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A B S T R A C T

Heat treatments are widely used by the food industry to obtain safe and stable products, therefore a deeper
knowledge of its mode of action on microorganisms would allow a better profit of this technology. Heat shows a
multitarget mechanism of action on bacteria, affecting various cellular structures, and causing unbalances in
several homeostatic parameters. The aim of this work was to study the effect of glutathione on bacterial survival
against heat treatments, in order to acquire knowledge about the mode of action of heat on bacterial cells. Cells
were treated in presence or absence of added glutathione and the level of inactivation, soluble protein con-
centration, enzymatic activities, intracellular ROS level and membrane damages were studied. Results showed
that glutathione protected microorganisms against heat inactivation. Moreover, glutathione in the treatment
medium preserved intracellular enzyme activity, membrane structure and reduced ROS detection. Besides,
glutathione decreased sublethal injury in E. coli. Data presented in this work add new knowledge about bacterial
inactivation and survival by heat.

1. Introduction

Heat treatments are commonly used by the food industry to in-
activate pathogenic and spoilage microorganisms. Despite the wide use
of thermal treatments, many aspects about its mode of action on mi-
croorganisms still remain unclear. A better knowledge of the physiology
of microbial inactivation by heat would permit to obtain a better profit
of this technology (Smelt & Brul, 2014). Heat shows a multitarget mode
of action in bacteria, causing damages in different cell structures such
as the envelopes, DNA, RNA, ribosomes and particular enzymes
(Cebrián, Condón, & Mañas, 2017; Mackey, 2000; Nguyen, Corry, &
Miles, 2006). Such cellular damages, depending on their intensity and
severity, may cause cell inactivation and/or the occurrence of sub-
lethally injured cells. These can be defined as cells able to grow and
survive only under appropriate environmental conditions that allow the
recovery of the cellular lesions before growth is resumed (Mackey,
2000). The final events leading to lethal or sublethal injury in bacterial
cells, and the physiology of cell recovery have not been sufficiently
studied, despite their practical importance for the food industry.

One of the physiological aspects that is gaining attention in the last
years is the involvement of an oxidative component in the inactivation
and damage of cells exposed to a variety of agents used in the food
industry, such as heat, acid or high hydrostatic pressure (Aertsen, De

Spiegeleer, Vanoirbeek, Lavilla, & Michiels, 2005; Marcén, Ruiz,
Serrano, Condón, & Mañas, 2017; Mols, Van Kranenburg, Van Melis,
Moezelaar, & Abee, 2010). It has been suggested that exposure to agents
of several nature may cause an unbalance in the intracellular redox
homeostasis (Mols & Abee, 2011) that could contribute to cell in-
activation and sublethal injury. The causes behind an impaired cellular
redox homeostasis after exposure to a stressing agent include, among
other mechanisms, an increase in the generation of reactive oxygen
species, disulfide bond formation in proteins, disassembly of iron‑sulfur
clusters, and denaturation of protective enzymes (catalases, alkylhy-
droperoxidases, superoxide dismutases, enzymes of the thioredoxin and
glutathione systems)(Cabiscol, Tamarit, & Ros, 2000; Imlay, 2013).

Glutathione is considered as the most potent natural antioxidant
molecule, with important cellular functions in eukaryotic cells; how-
ever its role in prokaryotes has received less attention (Smirnova &
Oktyabrsky, 2005). Glutathione is present only in some bacterial
genera, mostly Gram negative (Fahey, Brown, Adams, & Worsham,
1978), although analogs have been described in other bacterial groups
(Fahey, 2013). It is a tripeptide (L-γ-glutamyl-L-cysteinyl-glycine) with
reducing properties and ability to eliminate free radicals, due to the
presence of a sulfhydryl group in the cysteine, which can serve as an
electron donor. Glutathione (GSH) reacts with free radicals, and parti-
cipates in thiol-disulfide interchanges with proteins and other thiols,
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rendering mixed disulfides and glutathione disulfide dimers (GSSG).
GSSG is then recycled through the action of the enzyme glutathione
reductase (gor), and mixed disufildes are also recycled by the action of
glutaredoxins (grx) (Smirnova & Oktyabrsky, 2005). It has been sug-
gested that glutathione could exert an important role in stress resistance
in bacteria, however little information is available on stresses other
than direct oxidative agents. To this regard, it has been demonstrated
that E. coli mutant strains defective in glutathione synthesis or in glu-
tathione reductase activity are less resistant to osmotic stress and to
acid pH (Masip, Veeravalli, & Georgiou, 2006; Smirnova & Oktyabrsky,
2005).

