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Abstract

Stress tolerance and cross-protection in Enterococcus faecalis ATCC19433 were examined after exposure to bile salts,
acid or heat shock. Bile salts and heat adapted cells demonstrated induced homologous tolerance and cross-resistance. No
cross-protection of heat adapted cells against acid stress is observed and pretreatment with bile salts even sensitized the cells
to this challenge. Whole-cell protein extract analysis revealed that each treatment induced a battery of stress proteins. Some
of these polypeptides are induced by more than one treatment. The greatest overlap is observed between bile salts and heat
treatments. Eighteen stress proteins, including DnaK and GroEL, are common between these siresses.
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1. Introduction

How microbial cells sense and cope with shifts in
environmental parameters is nowadays one of the
best ways to elucidate the physiology of living cells.
Over the last 20 years, a number of experiments have
shown that bacteria develop an adaptive response
when grown under moderate stress conditions. In
general, the adaptation appears to involve multiple
genes as indicated by changes in extracted proteins
separated by two-dimensional gel electrophoresis
[1-5].
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Enterococci, Gram-positive bacteria, are commen-
sal microorganisms adapted to the nutrient-enriched,
oxygen-depleted, ecologically complex environments
of the oral cavity, vaginal and gastrointestinal tracts.
Used as an indicator of fecal contamination in water
and food products, Enterococcus faecalis can also be
responsible for serious human and animal diseases
[6]. Because E. faecalis survives heating to 60°C for
30 min in neutral medium, in a wide range of pH
(from 3.5 to 11), and has relatively high salt toler-
ance (6.5% NaCl), it copes with moderate stress
conditions and withstands imperfect hygiene in food
procedures. Characterization of behaviour in re-
sponse to severe stresses in E. faecalis is important
in particular when processes such as heating or
acidity are used to control foodborne pathogens.
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General properties of the heat shock response of E.
faecalis have already been characterized [7]. While
the understanding of mechanisms of enterococcal
virulence and antibiotic resistance has received
widespread attention [6], only limited data are avail-
able concerning other responses to environmental
fluctuations. Besides, other common growth-limiting
conditions like heat, bile salts and acid stresses are of
special interest because they may occur frequently in
the natural environment of enteric bacteria such as
E. faecalis.

In this report, we describe the response of E.
Jaecalis to bile salts, acid and heat shifts. We deter-
mine the degree of tolerance of stress adapted bacte-
ria to more extreme treatments (homologous toler-
ance) or to other types of lethal conditions (cross-
protection) and we attempt to correlate these physio-
logical phenomena to changes observed on the pro-
tein level.

2. Materials and methods

2.1. Micro-organism and growth medium

The bacterial strain employed in this study was
Enterococcus faecalis subsp. fuecalis, type strain
ATCC19433. Growth was carried out in Brain Heart
Infusion Broth (BHIB, Difco) at 37°C without shak-

ing.
2.2. Adaptation and challenge conditions

Cultures were grown to the mid-exponential
growth phase (ODyy, of 0.6). Bacterial cells were
harvested by centrifugation and resuspended in fresh
BHIB (non-adapted control culture). Adaptation (30
min or 3 h) was conducted in the same medium at
37°C (i) with 0.08% bile salts (sodium cholate,
sodium deoxycholate 1:1), (ii) adjusted to pH 4.8
with lactic acid or (iii) at 50°C (heat shock). After
centrifugation, adapted and noun-adapted cell pellets
were adjusted to an ODg, of 1.0 in fresh BHIB. To
measure tolerance to stresses, cells were treated at
37°C with (i) 0.3% bile salts, (ii) pH 3.2 (adjusted
with lactic acid) or (jii) heat (62°C). Samples (0.5

ml) were removed at the desired intervals of time
and diluted in ice-cold 0.9% NaCl. 0.1 ml of each
sample was plated onto glucose M17 medium [8] to
measure colony forming unit capacity (CFU). Plates
were incubated at 37°C for 48 h before colonies were
counted. Survival was determined as the ratio of
CFU after challenge treatment to CFU at time zero.
In all experiments each determination is the average
of duplicate platings; all experiments were repeated a
minimum of three times.

