. Error bars in figures correspond to the mean
standard deviation.

2.5. Measurement of fluorescence anisotropy

Fluorescence anisotropy of the probe DPH (1,6‑diphenyl
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1,3,5‑hexatriene) (Sigma, St. Louis, USA) was used to monitor changes
in membrane fluidity (Aricha et al., 2004; Zaritsky et al., 1985). Ani-
sotropy values are inversely related to membrane fluidity (Shinitzky,
1984). Measurements were carried out as described in Cebrián et al.
(2016) with some modifications. Briefly, samples of bacterial cultures
were diluted, if necessary, to obtain an OD600= 0.80, washed twice
with PBS containing 0.25% formaldehyde (pH 7.4) for fixation, and
then incubated for 45min at 37 °C with 5×10−6 M DPH (added as a
10−4 M solution in tetrahydrofuran) for probe insertion in the mem-
brane. Steady-state fluorescence anisotropy was measured at the dif-
ferent established temperatures (between 54 and 62 °C) with a Cary-
Eclipse spectrofluorometer provided with a thermostatized multicell
holder and a manual polarizer accessory (Varian Inc., Mulgrave, Vic-
toria, Australia) with excitation at 355 nm and emission at 425 nm, 2.5-
and 2.5-nm slits, respectively, and a 3-s integration time.

Anisotropy values (r) were calculated according to Shinitzky
(1984):
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=r I G I
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V and H stand for polarization direction (vertical and horizontal direc-
tions) I: corrected fluorescence intensity obtained by:

= − − ++ +I I I I IHH (L)HH (BUFFER CELL)HH (BUFFER PROBE)HH (BUFFER)HH (2)

I(L): fluorescence intensity of probe-labelled cell suspension;
I(BUFFER+CELL): fluorescence intensity of non-labelled cell suspension;
I(BUFFER+PROBE): fluorescence intensity of the buffer incubated with the
DPH probe; I(BUFFER): fluorescence intensity of the sole buffer. This
calculation was repeated for the other three signals (IHV, IVV, IVH).

Fluorescence anisotropy determinations were performed at least
three times on separate working days. Error bars in figures correspond
to the mean, standard deviation.

3. Results

3.1. Influence of growth temperature on S. aureus heat resistance:
exponential growth phase cells

Fig. 1A shows the survival graphs to heat at 58 °C of S. aureus ex-
ponential growth phase cells grown at 10, 20, 30, 37 and 42 °C. As can
be observed, survival curves obtained for exponential growth phase
cells displayed shoulders of varying length. Cells grown between 10 and
37 °C showed a very similar thermotolerance, and no significant dif-
ferences (p > 0.05) were found among either the D58 values
(0.208–0.138min) or the sl58 values (0.146–0.090min). Conversely,
cells grown at 42 °C showed significantly higher D58 (0.478min) and
sl58 (0.570min) values than cells grown between 10 and 37 °C. It is
worth noting that the magnitude of the shoulder phenomena in the cell
suspensions obtained at 42 °C was particularly pronounced.

To determine the influence of treatment temperature on the calcu-
lated resistance parameters, we also obtained the survival curves to
heat in the range between 54 and 62 °C (data not shown). An ex-
ponential relationship was always found between the D values and the
treatment temperature: thus it was possible to calculate, a zD value si-
milar to the classical z value. The zD value corresponds to the increase
in temperature required for reducing the D value by a factor of 10. Our
results demonstrate that the differences in the calculated D values re-
mained constant regardless of treatment temperature − at least in the
range studied − and thus, no statistical differences (p > 0.05) were
found between the zD values calculated for exponential phase cells
grown at 10, 20, 30, 37 and 42 °C (4.8 °C in average).

From all these data it can be deduced that an increase in growth
temperature did not result in greater heat resistance, except for cells
grown at 42 °C. Our results contrast with the general assumption that
increasing growth temperature results in an increase in heat resistance
(Cebrián et al., 2008; Elliker and Frazier, 1938; Knabel et al., 1990;

Mañas et al., 2003; Pagán et al., 1999). Since most of the results pub-
lished in the literature have been obtained with stationary growth
phase cells, we checked whether increasing growth temperature re-
sulted in an increased heat resistance of S. aureus stationary growth
phase cells.

