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Abstract Understanding the mechanisms of stress

response and adaptation to stress in the case of lactic acid

bacteria (LAB), especially in the case of strains with

functional properties, is very important when such strains

are potential candidates for starter cultures or probiotics. In

this context, our study shows the response of some LAB

[four exopolysaccharide (EPS)-producing strains and one

strain with potential probiotic effect] to the stresses

induced by low and high incubation temperatures, acidity,

NaCl, and bile salts, often encountered during the techno-

logical processes in food or during the passage through the

human gastro-intestinal tract. The strains were able to grow

at temperatures up to 40 �C (the mesophilic strains) and

47 �C (the thermophilic strain), in medium with an initial

pH of at least 4.0 (Lactobacillus acidophilus IBB801), or in

the presence of NaCl up to 10 % (Weissella confusa/ci-

baria 38.2), or bile salts up to 0.2 % (L. acidophilus

IBB801). The protein and isoenzyme patterns of the strains

subjected to various stress conditions presented several

differences compared with the control patterns, among

which the overexpression of some proteins of about

50–60 kDa, differences in the bands intensity in the case of

the intracellular enzymes, or the complete loss of some of

these bands. The best survival to low pH values and high

temperatures was observed for strain L. acidophilus

IBB801, the candidate probiotic strain. The EPS produc-

tion of the four tested strains was, in general, directly

related to the growth, the highest yields being obtained

when strains were incubated at 24 �C.
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Abbreviations

NAD? Nicotinamide adenine dinucleotide

NADP? Nicotinamide adenine dinucleotide phosphate

NBT Nitro blue tetrazolium

PMS Phenazine methosulfate

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium bromide

Introduction

Lactic acid bacteria (LAB) play an important role in the

food industry because of their widespread application as

starter cultures for the production of many fermented

products (Doyle and Beuchat 2007; Mozzi et al. 2010).

More recently, other important features of this bacterial

group have been described: production of nutraceuticals

(vitamins, low-calorie sugars, bioactive peptides, oligo-

saccharides) with a claimed medical or health benefit, pro-

and pre-biotic effect (equilibration of the intestinal mic-

robiota, anti-tumor properties, immunomodulating and

cholesterol-lowering effects etc.), life vaccines (Wood

1999; Kneifel 2000; Hugenholtz and Smid 2002; Klaenh-

amme 2007). During the last years, the so-called ‘‘func-

tional food’’ concept was developed, attracting the

attention of both food scientists and health professionals

(Hardy et al. 2002; Leroy and DeVuyst 2004; Mozzi et al.

2010). Recently, the use of functional starter cultures in the

food fermentation industry is being explored. The func-

tional properties of these starter cultures include food

preservation and safety, health advantages (e.g. production
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of nutraceuticals), technological advantages (e.g., phage-

resistance, acceleration of maturation in cheese, prevention

of overacidification in yoghurt), but also an organoleptic

advantage (production of aroma and flavour, improvement

of texture) (Leroy and DeVuyst 2004).

Despite efforts to select new LAB strains with func-

tional properties, only a limited number of them can be

used in commercial food products or probiotics, since the

performance under optimal laboratory conditions might be

difficult to be reached under typical processing conditions

(Reina et al. 2005). For instance, the starter strains should

resist to adverse conditions encountered in industrial pro-

cesses (i.e. low and high temperatures, low pH, osmotic

stress etc.). Additionally, the formulation and preservation

of starter cultures may impose environmental stresses, such

as low pH, drying, freezing, thawing, which significantly

affect the survival and growth, fermentative capabilities

and viability of the cells, decreasing their performance

(Zotta et al. 2008).

On the other hand, LAB used as probiotics must endure

a number of stresses to ensure they reach the target site in

an adequate number to elicit an effect (Mills et al. 2011).