2.3. Pulse labelling and two-dimensional protein
electrophoresis

A 1 ml portion of bacterial suspension was la-
belled with 200 wCi [*S]methionine /cysteine (New
England Nuclear) for 30 min. Cells were pelleted,
washed twice in 0.9% NaCl and suspended in 500
wul protoplast buffer (25 mM Tris pH 7.0, 0.1 mg
ml~" lysozyme. [.5 mM phenyl methyl sulfonyl
fluoride, 50 ug m! "' chloramphenicol, 0.5 M su-
crose) for 10 min at 37°C. Cell pellets were resus-
pended in 200 ul lysis buffer (0.3% SDS, 170 mM
DTT, 28 mM Tris - HCI, 22 mM Tris). After 5 min
at 100°C, the samples were centrifuged (4°C, 12000
X g, 10 min). The supernatant was treated with 24
wl of solution (24 mM Tris, 475 mM Tris - HCI, 50
mM MgCl,, 1 mg ml~' DNase I, 0.25 mg ml~'
RNase A) for 15 min at 4°C. Proteins were precipi-
tated with 4 volumes of cooled acetone, in ice for 20
min. After centrifugation (4°C, 12000 X g, 10 min)
the protein pellet was suspended in 50 wl of sample
buffer {Pharmacia). Protein extracts were examined
by the O’Farrel procedure [9]. Equivalent amounts of
radioactivity from each sample were loaded onto 1-D
gels. Isoelectric focusing was performed using Im-
mobiline Dry Strips (pH 4.0 to 7.0, Pharmacia) as
recommended by the supplier. The strips were equili-
brated twice in IEF gel equilibration buffer (Milli-
pore) for 10 min and were placed on top of a 14%
SDS-polyacrylamide gel for second dimension elec-
trophoresis (Millipore Investigator™ 2-D elec-
trophoresis system, Bedford, MA). Dried gels were
exposed to Hyperfilm-MP (Amersham) at —80°C
for 7 weeks. The spots were quantified using the 2D
Analyzer computer program (Biolmage Systems
Corp.. USA).
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3. Results

3.1. Stress tolerance and cross-protection induced by
bile salts, acid and heat treatments

We determined the adaptation conditions of stress
which conferred maximum resistance on cells when
exposed to the homologous lethal stress. Under our
culture conditions the strongest induced tolerance to
bile salts (0.3%), pH 3.2 and heat (62°C) was ob-
tained under the following conditions: 0.08% bile
salts, pH 4.8 and 50°C for 30 min (data not shown).

Against bile salt treatment, bacterial survival
dropped dramatically within seconds: after 15 s treat-
ment the survival was 0.05% (Table 1), and did not
change further during a 30 min exposure (data not
shown). Acid (pH 3.2) and heat (62°C) challenge for
30 min both decreased the surviving fraction to
0.006% (Table 1).

The degree of tolerance was also determined after
3 h of exposure to the adaptation conditions. For bile
salts and acid stress, adaptation for either 30 min or
3 h leads to a comparable protection against a ho-
mologous challenge. On the other hand, 3 h heat

adapted cells are less thermotolerant than 30 min
adapted cells (3.1% versus 39.1% survival).

We investigated whether adapted cells acquired
tolerance against other environmental stresses. Heat
adapted cells showed significant cross-protection
against bile salts (18.6% survival of adapted versus
0.05% survival of control cells). Inversely, pretreat-
ment with bile salts induced significant thermotoler-
ance (0.08% versus 0.006% survival for adapted and
control cells, respectively). However, heat shock
failed to induce acid tolerance (Table 1). Acid
adapted cells exhibited a very slight augmentation of
heat resistance (0.02% versus 0.006% survival) but
acid pretreatment resulted in no cross-protection to-
wards bile salts challenge (Table 1). Moreover, bile
salt adaptation leads to an increased sensibility to the
acid challenge (0.0003% versus 0.006% survival).
Furthermore, the results show that induction of toler-
ance is maximal with stresses of homologous nature.

3.2. Changes in protein pattern and analysis of
overlapping proteins

Fig. 1 shows the analysis of polypeptide changes
between control (A) and pretreated cells (B, C and

Table 1
Development of tolerance and cross-protection in adapted growing cells of E. faecalis ATCC19433
Adaptation Challenge

Bile salts (0.3%) Acid (3.2) Heat (62°C)

15s 30s 15 min 30 min 15 min 30 min
Control 0.05 0.05 0.4 0.006 0.02 0.006
Bile salts (0.08%) 87.4 86.8 0.01 0.0003 49 0.08
Acid (4.8) 0.07 0.07 83.5 78.8 0.05 0.02

0.006 55.3 39.1

Heat (50°C) 20.1 18.6 0.6

Data are expressed as % survival.

Table 2
Induction rate of stress proteins induced by both bile salts, acid and heat in E. faecalis ATCC19433

G2 G8 G9 G10 G11 (DnakK) G12 (GroEL) G13 G20 G23
Bile salts 30.2 2.8 21.6 32 54 13.3 2.2 3.1 4.5
Acid 26.6 54 88.0 2.5 2.1 4.4 20 5.0 43
Heat 200 2.6 60.7 3.6 9.2 29.6 2.8 33 20

The bacteria were exposed to 0.08% bile salts, pH 4.8 or 50°C for 30 min.
Relative intensity of protein spots of the adapted culture (Fig. 1B,C,D) was divided by the relative intensity of protein spots of the control

(Fig. 1A) (culture in BHIB medium at 37°C).

