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evidence for an inducible defence system
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Abstract — The aerotolerance of Streptococcus thermophilusraises the question of the existence of
a defence system against oxidative stress. This work, focused on the strain CNRZ368, provides evi-
dence that such a system actually exists and characterises its inducible and adaptative character.
Besides, it shows that survival depends on the physiological state of the culture. Moreover, CNRZ368
is subject to a conditional colonial instability, relying on oxygen conditions: grown under anaerobic
conditions, CNRZ368 does not show any polymorphism, whereas under aerobic conditions, four colo-
nial phenotypes can be distinguished. The diffuse phenotype is the predominant one. Ring, edged and
opaque phenotypes, constituting almost 1% of the population, are considered as variant phenotypes.
A statistical analysis shows the existence of an enrichment of resistant isolates to oxidative stress among
colonial variants.
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Résumé — Réponse au stress oxydatif de Streptococcus thermophilusCNRZ368 et de ces
variants coloniaux : mise en évidence d’un système de défense inductible. L’aérotolérance de Strep-
tococcus thermophilussoulève la question de l’existence d’un système de défense contre le stress oxy-
datif. Ce travail, mené sur la souche CNRZ368, montre l’existence d’un tel système ainsi que son carac-
tère inductible et adaptatif. Il montre, de plus, que la survie des cellules en conditions de stress
dépend de leur état physiologique. Par ailleurs, la souche CNRZ368 est sujette à une instabilité colo-
niale conditionnelle, dépendant de la présence d’oxygène. Cultivée en anaérobiose, CNRZ368 ne pré-
sente aucun polymorphisme, alors qu’en aérobiose, 4 phénotypes coloniaux peuvent être distingués.
Le phénotype diffus est le phénotype majoritaire. Les phénotypes auréolé, pelote et opaque, qui
représentent près de 1 % de la population, sont considérés comme des variants phénotypiques. Une
analyse statistique montre l’existence d’un enrichissement en isolats résistant à un stress oxydatif au
sein de ces variants coloniaux.
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1. INTRODUCTION

Oxidative stress can be defined as an
excess of reactive oxygen forms in the cell.
There are different types of oxygen reac-
tive molecules (including O2

.–, H2O2, OH.).
These molecular species are naturally and
inevitably produced during aerobic
metabolism [7, 8, 10, 13]. Their accumula-
tion can provoke damages to DNA [11, 15],
proteins [4–6] and lipids [9].

Aerobic organisms have developed
defence systems that allow them either to
neutralise these undesirable products before
they reach a toxic level, or to repair their
effects. Besides, all oxidative molecules are
not equivalent: O2

.– and H2O2 are known
to induce two distinct regulons (SoxRS and

OxyR, respectively) in Salmonella typhi-
muriumand E. coli [3].

Streptococcus thermophilusis an anaer-
obic aero-tolerant organism, widely used in
dairy product fermentation. During pro-
duction or conservation of these products,
oxidative stress may occur, influencing the
survival of some bacterial species and con-
sequently, the balance between bacterial
populations. The aero-tolerance of S. ther-
mophilusraises the question of the existence
of a defence system against oxygen aggres-
sion in this species. 

2. CHARACTERISATION
OF S. THERMOPHILUS
RESPONSE TO OXIDATIVE
STRESS

Considering the dichotomy of E. coli
response, the effects of two oxidative agents,
H2O2 and menadione (a superoxide radical
generator), have been studied.

2.1. Response to H2O2

2.1.1. Response to H2O2 is inducible

Exponentially growing cells of S. ther-
mophilusCNRZ368 (OD600 = 0.6) were
exposed for 15 min to a range of H2O2 con-
centrations (from 0.25 to 5 mmol.L–1),
and their survival percent was determined
by comparison with a non-treated aliquot.
Figure 1 shows that between 0.25 and
0.75 mmol.L–1, cell viability appreciably
decreased. At slightly higher concentrations,
viability increased, presumably as a result of
a defence response, and finally, decreased
again because of the saturation of the sys-
tem. This bipartite curve points out the exis-
tence and the inducible character of an
H2O2-response.

2.1.2. Response to H2O2 is adaptative

The effect on cell survival of a pre-expo-
sure to a low dose of H2O2 prior to a high
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Figure 1. Sensitivity to killing by H2O2. Sur-
vival of CNRZ368 was determined by plating
appropriate dilutions of samples after a 15 min
exposure to H2O2 of exponentially growing cells
(OD600nm= 0.6). Surviving fractions were cal-
culated relatively to colony counts without treat-
ment.



Oxidative stress response of Streptococcus thermophilus

2.1.3. Response to H2O2 depends
on cell physiological state

The influence of the physiological state of
cells facing stress was also tested. A unique
culture was divided into several aliquots,
which were treated at the beginning, the
middle or the end of the exponential phase,
or during the stationary phase. The percent
of survival to a range of H2O2 concentra-
tions for these four samples was determined
and is presented in Figure 3. The later the
culture was treated, the more it resisted
H2O2, until becoming almost insensitive,
for tested concentrations, during the sta-
tionary phase. Thus, non-growing cells
appeared to be more tolerant to H2O2 than
their growing counterparts, as it is already
known in E. coli [12].

dose of H2O2 was investigated. Exponen-
tially growing cells were exposed
to 0, 0.25 or 1 mmol.L–1 of H2O2 for 15 min,
and were then exposed to 0, 5, 7.5 or
10 mmol.L–1 for 15 min. As shown in Fig-
ure 2, pretreatment of 0.25 mmol.L–1 or of
1 mmol.L–1, has a protective effect facing
lethal doses. Thus, when exposed to sub-
lethal doses, CNRZ368 exhibited an adap-
tative response to H2O2, as previously
demonstrated in E. coli andSalmonella
typhimurium[1, 2].
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Figure 2. Effect of a H2O2 pre-treatment on cell
survival. Exponentially growing cells were prein-
cubated for 15 min in the absence (    ) or the
presence of 0.25 mmol.L–1 H2O2 (   ) or
1 mmol.L–1 H2O2 (    ). Cells were then treated
with higher hydrogen peroxide concentrations.
And then, the percent of survival was determined,
relatively to an aliquot submitted to the same
pre-treatment but not treated.