These bacteria need to survive in the digestive tract, maybe

colonize the digestive mucosa and express their specific

functions in these environments with unfavorable condi-

tions. Growth and survival in these environmental niches

depend on the ability of the organism to sense and respond

to varying conditions such as temperature, pH, nutrient

availability and cell population density (Buck et al. 2009).

Lactic acid bacteria, like other bacteria, have evolved

stress-sensing systems and defenses against stress, which

allow them to withstand harsh conditions and sudden

environmental changes. These bacteria respond to stress in

a very specific way depending on the species, strain, and

the type of stress (Van de Guchte et al. 2002; Serrazanetti

et al. 2009; Mills et al. 2011). Bacterial stress responses

rely on the coordinated expression of genes which alter

different cellular processes (cell division, DNA metabo-

lism, membrane composition, transport etc.) to improve the

bacterial stress tolerance (Storz and Hengge-Aronis 2000).

The time taken to initiate the stress response is different for

different treatments. For example, bacteria respond

quickly, in minutes, to heat shock (Yura et al. 1999)

compared to cold shock, in hours (Derzelle et al. 2000).

Among the stress-induced responses studied in bacteria,

the heat shock response has been described in greater detail

(Gouesbert et al. 2002; Castaldo et al. 2006; Corcoran et al.

2006; Di Cagno et al. 2006). The tolerance of LAB to heat

treatment is a complex process involving proteins with

chaperone activity, temperature sensing and control of

ribosomal functions (De Angelis and Gobbetti 2004). The

mechanisms of acid resistance have been also reported in

lactic acid bacteria. The strategies include changes in the

expression levels of acid shock proteins and enzymes, and

macromolecular changes (e.g., alteration of cytoplasmic

membrane lipid content) that allow bacteria to combat the

negative consequences of cytoplasmic acidification (Van

de Guchte et al. 2002; Wu et al. 2011). On the other hand,

the stress response to bile salts presence was much less

studied and the mechanisms of survival in these conditions

are not fully understood, although the ability to survive

exposure to bile is one of the commonly used criteria to

select potential probiotic strains. However, several genes

and molecules involved in this process have been recently

indentified in lactobacilli (Lebeer et al. 2008; Hamon et al.

2011).

Understanding the stress regulatory networks gives us

information to control these responses in order to achieve

desirable robustness of bacteria in relation to various

industrial processes. The knowledge of the mechanisms

involved in stress adaptation is essential for selecting the

most efficient strain for a particular product.

The present study aimed to characterize the response to

various stresses (i.e. low and high temperatures, acidity,

salt, and bile salts) of some functional LAB strains isolated

from Romanian artisan dairy products.

Materials and methods

Bacterial strains and culture media

Four exopolysaccharide (EPS)-producing strains, isolated

from Romanian artisan dairy products were used in this

study. They were previously identified as: Leuconostoc

citreum 1.11, L. pseudomesenteroides 20.6, L. mesentero-

ides 21.2 and Weissella confusa/cibaria 38.2, respectively

(Grosu-Tudor et al. 2013). Additionally, a termophilic

strain, Lactobacillus acidophilus IBB801, with probiotic

potential, was also used. This strain was isolated from

fermented milk and it produces acidophilin 801, which was

purified and characterized before (Zamfir et al. 1999). All

strains were kept in MRS medium (de Man et al. 1960), at

-75 �C and transferred twice in the same medium, before

the experiments.

Stress treatments

Strains were subjected to different stress conditions: incu-

bation temperatures ranging from 10 to 50 �C, pH values of

the growth medium from 2.0 to 6.5 (pH adjusted with 1 N

HCl), addition to the growth medium of NaCl up to 10 %

(w/v), and bile salts (Sigma-Aldrich Chemie GmbH, Ger-

many) up to 0.4 % (w/v), respectively. Growth/survival

was followed by measuring the pH and the optical density

of the culture at 600 nm and by counting the colony
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forming units (CFU/ml) on solid MRS medium (1.5 %,

w/v, of agar).