20z I1dy 7z uo 1senb Aq 66806S/61/1/SE L/8I01HE/B|SWY/ W00 dNO"oIWBPEoE//:SARY O PAPEO|UMOQ



52

MM, kDa

MM, kDa

S. Flahaut et al. / FEMS Microbiology Letters 138 (1996) 49-54

@
2

MM, kDa

MM, kDa
g

IN
=}

20

20z I1dy 7z uo 1senb Aq 66806S/61/1/SE L/8I01HE/B|SWY/ W00 dNO"oIWBPEoE//:SARY O PAPEO|UMOQ



S. Flahaut et al. / FEMS Microbiology Letters 138 (1996) 49-54 53

D) of E. faecalis. Exposure of E. faecalis to several
individual environmental stresses resulted in changes
of a large number of proteins. Synthesis of some
proteins decreased to a minor level. On the other
hand, 44, 32 and 34 polypeptides were induced by
bile salts, acid and heat treatments, respectively.
Nine proteins, including the major heat shock pro-
teins DnaK and GroEL, were induced by all three
treatments (Table 2). The most spectacular induction
ratios are observed for G2 after the heat shock
treatment and G9 after treatment by acid and heat.
According to the terminology defined by Hecker and
Volker [10], the nine proteins induced by all treat-
ments examined here may be regarded as general
stress proteins in E. faecalis.

4. Discussion

A remarkable observation is the nearly instanta-
neous toxicity by lethal concentrations of bile salts.
This detergent could act by solubilization of mem-
brane proteins, a property widely used in protein
biochemistry methods. Despite the action of this
agent, fairly different from heat and acid action,
adaptation to bile salts leads to a significant cross-
protection towards the heat challenge. The pretreat-
ment with bile salts results in the induction of a
subset of the heat shock proteins (18 out of 21 bile
salt stress polypeptides are also induced by heat),
which may be responsible for the observed cross-
protection effect. This shows that bile salt and heat
shock responses are closely related in E. faecalis,
further confirmed by the nearly maximal cross-pro-
tection effect induced by heat-adapted cells towards
the bile salt challenge. However, in comparison to
heat-induced thermotolerance, that induced by bile
salts is less pronounced (Table 1). Therefore, acces-
sory or ‘partner’ proteins may be necessary for
protection against heat stress, and these proteins

seem to be in the fraction of heat specific polypep-
tides which are not induced by bile salts or other
stimuli. Nevertheless, the stress response to bile salts
provides a multilevel defence concomitant with in-
crease of the synthesis of numerous stress proteins.

Despite some overlap of stress proteins between
the acid regulon and the other stresses, no significant
acid-induced cross-protection is observed. Further-
more, adaptation by heat confers no protection against
acid, and bile salt adaptation even provokes sensiti-
zation of cells towards the acid challenge. These
combined data show that the acid stress triggers a
rather specific response in E. faecalis.

Strikingly, the tolerance towards bile salts and
acid challenges in E. faecalis is further improved or
maintained after prolonged exposure to adaptation
conditions. Because of its lifestyle, E. faecalis toler-
ates long periods of bile salt stress and acidic condi-
tions and subsequently seems to have developed
non-transient responses. Heat tolerance, on the other
hand, decreases after prolonged exposure; this indi-
cates that the heat shock response in E. faecalis has
a largely transient character, which is analogous to
findings in other organisms [1].

In conclusion, the results show that E. faecalis,
living in vastly differing environments, is able to
both distinguish and appropriately adjust to these
alternative surroundings. The present work stresses
that induction of tolerance is rapid, extended and
maximal with homologous stresses. The cross-pro-
tection effects observed here show that the adaptabil-
ity of E. faecalis is indeed remarkable. The results
are of potential importance for food contamination
involving E. faecalis in that shocked organisms
would become tolerant to detergent or thermic treat-
ment. Moreover, E. faecalis exposed to mild acidity
becomes acid-habituated and if subsequently in-
gested by man could resist stomach acidity or if
expelled into the external environment could survive
in acidulated foods. Killing of E. faecalis is highly

Fig. 1. Autoradiograms of *S-labelled proteins in E. faecalis ATCC19433 during exponential growth and after the imposition of stress.
Growth, labelling and gel running were performed in two independent experiments and the subsequent data analysis was accordingly based
on comparisons of the sample duplicates. A, control; B, 0.08% bile salis; C, pH 4.8; D, 50°C. The different groups of stress proteins are
marked with capital letters. BS, bile salt specific stress proteins; A, acid specific stress proteins; H, heat specific stress proteins; G, stress
proteins common to two or three stresses (Table 2). Of the G proteins, two were immunologically identified as homologues of DnaK (G11)
and GroEL (G12) in E. faecalis, by using polyclonal antibodies directed against these Hsp of E. coli (data not shown).
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dependent on the physiological state of the cells
prior to exposure to lethal conditions, indicating that
bacteria should be compared to a black box which
retains momentarily the marks of cellular trauma-
tisms.
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