Figure 3. Change of H2O2 tolerance as a function
of physiological state. H2O2 was added at dif-
ferent times during the ensuing growth period
as a function of the OD600. Cells were treated at
OD600nm = 0.15 (s), OD600nm = 0.60 (h),
OD600nm= 0.85 (m) and OD600nm= 2.10 (n). 
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2.2. Response to menadione

Exponentially growing cells of S. ther-
mophilusCNRZ368 (OD600 = 0.6) were
exposed to a range of concentrations (rang-
ing from 0.5 to 20 mg.mL–1) of menadione.
Different stress conditions were tested, and
it appeared that the exposure of cells to this
oxidative agent had to last at least 3 h to be
efficient. The surviving percent was deter-
mined by comparison to a non-treated
aliquot. A peak of induction was also
observed (Fig. 4), and shows that a defence
system against menadione exists and is
inducible.

Considering the length of this treatment,
the effects of pre-exposure to menadione or
of the growth phase could not be tested.

3. COLONIAL PHENOTYPE AND
TOLERANCE TO OXIDATIVE
STRESS

S. thermophilusCNRZ368 is subject to a
conditional colonial instability that relies
on oxygen conditions. In the absence of
oxygen, only one colonial phenotype is
observed, whereas under aerobic conditions,
four phenotypes can be distinguished [14]
and are presented in Figure 5. The diffuse
phenotype is predominant and represents
more than 99% of the population. Never-
theless, the three others (ring, edged and
opaque) constitute almost 1%. When iso-
lates of the four morphological phenotypes
of CNRZ368 were plated, the respective
colonial phenotype persisted in the majority
of each progeny. Nevertheless, colonies with
a different phenotype from that of the parent
clone were observed. Switching phenom-
ena occurred with proportions ranging from
0.3% to 11.7% depending on the phenotype
of the plated clone [14].

In order to identify a possible link
between this colonial polymorphism and
oxidative stress, several isolates of the four
phenotypes were subcloned, and tested for
their tolerance to menadione. The clone sen-
sitivity level was determined by measure-
ment of the inhibition area produced by a
menadione-soaked disc, laid on a confluent
lawn.

The inhibition area obtained for the het-
erogeneous strain CNRZ368 was measured
five times and was used as a reference value
to compare the values of the 88 tested
clones. These five measurements also per-
mitted the evaluation of their reproducibil-
ity. The 88 clones were then classified into
three groups depending on their menadione
tolerance. The first group corresponds to
clones which exhibit an inhibition area com-
parable to that of the strain CNRZ368 and
puts together most of the isolates (64/88).
The second one reassembles 21 clones
which present a smaller inhibition area com-
pared to the strain CNRZ368 showing their
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Figure 4. Sensitivity to killing by menadione.
Survival was determined by plating appropriate
dilutions of samples. These fractions were cal-
culated relative to colony counts without treat-
ment.
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allowed the isolation of three sensitive
clones (two ring and one opaque).

4. CONCLUSION

In spite of being anaerobic, Streptococcus
thermophilusdisposes of an inducible
defence system against H2O2 and against
menadione. The question remains as to
whether these two responses result from the
induction of two distinct regulons, as in
E. coli [3], or of a single one. However, the
defence against H2O2 appears to be
inducible and adaptative, and depends on
the physiological state of the cells.

Moreover, the variability of menadione-
tolerance is a new aspect of S. thermophilus
instability, which seems to be linked to

resistance. Finally, sensitive clones were
regrouped in a third class and were found
to be in a minority (3/88).

The menadione tolerance was then cor-
related with the clone colonial phenotype
and is presented in Table I. It appears that
the three populations of variants (ring, edged
and opaque) are statistically different from
the diffuse one, since they contain a larger
proportion of resistant isolates. No more
than 3.5% of diffuse clones were resistant to
menadione, whereas this rate reached 26 to
38% for the three other phenotypes. Enrich-
ment in menadione-resistants is thus
observed in the variants compared to the
predominant colonial phenotype.

Concerning the sensitive variants, the
sample was not representative enough to
lead to a conclusion. However, this analysis
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Figure 5. Colonial phenotypes of S. thermophilusCNRZ368 in aerobical conditions.

Table I. Resistant and sensible variants in the four morphotype populations.

Diffuse Ring Edged Opaque

Tested isolates 28 23 21 16 
Non-modified isolates* 27 15 13 19 
Resistant isolates 21 26 28 16 
Sensitive isolates 20 22 20 11
P** 21 < 0.040 < 0.007 < 0.040 
Percent of resistants 3.5 26 38 37.5 

* Isolates exhibiting an inhibition area comparable to that of the strain CNRZ368.
** Probability that the frequency of menadione-resistant isolates in each colonial morphotype was similar to
that observed in the diffuse morphotype.
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colonial polymorphism. Thus, selection of
conditional colonial variants may constitute
an efficient preliminary screen allowing sim-
ple selection for variants resistant to oxida-
tive agents like menadione.
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