For the acid tolerance evaluation, two ml of overnight

cultures of the tested strains were centrifuged (10 min at

110009g) and the cellular sediment was resuspended in

two ml of MRS broth previously adjusted with 1 N HCl to

pH values of 2.0, 3.0, and 4.0, respectively. Alternatively,

1 M lactic acid (Merck KGaA, Darmstadt, Germany) was

used for the pH adjustment. The initial bacterial concen-

tration was about 1010 CFU/ml (log 10). The suspensions

were incubated at 37 �C, for 24 h (for pH adjusted with

HCl) and for 3 h (for pH adjusted with lactic acid),

respectively. Samples were taken at different time inter-

vals. Simultaneously, a control at pH 6.2 was used.

Heat resistance was tested by the method of Stopforth

et al. (2008). Cells were exposed to different temperatures

(60, 70 and 80 �C) for 1, 3, or 5 min and immediately

cooled on ice, before counting the viable cells.

Protein extraction

The cultures obtained in different conditions were centrifuged

and cells were washed twice with Tris–EDTA buffer (20 mM

Tris, 0.1 mM EDTA, pH 7.6) and re-suspended in the same

buffer, supplemented with protease inhibitors mixture

(Sigma-Aldrich). Protein extracts were obtained by sonication

using a LabsonicM apparatus (Sartorius, Germany), at 80 %

power, on ice, for 3 min. Cell debris were removed by cen-

trifugation (12 0009g, 5 min, at 4 �C). Protein content was

measured using the method of Bradford (1976).

Analysis of total proteins by one-dimensional SDS-

PAGE

The differences in cytosolic protein patterns were analysed

by one-dimensional sodium dodecyl sulfate polyacryl-

amide gel electrophoresis (SDS-PAGE). Portions of the

total protein extracts, containing similar amounts of pro-

teins were loaded onto the polyacrylamide gel. The gel and

sample preparation were done according to Laemmli

(1970). The polyacrylamide concentrations were 12 % in

the running gel and 4 % in the stacking gel. Electrophoresis

was conducted in a Compact Dual Plate apparatus V20-

CDC (Scie-Plas Ltd., UK) at a constant voltage of 90 V in

the stacking gel and 180 V in the running gel. Broad range

protein molecular weight marker (Promega, USA) was

used as reference. Gels were stained with Coomassie

Brilliant Blue.

Detection of enzymatic activities

The presence of some intracellular enzymes [lactate

dehydrogenase (LDH), alcohol dehydrogenase (ADH),

glucose-6-phosphate-dehydrogenase, superoxide dismutase

(SOD)] in the protein extract and the changes in their

respective isoenzymes patterns were detected after one

dimensional native polyacrylamide gel electrophoresis.

The separating gel (8 % concentration), the sample buffer

and the running buffer were SDS-free. Electrophoresis was

conducted at 10 �C in the same apparatus and at the same

running voltages as for the protein assay. After electro-

phoresis, gels were washed for a few seconds in distilled

water and covered with the appropriate mixture for the

enzymatic activity detection.

For LDH detection, gels were immersed into a mixture

containing Tris A buffer (0.2 M Tris, 1 mM EDTA, pH

8.0), 0.5 M D,L-lactic acid (Merck), NAD? (1 % solution),

NBT (1 % solution) and PMS (1 % solution) (all three

from Sigma-Aldrich) and they were incubated in the dark

until blue bands appear (Whitt 1970).

For ADH detection, gels were incubated in the dark with

the mixture containing Tris A buffer, 0.5 M MgCl2, etha-

nol (95�), NAD?, NBT, MTT (Sigma-Aldrich), PMS (all

as 1 % solutions in water), untill blue bands appear

(Tanksley 1979).

For glucose-6-phosphate dehydrogenase detection, gels

were incubated in the dark in a mixture of 0.1 M Tris, pH

7.5, 1 M MgCl2, glucose-6-P, NADP? (Sigma-Aldrich),

NBT and PMS, untill blue bands appear (Tanksley 1983).