In a previous work carried out in our laboratory, we observed that
the addition of glutathione to the heating medium protected E. coli
against inactivation (Marcén et al., 2017). The objective of this work
was to further study the effect of glutathione on bacterial survival to
heat, using E. coli as a model microorganism, with the final aim of
gaining insight into the physiological mechanism of cell protection, and
obtaining a deeper knowledge about the mode of action of heat on
bacterial cells.

2. Material and methods

2.1. Bacterial strains and growth conditions

Escherichia coli BW25113, E. coli CECT 4201, Salmonella enterica
serovar Senftenberg 775W and Lactobacillus plantarum CECT 748 were
used in this study. The strains were stored at −80 °C. To prepare pre-
cultures, flasks containing 10ml of sterile broth were inoculated with
one single colony from an agar plate. The precultures were incubated
overnight at 37 °C, under agitation. Subsequently, cultures were ob-
tained by inoculating a flask with 50ml of broth with 100 μl of the
preculture, and incubation at 37 °C under agitation, until stationary
phase of growth was reached after 18–24 h incubation (2× 109 cfu/ml,
approximately). Media used were TSBYE and TSAYE (Tryptic Soy Broth
or Agar, respectively, with 0.6% Yeast Extract, Oxoid, Basingstoke, UK)
for E. coli and Salmonella, or MRS broth and agar (Oxoid) for L. plan-
tarum. Unless otherwise indicated, E. coli and Salmonella were grown
under aerobic atmosphere, whereas L. plantarum was grown under
anaerobic atmosphere in a variable atmosphere incubator (MACS
VA500, Don Whitley Scientific Limited, Shipley, United Kingdom), with
a gas composition of 0% oxygen, 5% hydrogen, 5% carbon dioxide and
90% nitrogen, plus the palladium catalyzer.

In some experiments, where specified in the text, 10mM of filter-
sterilized reduced L-glutathione (Sigma-Aldrich) was added to the
growth medium. This concentration, chosen in preliminary experi-
ments, did not inhibit the growth of E. coli untreated cells neither in
liquid nor in solid media (data not shown).

2.2. Heat treatments

To determine the heat resistance of E. coli, heat treatments were
carried out in glass tubes, which contained 4.5ml of sterile PBS
(Phosphate Buffered Saline, Sigma, San Louis, USA), submerged in a
thermostated water bath. Once the PBS reached the desired tempera-
ture (58 °C), it was inoculated with 0.5 ml of the microbial cell sus-
pension to obtain a concentration≥ 108 cells/ml. After inoculation,
0.1 ml samples were collected at different heating times (1, 5 and
10min for E. coli, 20min for S. enterica, and 6min for L. plantarum) for
survival counting. Conditions of heat treatment (time/temperature) for
each microorganism were determined in preliminary experiments and
were chosen in order to reach an inactivation level of 2–3 Log cycles
(data not shown). When needed, reduced glutathione was added to the
sterile PBS at the desired concentration (10mM for E. coli and S. en-
terica, and 5mM for L. plantarum). The concentration of glutathione
was chosen from preliminary experiments with E. coli as the maximum
that did not sensitize cells against heat treatments (data not shown).

2.3. Recovery in agar after heat treatment

After heat treatment in PBS with or without glutathione, samples
were serially diluted, plated in TSAYE, and incubated at 37 °C in
aerobic conditions, for E. coli and Salmonella enterica. For L. plantarum,
MRS-agar and anaerobic conditions were used. After 24–48 h, colony
forming units were counted. Plates were counted after incubation, and
results were expressed as the number of Log cycles of inactivation after
a fixed treatment time.

Although these were the standard recovery conditions used in most
experiments, in experiments carried out to study the occurrence and
repair of sublethal injury, cells were also recovered under different
conditions, as explained in next section.