3.2. Influence of growth temperature on S. aureus heat resistance:
stationary growth phase cells

The survival curves to heat at 58 °C of S. aureus stationary phase
cells grown at 10, 20, 30, 37 and 42 °C are shown in Fig. 1B. S. aureus
stationary phase cells grown at higher temperatures were more heat
resistant than those grown at lower temperatures. As described for
exponential growth phase cells, survival curves showed some shoulders;
however, the shoulder phenomenon was of lower magnitude than in
exponential phase cells, except for cells grown at 42 °C (Fig. 1B).

Furthermore, in this case, no significant differences (p > 0.05) in
shoulder length (sl) were found between cells grown between 10 and
37 °C (0.091–0.143min); however, increasing growth temperature up
to 42 °C resulted in the appearance of a longer shoulder
(sl=0.859min) (p < 0.05). On the other hand, the increase in growth
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Fig. 1. Influence of growth temperature on the heat resistance (58 °C) of S.
aureus CECT 4459 exponential (A) and stationary (B) growth phase cells grown
at 10 °C (■), 20 °C (▲), 30 °C (▼), 37 °C (♦) and 42 °C (●). Error bars corre-
spond to the standard deviations.
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temperature resulted in an increase in the D values from 0.324min for
cells grown at 10 °C to 1.29min for those grown at 42 °C. It should be
noted that the relationship between growth temperature and heat re-
sistance was not strictly linear, since no differences (p > 0.05) were
found between D values of cells grown at 10 and 20 °C, or between cells
grown at 30 and 37 °C.

ZD values were very similar for stationary phase cells grown at the
different temperatures: thus, the differences in D values remained
constant regardless of treatment temperature, within the range of
treatment temperatures studied (Table 1).

3.3. Cellular recovery in sodium chloride–added media

Several authors have suggested that the increased resistance to heat
observed in bacterial cells grown at higher temperatures might be due
to an increased ability to repair sublethal damages caused by heat
(Smith et al., 1991). To study this aspect, cells were also recovered in
the presence of sodium chloride (selective medium) after heat treat-
ment at 58 °C in order to evaluate the occurrence of sublethally injured
cells. The resistance parameters calculated from the corresponding
survival curves are included in the Supplementary material.

No significant differences (p > 0.05) were found between either
the D or the sl values calculated at 58 °C for exponential growth phase
cells grown between 10 and 37 °C, but both parameters were sig-
nificantly (p < 0.05) higher for cells grown at 42 °C. Similarly, no
significant differences (p > 0.05) were found between either the D58 or
the sl58 values calculated for stationary growth phase cells grown be-
tween 10 and 37 °C, but both parameters were significantly (p < 0.05)
higher for cells grown at 42 °C.

No significant differences (p > 0.05) were found among the ZD
values calculated for stationary phase cells grown at the different
temperatures when cells were recovered in selective medium. Thus,
conclusions drawn for values calculated at 58 °C could apply to the
entire range of treatment temperatures studied (Table 1).

3.4. Exponential vs stationary growth phase cells and selective vs non-
selective recovery medium

Fig. 2 includes the D and shoulder length (sl) values at 58 °C cal-
culated for cells grown at the five temperatures and recovered in the
two media used − i.e. selective and non-selective − for better com-
parison.

The comparison of results obtained for exponential and stationary
growth phase cells leads to a series of observations. Firstly, whereas for
exponential growth phase cells an increase in growth temperature up to

37 °C did not result in a significant change in heat resistance, it did for
stationary growth phase cells. Secondly, entry into stationary growth
phase resulted in an increase in D values regardless of growth tem-
perature, but this increase was more pronounced for cells grown at
higher temperatures. For instance, D58 value increased almost 6-fold for
cells grown at 37 °C, and only 1.4-fold for cells grown at 20 °C (Fig. 2A).
In fact, the increase was only statistically significant for cells grown at
temperatures of 30, 37 and 42 °C. Moreover, entry into stationary
growth phase did not result in any significant change in shoulder
length, except for cells grown at 42 °C (Fig. 2B).