Finally, for superoxide dismutase detection, gels were

incubated under a neon tube in a mixture containing Tris A

buffer, 0.5 M MgCl2, NAD?, NBT and PMS (all as 1 %

solutions in water). SOD isozymes appear as light bands on

a blue background.

Exopolysaccharide (EPS) production

EPS-producing strains were grown in filtrated mMRS (Van

der Meulen et al. 2007) at 10, 24, 37 and 40 �C to estimate

their EPS yields. The isolation and quantification of the

EPS was carried out as described previously (Degeest and

De Vuyst 1999). Total EPS yields were determined

gravimetrically by measuring the polymer dry mass (PDM)

after 48 h of drying at 37 �C. EPS isolation was done in

duplicate and results are given as the mean values of the

individual measurements.

Results and discussion

Understanding the mechanisms of stress response and

adaptation to stress in the case of LAB, especially in the

case of strains with functional properties, is very important

from a scientific and technological point of view. Strains to

be used as starter cultures require metabolic activity to

contribute to the taste and texture of the fermentation end-
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products, while strains to be used as probiotics require

vitality to exert their health-beneficial effect (Mills et al.

2011). The subject is very actual and many newly devel-

oped techniques contribute to a better understanding of the

way bacteria react to various environmental changes. In

this context, our study shows the response of some LAB

strains with potential functional properties (EPS biosyn-

thesis, potential probiotic effect) to the stresses induced by

low and high incubation temperatures, acidity, NaCl, and

bile salts. Cold/heat, salt, and low pH-induced stresses are

often encountered during the technological processes in

food, while environments with low pH and bile salts are

usually encounterred during the passage through the human

gastro-intestinal tract.

Growth/survival under stress conditions

All EPS-producing strains used throughout this study grew

well at temperatures between 24 �C and 40 �C (Table 1).

This was expected, since Leuconostoc sp. and Weissella sp.

are mesophilic, with optimal growth temperatures between

20 and 30 �C (Wood and Holzapfel 1995). Although the

growth was much slower at 10 �C, the cells kept their

viability for a long incubation period (the CFU/ml

remained almost the same for at least 24 h after reaching

the maximum, results not shown). When incubated at

40 �C, these strains showed a very fast growth in the first

3–6 h, sometimes even faster then strains incubated at 24

and 37 �C, but the viability of the cells was quikly lost

afterwards. For instance, in the case of L. pseudomesente-

roides 20.6, the CFU number decreased with 3 logs at 24 h

comparing to the maximum value reached at 6 h of

incubation (results not shown). High temperatures (45 �C

and over) were lethal to all these strains. We have previ-

ously shown that L. acidophilus IBB801, which is a ther-

mophilic strain, still grows at 47 �C, but does not grow at

temperatures higher then 50 �C (Zamfir and Grosu-Tudor

2009). This strain was also able to grow in the presence of

0.2 % of bile salts, in the presence of NaCl up to 3 % and

in the medium with an initial pH of at least 4.0. The three

Leuconostoc strains were able to grow in MRS with an

initial pH of 5.0-5.5 and in the presence of NaCl up to 6 %

(strain L. pseudomesenteroides 20.6), values within the

normal limits for this genus (Wood and Holzapfel 1995).

The presence of bile salts in the medium did not allow the

growth of these strains (results not shown).

Weissella confusa/cibaria 38.2 showed a very good

tolerance to NaCl. After 24 h of incubation in the presence

of 6 and 7 % of NaCl, the OD at 600 nm were 1.3 and 0.9,

respectively. In the presence of higher concentrations of

NaCl, the growth was slower, but after 48 h of incubation,

OD were 1.5, 0.7 and 0.6 for the cultures obtained in the

presence of 8, 9 and 10 % NaCl, respectively. This strain

was also able to grow in MRS medium with an initial pH of

at least 4.5 and even in the presence of low concentrations

(0.1 %) of bile salts.