2.4. Study of sublethal injury repair in liquid medium after heat treatment

To study the different phenomena during recovery, E. coli cells were
heat treated at 58 °C for 1 in PBS with or without glutathione (10mM)
added, and then suspended in TSBYE and in TSBYE plus 10mM glu-
tathione added (10ml of total volume), at 37 °C. Samples were col-
lected after different times (0–120min) and plated in the non-selective
and in the selective agars. Selective agars were TSAYE with NaCl (4.0%,
Panreac) or bile salts added (0.2%, Oxoid) (TSAYE-NaCl, TSAYE-BS).
These concentrations correspond to the maximum non inhibitory con-
centrations for native cells, and were previously determined (data not
shown). It is generally assumed that the presence of NaCl prevents the
outgrowth of cells with a damaged cytoplasmic membrane, whereas the
presence of bile salt prevents the outgrowth of cells with a damaged
outer membrane (Mackey, 2000). On the other hand, as non selective
agars, we used TSAYE and MM-Cys. MM-cys consists of minimal
medium M9 glucose-salts agar supplemented with FeSO4 (10mg/L)
(Gerhardt, 1994; Stanier & Villanueva, 1996), and enriched with
3mM L-cysteine HCl to create a low redox potential environment
(Gerhardt, 1994; Suh & Knabel, 2000). This agar was chosen to improve
the recovery of cells (Marcén et al., 2017). In this latter case, anaerobic
atmosphere was used in order to further reduce the oxidative compo-
nent of the recovery conditions, and 72 h were allowed for full colony
development.

These plates were counted after incubation, and results were ex-
pressed as the number of viable cells per ml after a fixed treatment and
incubation time.

2.5. Fluorescence staining

The presence of ROS and the permeabilization of the membrane in
cells were studied through staining with specific fluorochromes fol-
lowed by epifluorescence microscopy (Marcén et al., 2017). Treated
cells, at approximately 108 cells, were centrifuged (6708 g/5min), re-
suspended in PBS and incubated with the desired fluorescence dye.

To detect the presence of ROS, cells were stained with dihy-
droethidium (DHE, 50 μM/90min). DHE is a membrane–permeable
probe that binds to DNA upon oxidation by ROS, including superoxide,
rendering a strong red fluorescence (Gomes, Fernandes, & Lima, 2005).
To study the permeabilization of the membrane, cells were stained with
propidium iodide (PI, 3 μM/30min). Cells with permeabilized mem-
branes allow the entrance of the dye inside the cell, rendering cells with
intense red fluorescence.

A positive and a negative control of staining were always included.
The negative control corresponded to untreated cells, whereas the po-
sitive control consisted of cells exposed to the superoxide-generating
agent plumbagin (Sigma Aldrich) (5.3 mM/10min) in the case of DHE
(Farr, Natvig, & Kogoma, 1985; Hassan & Fridovich, 1979), or exposed
to an intense heat treatment (70 °C/20min), in the case of PI. To ana-
lyze samples, a Nikon Eclipse E400 phase contrast and fluorescence
microscope (Nikon Corporation, Japan) was used. Images were ob-
tained with a high resolution camera (AxioCam MRc, Zeiss, Germany)
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and processed with the software ZEN 2012 (Zeiss, Germany). Total and
fluorescent cells were counted from photographs taken from each
sample, and at least three different representative microscopic fields,
containing 100–200 cells, approximately, were used for quantification.

To detect and visualize protein aggregates, cells were stained with
fluorescein sodium salt (Sigma-Aldrich) (Mañas & Mackey, 2004), with
a final concentration of 65 μM, for 10min. After this contact time, cells
were washed three times to eliminate the background and observed
under epifluorescence microscope.