On the other hand, if data obtained in non-selective recovery media
are compared with those obtained in selective media, it can be observed
that recovery in selective media always resulted in a reduction of the
D58 and sl58 parameters, regardless of growth phase and temperature
(Fig. 2A and B); however, the magnitude of the decrease in these
parameters varied. For exponential growth phase cells, the magnitude
of decrease in the D58 values was similar for all suspensions (1.8 to 3-
fold). Similar results were found for sl values calculated for cells grown
between 10 and 37 °C, except for cells grown at 42 °C, for which a 4-fold
decrease in the sl58 was observed (Fig. 2B). Stationary growth phase

Table 1
z values (ºC) calculated for S. aureus CECT 4459 exponential and stationary
growth phase cells when recovered in Non-Selective (TSAYE) and selective
media (TSAYE+NaCl). The table also includes the Standard Deviation (S.D.) of
the z values.

Growth temperature Non-selective Selective

zD S.D. zD S.D.

EXP GP
10 °C 4.953 0.363 6.405 0.692
20 °C 4.914 0.178 8.111 0.218
30 °C 4.615 0.352 8.058 0.341
37 °C 4.944 0.427 7.579 0.813
42 °C 4.511 0.369 8.750 1.130

STAT GP
10 °C 5.290 0.371 8.153 0.239
20 °C 5.049 0.370 8.629 0.625
30 °C 4.960 0.407 8.276 0.150
37 °C 5.388 0.234 8.589 0.427
42 °C 4.995 0.166 7.695 0.823
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Fig. 2. Influence of growth temperature on the D58 values (minutes) (A) and
shoulder length (sl)58 values (minutes) (B) calculated for exponential (●, ○) and
stationary (■, □) growth phase S. aureus CECT 4459 cells recovered in non-
selective (close symbols, continuous line) and selective medium (open symbols,
discontinuous line). Error bars correspond to the standard deviations.
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cells grown at 10 and 20 °C displayed a similar behavior to that of ex-
ponential growth phase cells grown between 10 and 37 °C; but when
grown at 30 °C or above, the difference between the D58 values calcu-
lated in non-selective and selective medium increased up to 6-fold. In
addition, stationary growth phase cells cultivated at 42 °C also dis-
played a significant increase in the ratio between the shoulder length
values obtained in the different media (6.6-fold for cells grown at 42 °C
vs 2-fold for cells grown at other temperatures).

It is noteworthy that, when resistance parameters were determined
in selective media, entry into stationary growth phase resulted in in-
creases of low magnitude, approximately 2-fold, which were only sta-
tistically significant for cells grown at 30 and 37 °C (p < 0.05).

Finally, z values calculated were significantly higher (p < 0.05)
when cells were recovered in selective medium than in non-selective
medium, regardless of growth phase and temperature. Therefore, the
proportion of sublethally damaged cells capable of recovery would be
lower, the higher the treatment temperature.

3.5. DPH fluorescence anisotropy values of S. aureus cells grown at
different temperatures: relation to heat resistance

The heat resistance of bacterial cells grown at higher temperatures
has also been attributed to the lower fluidity of their membranes. In
order to check this hypothesis, we also studied the fluidity, at lethal
temperatures, of the membranes of cells grown at different tempera-
tures and in different growth phases by using the fluorescent dye DPH.
Fig. 3 shows the anisotropy values (r) obtained at 58 °C for S. aureus
exponential and stationary growth phase cells grown at different tem-
peratures. Anisotropy values are inversely related to membrane fluidity
(Shinitzky, 1984).

As can be observed, exponential growth phase cells grown in the
range between 10 and 37 °C showed the same fluorescence anisotropy
values (p > 0.05), whereas cells grown at 42 °C showed more rigid
membranes (p < 0.05). Regarding stationary growth phase cells, cells
grown at lower temperatures displayed lower anisotropy values than
those grown at higher temperatures (p < 0.05). It should also be noted
that, in most cases, entry into stationary growth phase resulted in an
increase in fluorescence anisotropy of bacterial membranes, i.e. mem-
branes were more rigid in stationary phase cells. This increase was
more pronounced for cells grown at the higher temperatures, similarly
to that observed for heat resistance (Fig. 2). Measurements were also
obtained at other temperatures between 54 and 62 °C, and the trend
was similar for exponential and stationary phase cells (data not shown).