Weissella strains have been isolated from a variety of

sources, including fresh vegetables, silage fermentation,

meat products, traditionally fermented foods and occa-

sionally from raw milk and sewage (Dellaglio and Torriani

1986; Hammes and Vogel 1995; Kandler et al. 1983; Ampe

et al. 1999; Paludan-Muller et al. 1999). During our stud-

ies, Weissella strains have been isolated from Romanian

traditionally fermented dairy products (Zamfir et al. 2006;

Table 1 Growth parameters at

different incubation

temperatures

10 �C 24 �C 37 �C 40 �C

24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h

1.11

OD600nm 0.2 0.6 1.8 2.1 2.2 2.3 0.3 0.4

CFU/ml (E-08) 10.1 18.2 134.0 120.0 60.0 51.0 1.8 0.5

pH 5.8 5.3 4.2 4.0 4.2 3.9 5.4 5.2

20.6

OD600nm 0.2 0.4 1.4 1.7 1.5 nt 1.1 nt

CFU/ml (E-08) 4.1 11.1 68.0 400.0 240.0 nt 3.3 nt

pH 5.9 5.6 4.4 4.3 4.4 nt 4.7 nt

21.2

OD600nm 0.2 0.3 1.3 1.7 1.7 nt 1.6 nt

CFU/ml (E-08) 7.7 1.5 1.9 19.0 28.0 nt 0.8 nt

pH 5.9 5.7 4.4 4.3 4.3 nt 4.5 nt

38.2

OD600nm 0.2 0.3 2.5 2.7 3.3 nt 2.6 nt

CFU/ml (E-08) 8.5 2.2 1.8 31.0 8.6 nt 120.0 nt

pH 5.9 5.7 4.3 4.2 4.2 nt 4.4 nt
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Van der Meulen et al. 2007) and from samples collected

from the initial stages of spontaneous vegetables fermen-

tations (Wouters et al. 2013). The salt resistance of these

strains is expected (Lee et al. 2002); however, the ability to

grow at such high salt concentrations is not usual for strains

belonging to this genus (Collins et al. 1993).

When exposed to high temperatures (80 �C), cells of the

tested strains were killed completely after 3 min of expo-

sure, except strain L. acidophilus IBB801, which was killed

after 5 min of exposure. Exposure to 60 and 70 �C resulted

in a slight decrease of the viable cells numbers. For

instance, for the EPS producing strains, after 5 min at

60 �C the decrease was about 1–2 logs, and after 5 min at

70 �C about 4–5 logs, depending on the strain (results not

shown). As expected, the thermophilic strain L. acidophilus

IBB801 showed a higher resistance to heat, the viable cell

number remaining almost the same after 5 min of exposure

to 60 �C and decreasing with 3 logs after 5 min of expo-

sure to 70 �C. A significant portion (about log 5 CFU/ml,

comparing with log 11 for the control) of this strain still

survived after 3 min of exposure to 80 �C.

The best acid tolerance was shown by L. acidophilus

IBB801 strain, especially when the pH was adjusted with

HCl. In this case, after 3 h of incubation at pH 2.0, the

viable cells concentration decreased with 3 logs as com-

pared with the initial value (Fig. 1c). W. confusa/cibaria

showed a very good tolerance to pH 3.0 and 4.0, the viable

cells concentration decreasing with only 2 and 1 log,

respectively, after 24 h of incubation. At pH 2.0, the viable

cells concentration decreased very fast, after 1 h of incu-

bation being with 8 logs lower, while after 2 h the viability

was completely lost. Similar results were obtained for the

three Leuconostoc strains incubated at pH 2.0. At pH

values of 3.0 and 4.0, the viable cells concentrations of

these strains slightly decreased in the first 6–8 h of incu-

bation, but after 24 h a significant decrease was seen at pH

4.0 and the viability was completely lost at pH 3.0

(Fig. 1a, b).
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Fig. 1 Survival of L.