2.6. Determination of intracellular glutathione and soluble protein

The relative intracellular glutathione was determined in E. coli cells
treated in the presence or absence of glutathione (58 °C/5min). In all
cases, cells were washed three times in PBS by centrifugation (6708 g/
5min), concentration was adjusted to 108 cells/mL, and cells were
lysed with 0.1mm glass beads in a bead-beater instrument (BioSpec
product, Oklahoma, USA). Five rounds of 10 s were applied, and sam-
ples were cooled on ice between rounds. It was checked through mi-
croscopic examination that> 95% of cells had been lysed. Lysed sam-
ples were centrifuged and the supernatant (soluble fraction) was
reserved for analysis of glutathione and protein content. Total glu-
tathione was determined with the Glutathione Assay Kit (Sigma-
Aldrich), based on the determination of sulfhydryl groups (Ellmman's
reactive), using the enzyme glutathione reductase plus NADPH to re-
cycle oxidized glutathione. Protein content was determined by the
Bicinchoninic Acid (BCA) method following the standard protocol and
using bovine serum albumin as standard (Sigma-Aldrich). Results were
expressed as nM of glutathione per ml and mg of protein per ml of cell
extract.

2.7. Enzymatic activity

Cellular enzymatic activity was checked before and after heat
treatment (58 °C/5min). For this purpose two enzymes were selected:
β-galactosidase and superoxide dismutase (SOD). In both cases, cells
were lysed as described above, and the soluble intracellular content was
analyzed for enzymatic activity. β-galactosidase activity was de-
termined by the ONPG (o-Nitrophenyl-β-D-Galactopyranoside) hydro-
lysis method, by measuring the absorbance at 405 nm after 10min of
reaction time (Lederberg, 1950). SOD activity was measured using a kit
based on the detection of WST-1(4-[3-(4-iodophenyl)-2-(4-ni-
trophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt) which
is reduced by superoxide anions. Reduced WST-1 is measured by ab-
sorbance at 438 nm (ScienCell, Carlsbad, CA, USA).

2.8. Statistical analysis

The experimental determinations were performed at least in dupli-
cate with independent microbial cultures. Data in figure correspond to
the average and the mean standard deviation (error bars). Student's t-
tests were carried out using the GraphPad PRISM 5 software (GraphPad
Software, Inc., San Diego, CA, USA), and differences were considered
significant for p≤ 0.05.

3. Results and discussion

3.1. Influence of the addition of glutathione in the growth medium,
treatment medium and recovery medium on E. coli survival

Fig. 1 shows the inactivation attained in E coli BW25113 after a heat
treatment at 58 °C for 5min, of cells cultured in TSBYE with (Fig. 1B)
and without glutathione (Fig. 1A) added to the growth medium. Cells
were treated in PBS with or without glutathione and recovered in
TSAYE with or without glutathione added. As it can be observed in the
graphs, external glutathione exerted a different effect, depending on the

moment of the addition.
The presence of glutathione in the growth medium did not exert any

influence (p > 0.05), and E. coli cells grown with and without glu-
tathione, in TSBYE, showed the same pattern of heat resistance, in-
dependently of the treatment and recovery conditions used.

The presence of 10mM glutathione added in the heating medium
protected E. coli against heat inactivation under all the experimental
conditions used (p < 0.05). This protective effect was of notable
magnitude, ranging between 1.6 and 2.0 log cycles, under these parti-
cular treatment conditions (58 °C/5min). When glutathione was added
in the recovery agar it also exerted a protective effect in heated E. coli
cells. However this effect was of lower magnitude, accounting for
0.3–1.0 log cycle, and was statistically significant only in two cases.

Given the fact that the presence of glutathione in the growth
medium did not modify the behavior of cells, cells were always grown
in TSBYE without glutathione thereafter, for heat resistance experi-
ments.

We studied (n=2) if the protective role of glutathione against heat
inactivation was a common effect on various microorganisms, using
Salmonella enterica serovar Senftenberg 775W and Lactobacillus plan-
tarum CECT 748. Fig. 2A and B show that the inactivation was higher
when cells were treated in PBS without glutathione in both cases. Thus,
these results seem to confirm that the addition of glutathione in the
heating medium protected cells of different prokaryote groups, Gram
negative and Gram positive, against heat inactivation.

It has to be pointed out that the effect of glutathione in the heating
medium was concentration-dependent, in such a way that protection
increased with the externally added concentration up to a certain
threshold, which was different depending on the microorganism stu-
died. Once that threshold was surpassed, glutathione exerted a sensi-
tization effect. For instance, concentrations up to 8mM progressively
protected L. plantarum against heat, whereas 10mM already sensitized
cells. For E. coli BW25113, higher concentrations, 20mM, sensitized
cells to heat (data not shown). The reasons behind this behavior are not
known and deserve further attention.