Fig. 4 illustrates the relationship between fluorescence anisotropy
and heat resistance at 58 °C (D values). It includes data corresponding

to exponential and stationary phase cells. A highly significant re-
lationship (Pearson coefficient= 0.969***) was observed between
membrane fluidity as measured by fluorescence anisotropy and D va-
lues calculated when cells were recovered in non-selective media. On
the other hand, no significant correlation was found between fluores-
cence anisotropy and sl values (data not shown).

3.6. Influence of the addition of a membrane fluidizer on heat resistance
and occurrence of sublethal injury

In order to further investigate if there was a relationship between
heat survival and membrane fluidity, we adopted a complementary
experimental approach: the exposition of S. aureus cells to the action of
benzyl alcohol (BA). BA has been used as a membrane fluidizer, and its
use is preferred over other alcohols (such as ethanol), because it causes
no protein denaturation at the concentrations and times required to
fluidize bacterial membranes, at least at room temperatures (Shigapova
et al., 2005). Cells grown at 37 °C were treated in media containing BA
at different concentrations (0, 5, 10, 20mM). Heat resistance at 58 °C
was determined using non-selective and selective recovery media, and
the membrane DPH anisotropy was measured at the same temperature.
Results are displayed in Fig. 5. As shown in the graph, exposure of S.
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Fig. 3. Influence of growth temperature on the fluorescence anisotropy values
(r) calculated at 58 °C for S. aureus CECT 4459 exponential (white bars) and
stationary (grey bars) growth phase cells. Error bars correspond to the standard
deviations.
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aureus cells to increasing concentrations of BA produced a gradual drop
in r values: in other words, it produced a detectable fluidization of the
membrane. In parallel, the heat resistance of S. aureus cells decreased
progressively in the two recovery media used. Fig. 6 shows that the
sensitizing effect of benzyl alcohol was maintained across the different
treatment temperatures, since the z values obtained in non-selective
recovery medium were equivalent for control cells (5.6 ± 0.39 °C) and
for cells exposed to 10mM BA (5.8 ± 0.46 °C). Similarly, z values
obtained in selective media did not significantly (p > 0.05) differ
(8.7 ± 0.45 vs 7.6 ± 0.95 °C).

4. Discussion

In this study, the influence of growth temperature on Staphylococcus
aureus survival to heat was investigated. The mechanisms behind the
changes in resistance were also explored with special emphasis on the
influence of the physiological state of cells, the occurrence of sublethal
damages, and the relationship with membrane fluidity.

Survival curves of S. aureus suspensions exposed to heat proved to
be non-linear: therefore, a special case of the Baranyi and Roberts
model and the DMfit software was used to fit experimental data. The
advantages of this model for this purpose have been discussed else-
where (Xiong et al., 1999). Alternatively, the model of Geeraerd (based
on the same mirror image of the Baranyi-Roberts growth model) could
have been used (Geeraerd et al., 2005).

The appearance of shoulders in survival graphs to heat of vegetative
microbial cells has been attributed to different phenomena, including
cell aggregation and phenomena related to the ability of cells to with-
stand or repair sublethal damages (Condón et al., 1996; Hansen and
Riemann, 1963; Mackey, 2000; Pagán et al., 1997). Concerning the
shoulders observed in this investigation for survival curves to heat of S.
aureus cells, our results suggest that their nature could be different
depending on the conditions used to obtain the cell suspension. It is
well known that S. aureus is a bacterial species that frequently forms
aggregates (Baird-Parker, 2000). In our study, we found that ex-
ponential phase suspensions grown at 10, 20, 30 and 37 °C contained
aggregates of 4.3 cells in average. This could account for an apparent
decrease in the initial number of microorganisms in survival curves of
0.64 Log cycles, and, therefore, could explain the occurrence of the
shoulders observed in the survival curves of these cells (Fig. 1A). The
same calculation can be made for the other suspensions and recovery

conditions: in most cases, the presence of cell aggregates can be linked
to the presence of shoulders, including survival curves obtained in se-
lective medium. However, for bacterial suspensions grown at 42 °C,
shoulders observed in non-selective media were longer than expected
according to the size of the aggregates. Thus, additional phenomena
may play a role, most probably phenomena related with sublethal da-
mage repair. In other words, cells grown at 42 °C would display an
increased ability to withstand and repair sublethal damage.