pseudomesenteroides 20.6 (a),

L. mesenteroides 21.2 (b) and L.

acidophilus IBB801 (c) in MRS

medium, at pH 2.0 (filed

diamond), 3.0 (filed square) and

4.0 (filed triangle), adjusted

with HCl (left side) or lactic

acid (right side)
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When the pH was adjusted with lactic acid, a more

dramatic effect was observed. At pH 2.0, the viability of all

tested strains was lost immediately after the contact. Again,

L. acidophilus IBB801 was the most tolerant strain to low

pH values, the viable cells concentration slightly decreas-

ing (1–2 CFU logs) during 6 h of incubation at pH 3.0 and

4.0. Similar results were obtained for all the other strains

when incubating at pH 4.0. At pH 3.0, the viability was

completely lost after 10 min in the case of W. confusa/

cibaria 38.2 and L. citreum 1.11, 1 h in the case of L.

pseudomesenteroides 20.6, and 2 h in the case of L. mes-

enteroides 21.2.

It was previously shown that LAB can generate pH

gradients across the cell membrane, such than when the

medium pH is low, the cytoplasmatic pH is always higher.

In the presence of lactate or acetate, however, somewhat

lower pH gradients are maintained (McDonald et al. 1990).

This is because at low pH, organic acids diffuse in their

undissociated form across the cytoplasmatic membrane

causing a fast acidification of the cytoplasm and collapse of

the proton motive force, resulting in inhibition of nutrient

transport. A lower sensitivity to low pH adjusted with HCl

was also observed for sourdough lactobacilli (De Angelis

et al. 2001).

Analysis of total proteins by one-dimensional SDS-

PAGE

SDS-PAGE of the whole protein extracts from the four

EPS-producing strains cultivated at different temperatures

showed several changes of the protein patterns. The most

evident was the overexpression at high incubation tem-

peratures (37 and 40 �C) of the proteins corresponding to

about 60 kDa, most probably heat shock or chaperone

proteins, while at low incubation temperatures (10 �C) we

could detect an overexpression of the proteins corre-

sponding to about 45, 50, and 90 kDa, respectively

(Fig. 2).

A similar overexpression of the proteins corresponding

to about 60 kDa was also detected (Fig. 3) in the case of

strains L. citreum 1.11 and L. mesenteroides 21.2 when

subjected to low pH (both at pH 3.0 ajusted with lactic acid

and pH 2.0 and 3.0 adjusted with HCl). The protein pat-

terns of samples obtained from strains cultivated in the

presence of various concentrations of NaCl showed several

differences compared with the control patterns, including

an overexpression of proteins corresponding to 50–60 kDa

(results not shown).

Several compounds produced or overproduced by LAB

under stress conditions, most probably involved in the

protection of producing cells, have been described and

characterized (Van de Guchte et al. 2002; Champomier-

Verges et al. 2010). Among these, a major part is

represented by proteins and various enzymes. Heat shock

and chaperone proteins, including 60-kDa chaperonin

(GroL), chaperone protein dnaJ (DnaJ), chaperone protein

dnak (DnaK), 33-kDa chaperonin (HslO), and 10-kDa

chaperonin (GroS), are recognized as ‘‘general stress

response proteins’’, since their upregulation has been

detected as a response to various stresses, including heat,

low pH, high pressure, salt, and osmotic stress (Van de

Guchte et al. 2002; Champomier-Verges et al. 2010; Mills

et al. 2011; Wu et al. 2012). In the case of low pH,

chaperone proteins exert great impact on interacting with

the glycolytic enzymes and increase the stability of pro-

teins in the presence of acid challenge (De Angelis et al.

2004; Hormann et al. 2006).