3.2. Relation between intracellular glutathione, soluble protein and
enzymatic activity

We measured the amount of intracellular glutathione in E. coli cells
grown in TSBYE without glutathione and treated with or without glu-
tathione (Table 1). The amount of intracellular soluble protein was also
measured. Cells heated in the presence of 10mM glutathione showed a
much higher intracellular content (nM glutathione/ml cellular extract)
than untreated cells, almost 7 fold higher, and also than cell heated in
PBS without glutathione, 16 fold higher. In fact, glutathione appeared
to be slightly depleted from cells heated in PBS without external glu-
tathione added. When we attempted to normalize the glutathione
content in relation to the total soluble protein, in order to minimize the
possible influence of the efficacy of the mechanical lysis method used,
we realized that the intracellular soluble protein content was actually
very low in heated cells, as compared to untreated cells, especially in
cells heated in PBS without glutathione added. Cells heated in PBS with
glutathione maintained 21% of the soluble protein content of native
cells, whereas cells heated in PBS without glutathione retained only 3%.
In our opinion, this difference in protein content retention cannot be
attributed to experimental variations in the efficacy of the lysis method.
A plausible explanation is that intracellular protein would be denatured
due to the exposure to heat, thus becoming insoluble. Therefore, ac-
cording to these results, cells heated in the presence of glutathione
would retain a significantly higher amount of soluble protein, fact that
could contribute to their greater survival capability. This effect can be
attributed to the capacity of glutathione to form mixed disulfides with
unfolded proteins, thus preventing the irreversible oxidation of thiol
groups in proteins and helping in recovery of their native state (Masip
et al., 2006).
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In order to further investigate this aspect, we tested whether the
activity of two different cellular enzymes, β-galactosidase and SOD, was
preserved or not after heating in the presence of glutathione. The results
are included in Table 2. It has to be noted that the E. coli strain used for
the β-galactosidase activity was strain CECT 4201, due to the inability
of strain BW25113 to produce this enzyme. Results obtained show that
the presence of glutathione during heating preserved the activity of the
two enzymes tested. The protection exerted by glutathione took place
inside the cell. However, it has to be remarked that we also observed
that isolated β-galactosidase enzyme was stabilized by glutathione in
vitro against heat (data not shown). It is reasonable to think that the
thermostabilization of proteins and particular enzymes may play a role
in cell survival, and perhaps in ulterior cellular processes involved in
recovery of damages inflicted by heat.

3.3. Influence of the addition of glutathione in the treatment medium on E.
coli ROS content, membrane permeabilization and protein aggregation

In order to further explore the mechanisms of the protective effect of
glutathione during heating, cells were heat treated (58 °C/5min) and
the presence of ROS (DHE staining) and permanent permeabilization of
the membrane (PI staining) after treatment were studied. Fig. 3 in-
cludes the percentage of cells with a positive staining for DHE and for PI
after heating. The figure shows that a notable lower percentage of cells
showed staining when they had been heated in the presence of glu-
tathione. Therefore, in addition to the thermo-protective effect on
proteins, the presence of glutathione in the heating medium was related
to a reduction in the intracellular ROS levels present after heating, and
also to a stabilization of the membranes against the action of heat.

With the aim of further study the protective role of glutathione
against protein denaturation in situ, the formation of protein aggregates
inside the cells was explored.

Fig. 4 shows the microphotographs of cells heated in PBS without
glutathione (4A) and with glutathione (4B). The presence, size and
location of protein aggregates can be clearly observed by fluorescein

fluorescence, and even in phase contrast photographs. Cells treated
without glutathione presented a higher amount of protein aggregates,
which were of bigger size and more dispersed as compared to those in
cells treated with glutathione. Govers and Aertsen (2015) proposed that
the protein aggregate surface area exposed in the cytoplasmic milieu
has cytotoxic effects, functionally interferes with essential cellular re-
pair processes, and thus limits bacterial survival. These results are in
accordance with those obtained with total soluble protein determina-
tions, and with enzymatic activities (Tables 1 and 2), and confirm the
protective effect of glutathione against protein destabilization by heat
exposure.