Regarding the influence of growth temperature on bacterial heat
resistance, it is generally acknowledged that cells grown at higher
temperatures display a greater thermal resistance (Elliker and Frazier,
1938; Jay, 1992; Kaur et al., 1998; Knabel et al., 1990; Pagán et al.,
1999). Results obtained in this investigation only partially concur with
those observations, since they depended on the growth temperature
range and the physiological state of the cells. Whereas increasing
growth temperature above 20 °C resulted in an increase in heat re-
sistance for stationary growth phase cells, for those in exponential
growth phase a significant increase in resistance to heat was observed
only when incubation temperature was raised to 42 °C. One possible
explanation for the different behaviors observed when comparing re-
sults obtained in this research and previous studies is that they were
mostly carried out with stationary growth phase cells, whereas in this
investigation both exponential and stationary growth phase cells were
used. Nevertheless, it is also feasible that each bacterial species might
display a specific response to modifications in growth temperature.

Recovery in media with added NaCl allowed us to evaluate the
occurrence of cells with sublethal damages since it is generally assumed
that cells with damaged membranes are unable to grow in the presence
of NaCl. Therefore, sublethal injury detected by this differential plating
technique is generally ascribed to the presence of cells with damages in
the membrane (Mackey, 2000). Results obtained in this work indicate
that, for stationary growth phase suspensions grown between 10 and
37 °C, the number of S. aureus cells with lethal damages after a heat
treatment would be very similar regardless of growth temperature,
because little difference in the D values calculated in selective media
was observed among these suspensions. Consequently, the increase in
growth temperature from 10 to 37 °C would result in the gradual ap-
pearance of a higher proportion of sublethally damaged cells capable of
repairing their lesions and resuming normal growth in non-selective
media. Conversely, when cells were grown at 42 °C, the increase in heat
resistance observed when cells were recovered in non-selective
medium, was also accompanied by an significant increase when re-
covery was carried out in selective medium i.e. it resulted not only in an
increased number of survivors, but also in a decrease in the number of
cells with permanently damaged membranes. In other words, the
membranes of cells grown at 42 °C are probably more thermostable.
One also should bear in mind that the survival graphs of cells grown at
42 °C invariably displayed longer shoulders than the rest.

Our results also showed that entry into stationary growth phase
would lead to an increase in heat resistance for S. aureus cells, mainly
due to a decrease of the inactivation rate in the survival curve's linear
region (D58×1.4–6.7). This increase in resistance was of lower mag-
nitude in cells grown at the lowest temperatures. Moreover, when cells
were recovered in selective media, entry into stationary growth phase
resulted in a lower increase in heat tolerance (D58×1.6–2.0), which
was not even statistically significant for most cell suspensions.

Taken together, all of these results suggest that, in S. aureus, the
growth-temperature-dependent increase in heat resistance would rely
on mechanisms triggered upon entry into the stationary phase of
growth and would be mainly related with an increase in the ability of
cells to overcome damages caused by heat. Thus, it can be hypothesized
that this phenomenon might be related to stationary phase resistance
factors, such as, for instance, a higher expression of the general stress
sigma factor sigB, as described in Cebrián et al. (2009). Further work is
in progress to clarify these aspects. In addition, in cells grown at 42 °C,
growth-phase-independent resistance mechanisms causing an increase
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Fig. 6. Influence of treatment temperature on the D values (minutes) de-
termined in nonselective medium (full symbols, continuous lines) and selective
medium (empty symbols, discontinuous lines) of stationary growth phase cells
S. aureus CECT 4459 cells grown at 37 °C treated without (squares) or with
10mM Benzyl-alcohol (circles). Error bars correspond to the standard devia-
tions.
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in the membrane's thermal stability would also contribute to their
higher thermal tolerance. It should be pointed out that it cannot be
discarded that heat may provoke sublethal damages of different in-
tensity, depending on the structure and composition of the membranes
in each particular cell suspension, and that the damages cannot be
distinguished with the selective plating technique used here. This
would imply that cells grown at the lowest temperatures would suffer
more severe sublethal injuries, and would be less prone to be repaired
by the cellular machinery.