Detection and measurements of enzymatic activities

In the isoenzymatic spectrum of LDH for the different

variants, we observed that for the mesophilic strains L.

pseudomesenteroides 20.6 and L. mesenteroides 21.2, a

second band, very weak (probably with a low specificity

for the substrate) was detected in the cultures obtained at

10 and 24 �C, comparing with the other two temperatures,

where only one band was present (Fig. 4a, arrows). Con-

formational LDH isoenzymes have been observed long ago

with the leuconostoc enzyme preparations; the corre-

sponding bands can be of different intensity, especially

when both L(?)- and D(-)-lactates are used separately as

substrates in the electrophoresis gel (Garviae 1969). For

strain L. acidophilus IBB801, the same phenomenon was

observed, but when cultivated at 37 and 40 �C (Fig. 4a,

arrows). The presence of the second LDH band was cor-

related with the higher specific LDH activity, spectropho-

tometrically measured (results not published).

75
100

KDa

25

35

50

1.11 20.6 21.2 38.2

Fig. 2 One-dimensional SDS-PAGE analysis of total proteins

extracted from L. citreum 1.11, L. pseudomesenteroides 20.6, L.

mesenteroides 21.2, and W. confusa/cibaria 38.2. The four lanes for

each strain correspond to the four incubation temperatures: 10, 24, 37,

and 40 �C
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The differences in the isoenzymatic spectrum of glu-

cose-6-phosphate dehydrogenase and ADH for the strains

incubated at different temperatures were not significant

(results not shown). The staining method used for SOD

detection resulted in a large variety of bands, proving the

low specificity of the method. We could observe, how-

ever, some differences in the intensity of some bands in

the upper part of the gel (Fig. 4b) for the strains incu-

bated at different temperatures. For the mesophilic

strains, the bands were more intense when incubated at

37 and 42 �C. For L. acidophilus IBB801, the bands

were more intense for the variants obtained at lower

temperatures (10 and 24 �C). SOD belong to a group of

antioxidant enzymes and are known to be involved in the

protection against oxidative stress in various organisms,

including LAB (Bruno-Bárcena et al. 2004). Our results

show the potential involvment of this enzyme in other

types of stresses, such as high or low incubation

temperatures.

For the strains subjected at low pH values, no significant

differences were detected in the isoenzymes patterns of

SOD between the tested variants (results not shown). In the

case of LDH, a second band (apart from the major band

detected for the control) was detected for strain L.

pseudomesenteroides 20.6 incubated for 30 min at pH 2.0

(adjusted with HCl), while for L. mesenteroides 21.2, a

second band was detected for the variants incubated for 1 h

at pH 2.0 (adjusted with HCl) and pH 3.0 (adjusted with

lactic acid), respectively (Fig 5a). In the electrophoretic

pattern of ADH isoenzymes we could also detect some

differences in the intensity of the major band in the middle

of the gel (Fig. 5b). For instance, this band was very weak

or absent for the strains subjected to lactic acid (in the case

of strains 1.11, 20.6 and 21.2). In the case of strain 38.2, we

could only detect the ADH bands for the control, but not

for the strain subjected to low pH values. The absence of

this band might be explained by the total inactivation of the

enzyme by the low pH.

Previous results showed a good correlation of growth

and the metabolic activity of these strains incubated in

different conditions (different incubation temperatures, pH

values, NaCl) as shown by the specific activity of several

intracellular enzymes (LDH, ADH, malate dehydrogenase)

(results not published). On the contrary, SOD activities

were the highest for the strains cultivated under stress

conditions. The present study confirm these findings by the

corresponding isoenzyme electrophoretic patterns.

The biochemical changes (electrophoretic patterns of

total cell proteins and of some intracellular enzymes)

induced in the presence of bile salts could not be eval-

uated since the presence of bile salts in the protein

extract interferred significantly with the electrophoretic

assays.