Fig. 1. Log10 cycles of inactivation of E. coli
BW25113 grown in TSBYE in the absence (A) or
presence (B) of glutathione and treated at 58 °C for
5 min in PBS without (white bars; 0–0, 0–10) or with
glutathione (grey bars; 10–0, 10–10). Cells were re-
covered in TSAYE without (plain bars; 0–0, 10–0) or
with (stripped bars; 0–10; 10–10) glutathione added
(n=3). Different letters indicate statistical differ-
ences (p < 0.05).

Fig. 2. Log10 cycles of inactivation of Salmonella
senftenberg 775W (A), recovered in TSAYE, and
Lactobacillus plantarum 748 (B), recovered in MRS
agar, treated at 58 °C for 20 and 6min, respectively,
in PBS with (grey bars) and without glutathione
(white bars). Concentration of glutathione was
10mM for Salmonella and 5mM for L. plantarum
(n= 2).

Table 1
Amount of intracellular glutathione (nMol/mL) and total soluble protein (mg/
mL) in E. coli cells grown in TSBYE without glutathione, treated with and
without glutathione (58 °C/5min). Data in Table correspond to the average and
the standard deviation (n=2 biological and 3 technical replicates). Different
letters in columns indicate statistical differences (p < 0.05).

Glutathione (nMol/mL) Protein (mg/mL)

Untreated 9.37 ± 2.19a 7.61 ± 0.239a

Treated with glutathione 63.2 ± 2.89b 2.27 ± 0.00634b

Treated without glutathione 3.85 ± 1.22a 0.327 ± 0.0163c

Table 2
Concentration of B-gal (UA/mL) in E. coli CECT4201 and SOD (UA/mL) in E.
coli BW25113, after heating in the absence and presence of glutathione (58 °C/
5min). Data in Table correspond to the average and the standard deviation
(n=2 biological and 3 technical replicates). Different letters in columns in-
dicate statistical differences (p < 0.05).

β-Galactosidase (UA/mL) SOD (UA/mL)

Untreated 542 ± 23.2a 5.26 ± 0.236a

Treated with glutathione 402 ± 27.2b 5.73 ± 0.707a

Treated without glutathione 5.79 ± 2.68c 2.58 ± 0.462b
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3.4. Sublethal injury and recovery after treatment

The occurrence and repair of sublethally injured cells after treat-
ment was studied through differential plate techniques, by the use of
four different agars and two liquid media (Fig. 5). In this case, cells
were subjected to a mild heat treatment (58 °C/1min), with the aim of
obtaining sublethally injured cells, to study their recovery. Cells were
treated in the absence (5A, 5C) and presence (5B) of glutathione. Once
treated, cells were suspended in liquid media for recovery (TSBYE in 5A

and 5B and TSBYE+10mM glutathione in 5C). Samples were with-
drawn from the liquid medium after 0, 30, 60 and 120min for plate
count in non selective and in selective agars. Untreated cells (UT) were
also plated in the different agars as a control. This experimental ap-
proach allows studying the occurrence of cellular damages along time
after treatment, assuming that cells unable to grow in TSAYE-NaCl and
in TSAYE-BS correspond to sublethally injured viable cells with com-
promised cytoplasmic and outer membranes, respectively.

Plate counts immediately after heat treatment (time 0 in the graphs)
showed that cells were partially inactivated and partially sublethally
injured. The amount of inactivated and sublethally injured cells was
higher for cell suspensions treated in the absence of glutathione (Fig. 5A
vs 5B). When cells were recovered in TSAYE (standard recovery con-
ditions) 1.6 log cycles of inactivation were attained, plus 2 additional
log cycles in TSAYE-NaCl and in TSAYE-BS. In Fig. 5A it can be ob-
served that injured cells started promptly to regain tolerance to NaCl,
which was completely restored after 60min incubation in TSBYE. This
fact indicates that the functionality of the cytoplasmic membrane was
quickly recovered. Restoration of tolerance to bile salts was slower, and
120min were needed for full recovery of the selective permeability of
the outer membrane.