The role that membrane stability might play in bacterial heat re-
sistance has attracted much attention for various reasons. The mem-
brane is regarded as one of the main cellular target structures of heat
inactivation (Mackey, 2000; Tomlins and Ordal, 1976) and it is also
considered to be one of the structures that suffer the most important
modifications as a consequence of an increase in growth temperature
(Beuchat, 1978; Denich et al., 2003). Thus, the ultimate aim of our
study was to determine whether those cells displaying a higher heat
resistance also had a less fluid membrane. For this purpose we used
fluorescence anisotropy as a method to assess the membrane fluidity of
S. aureus cells. The major advantages and drawbacks of this technique
have already been discussed in depth (Denich et al., 2003). In this
particular research, fluorescence anisotropy permitted us to obtain data
at the same temperatures at which cells were treated, which allowed us
to establish meaningful relationships between membrane fluidity and
heat resistance. Nevertheless, one should note that fluorescence aniso-
tropy values should be interpreted only as an index of average mem-
brane fluidity, since bacterial membranes have regions possessing dif-
ferent degrees of organization and fluidity (Bramkamp and Lopez,
2015).

According to our results, the membrane fluidity of exponential
growth phase cells grown between 10 and 37 °C, measured at lethal
temperatures, was similar, and only those cells grown at 42 °C showed a
significantly higher r value. This pattern of fluidity was coincident with
the pattern of heat resistance. For stationary phase cells a similar trend
was observed, and the most heat resistant cells showed higher r values,
indicating a more rigid membrane. Thus, S. aureus cells with more rigid
membranes showed greater heat resistance. Besides, according to the
discussion above, a more rigid membrane would also favor cellular
repair processes after treatment. Alternatively, it is also possible that a
more rigid membrane would become less severely damaged after heat
exposure, and would thus be more easily repairable under suitable
conditions. However, it can be argued that changes in membrane
fluidity induced by growth temperature may be accompanied by other
cellular physiological changes that could also play a relevant role in
heat resistance. In order to clarify the actual role of membrane fluidity,
cells grown at a fixed temperature (37 °C) were exposed to benzyl al-
cohol. The results obtained with benzyl alcohol demonstrate that
membrane fluidity is per se an important factor in survival to heat, since
a given cell population exposed to the fluidizer showed a sensitization
to heat in a concentration-dependent manner. In addition, this sensi-
tizing effect was of notable magnitude. For instance, D58 value was
reduced by a factor of 10 in the presence of the fluidizer at a con-
centration of 20mM. We specifically checked that the degree of protein
precipitation in S. aureus cells heated at 58 °C in the presence and ab-
sence of 20mM benzyl alcohol was equivalent (data not shown): thus,
relevant detrimental effects of this compound on cell proteins can be
excluded, as already indicated by Shigapova et al. (2005). We can
therefore conclude that S. aureus cells with a more fluid membrane are
more heat-sensitive than equivalent cells with a more rigid membrane,
independently of other possible cellular changes induced in response to
growth temperature.

The effect of benzyl alcohol on heat resistance of S. aureus was
maintained along the entire range of treatment temperatures studied.
This sensitization effect was equally observed when cells were re-
covered in a selective medium, and it was also maintained across the
different temperatures. This would indicate, on the one hand, that a

more fluid membrane would be more thermosensitive and, on the other
hand, that in spite of the cell's global sensitization to heat, recovery
mechanisms remained effective in a similar degree in cells with flui-
dized membranes.

Finally, it should be noted that an increase in treatment temperature
was not accompanied by a significant decrease (p > 0.05) in mem-
brane fluidity within the range studied (54–62 °C; data not shown). This
strongly suggests that although membrane fluidization favors the
thermal inactivation of S. aureus, it would not be the sole or ultimate
cause of cell death.

5. Concluding remarks

Results reported herein demonstrate that increasing growth tem-
perature leads to a greater rigidity of membranes at treatment tem-
peratures; moreover, a significant correlation between that parameter
and cellular heat resistance was found. We have proven that cells ex-
posed to a fluidizer compound (benzyl alcohol), and thus with a more
fluid membrane, are sensitized against the action of heat. According to
this data, the physical state of the membrane is an important factor
determining the survival capacity of S. aureus cells to a heat treatment.
Additional physiological factors influencing the thermotolerance of
cells grown at different temperatures cannot be excluded. From an
applied point of view, it should be noted that results here reported
might be very useful for thermal treatment design and optimization
and/or for microbial risk assessment studies.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijfoodmicro.2018.09.002.
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