1.11 20.6 21.2 38.2 IBB

25

35

50

75

100

KDa

Fig. 3 One-dimensional SDS-PAGE analysis of total proteins

extracted from L. citreum 1.11, L. pseudomesenteroides 20.6, L.

mesenteroides 21.2, and Weissella confusa/cibaria 38.2. The four

lanes for each strain correspond to: control, pH 3.0 (adjusted with

lactic acid), pH 2.0, and pH 3.0 (both adjusted with HCl)

IBB               1.11         20.6           21.2            38.2              

20.6            21.2             38.2              IBB             1.11         

A

B

Fig. 4 Isoenzyme electrophoretic patterns of L. pseudomesenteroides

20.6, L. mesenteroides 21.2, and W. confusa/cibaria 38.2, L.

acidophilus IBB801, and L. citreum 1.11. The four lanes for each

strain correspond to the four incubation temperatures: 10, 24, 37, and

40 �C. A—LDH, B—SOD
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Exopolysaccharide production

The EPS yields varied significantly with the incubation

temperature. As a general rule, the highest yields were

obtained when strains were incubated at 24 �C, followed by

the yields obtained for strains incubated at 37 �C. When the

producing strains were grown at 40 �C we could not isolate

any EPS material, except for strain W. confusa/cibaria 38.2.

The yields obtained at 10 �C were much smaller, except for

strain L. citreum 1.11, for which we obtained similar

amounts with the ones obtained at 37 �C (Table 2).

EPS biosynthesis has been shown to be growth-related,

the optimal growth conditions being favourable to the

production (Torino et al. 2001; Zhang et al. 2011). How-

ever, there were also reports that optimal conditions for

EPS production by some LAB strains might be different

from those for their optimal growth (Gamar et al. 1997)

and EPS production has been considered by some authors

as a mechanism of bacterial self-protection against unfa-

vorable conditions (Ruas-Madiedo et al. 2002). On the

other hand, the growth stop of the producing strain might

result in a decrease of EPS concentration, as observed, for

instance, for strain S. thermophilus LY03 (Degeest and De

Vuyst 1999). This phenomenon might also explain why we

could not isolate any EPS material from the four EPS-

producing strains incubated at 40 �C, in which case the

cells viability decreased very quickly after 6–9 h.

Conclusions

Our study brings information about the response to various

stress conditions in the case of some potential functional

LAB strains isolated from artisan dairy products. L. aci-

dophilus IBB801 was the most tolerant strain to heat, low

pH and bile salts, which makes it suitable for further

application as a probiotic strain. The other tested strains

were moderately heat tolerant, they tolerate pH values of

3.0 or above and, except W confusa/cibaria 38.2, they were

not able to grow in the presence of bile salts. Our results

also confirm the involvment of various proteins and

enzymes in the stress responses, but also the correlation

between the metabolic activity of the tested strains grown

in optimal and stressful environments with their function-

ality (i.e. EPS production).

1.11 20.6 21.2 38.2 IBB

1.11 20.6 21.2 38.2 IBB

A

B

Fig. 5 Isoenzyme

electrophoretic patterns of L.

citreum 1.11, L.

pseudomesenteroides 20.6, L.

mesenteroides 21.2, W. confusa/

cibaria 38.2, and L. acidophilus

IBB801. The four lanes for each

strain correspond to: control, pH

3.0 (adjusted with lactic acid),

pH 2.0, and pH 3.0 (both

adjusted with HCl). A—lactate

dehydrogenase, B—alcohol

dehydrogenase

Table 2 EPS production (g/l of polymer dry mass) at different

incubation temperature in filtrated mMRS

Strain/temperature 10 �C 24 �C 37 �C 40 �C

L. citreum 1.11 11.7 17.2 12.8 0

L. pseudomesenteroides 20.6 0 2.2 1.9 0

L. mesenteroides 21.2 2.9 17.3 13.4 0

Weissella confusa/cibaria 38.2 0.3 7.2 2.4 0.08
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