The addition of glutathione to the heating medium (Fig. 5B) caused
a decrease in the inactivation degree, as expected (0.8 Log cycles). It
also caused a drop in the amount of sublethally injured cells, which
accounted only for an extra 0.5 log cycle. These results indicate that the
presence of glutathione during heating caused a thermostabilization of
the envelopes, and are in accordance with those obtained with PI
staining (Fig. 3).

Besides, it is worth noting that higher numbers of viable cells were
detected in MM-Cys in anaerobic conditions (minimal medium plus
cysteine) than in TSAYE (nutritionally complex medium). This effect
can be more clearly observed for cells treated in PBS without glutahione
(Fig. 5A). Some authors have already reported that minimal media may
improve cell recovery, and this effect has been attributed to the fact that
no traces of hydrogen peroxide, and other oxidative species, are formed
during autoclaving and storage, contrary to complex medium (Mackey
& Seymour, 1987). Besides, it is important to note that under these
recovery conditions, the amount of surviving cells was very similar for
cells heated in presence and in absence of glutathione. This result
suggests that the protective effect of glutathione during heating could
be related, at least to some degree, to cellular disorders that can be
counteracted during the recovery period, if the environmental condi-
tions are adequate. According to our results, membrane structural al-
terations would be included among these disorders, but other cellular
alterations cannot be excluded.

Finally, comparison of Fig. 5A and C allows evaluating the influence

Fig. 3. Percentage of E. coli BW25113 cells stained with DHE (white bars) and
PI (grey bars) after heating (58 °C/5min) in PBS with (stripped bars) and
without glutathione (plain bars) added (n=2).

Fig. 4. Protein aggregates in E. coli BW25113 heat treated (58 °C/10min) in
absence (A) or presence (B) of glutathione added.

Fig. 5. Repair of sublethally damaged cells of E. coli BW25113 after heat treatment (58 °C/1 min) in: (A) absence of glutathione in treatment and recovery, (B)
presence of glutathione in treatment and (C) presence of glutathione in recovery. Heated cells were suspended in liquid media (TSBYE) and removed for counting on
TSAYE (●), TSAYE plus 4% sodium chloride (■), TSAYE plus 0.2% bile salts (▲) and minimum media plus 3 mM cysteine (▼). UT: untreated cells (n=2).
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of the presence of glutathione in the liquid medium where cells were
suspended for recovery. As it can be observed, recovery of the cyto-
plasmic and the outer membrane, i.e. impermeability of NaCl and bile
salts, respectively, was very similar in liquid media with or without
glutathione. This fact would indicate that the presence of external
glutathione would not improve membranes repair processes, at least
during the 2-h period here studied, and in the experimental conditions
here tested.

Results presented in this investigation have shown that the presence
of external glutathione protects bacterial cells against inactivation by
heat exposure. This protection was observed on E. coli, S. enterica and L.
plantarum, suggesting a general effect on cells of different types and
physiology. We have demonstrated that in E. coli the presence of glu-
tathione prevented damages and permeabilization in the membranes,
caused a reduction in the intracellular level of ROS, and decreased the
degree of protein aggregation inside the cytoplasm. In fact, glutathione
caused a direct stabilization effect on enzymes against heat. All these
cellular events could be involved in cell inactivation, and could be
somehow interrelated. For instance, we can speculate that a damaged
cytoplasmic membrane may be related to unbalances in the electron
transport chain, thus giving rise to increased amounts of ROS level
inside the cells (Imlay, 2015; Stephens, Druggan, & Nebe-von Caron,
2000), which could be poorly controlled due to loss of activity of de-
toxifying enzymes, as we have demonstrated with SOD. Alternatively, a
higher level of ROS and other toxic species, perhaps resulting from the
loss of activity of protective enzymes, depletion of antioxidant mole-
cules and/or other mechanisms, may be the actual cause of secondary
injuries in membranes, proteins and other cellular structures. Glu-
tathione seemed to exert a protective effect at various cellular levels.

These results add new knowledge about bacterial inactivation and
survival by stressing agents, in this case, heat. Besides, bacterial cell and
protein and enzyme protection against the action of heat by glutathione
may also be of interest to pharmaceutical and starter industries.
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