
Food &
Function

PAPER

Cite this: Food Funct., 2023, 14, 2128

Received 24th October 2022,
Accepted 30th January 2023

DOI: 10.1039/d2fo03215e

rsc.li/food-function

Application of pre-adaptation strategies to
improve the growth of probiotic lactobacilli under
food-relevant stressful conditions†

Giulia Bisson, Michela Maifreni, Nadia Innocente and Marilena Marino *

While formulating a probiotic food, it is mandatory to make sure that the viability of probiotics is adequate

at the point of consumption, which can be strongly compromised by stressful conditions due to low pH

and high osmolarity. In this study, three probiotic lactobacilli were subjected to different pre-adaptation

conditions, and the turbidimetric growth kinetics in challenging conditions (pH 4.0–6.5, NaCl 1–7%,

sucrose 0.1–0.7 M) were evaluated. Different effects were observed for Lactobacillus acidophilus,

Lacticaseibacillus casei, and Lactiplantibacillus plantarum. Indeed, pre-exposition to sub-optimal con-

ditions in terms of pH and % NaCl significantly improved the ability of L. acidophilus and L. casei to over-

come the osmotic stress due to salt or sucrose, and similar effects were observed for acidic stress.

L. plantarum showed to be more tolerant to the challenging conditions applied in this study. Anyway, the

pre-adaptation at conditions SUB_1 (pH 4.5 and NaCl 4%) and SUB_2 (pH 5 and NaCl 2%) speeded-up its

growth kinetics by reducing the length of the lag phase under sucrose stress and enhancing the

maximum growth rate at the highest pH tested. Moreover, an improvement in biomass amount was

observed under sucrose stress. The whole data evidenced that the application of the appropriate pre-

adaptation condition could contribute to making probiotics more robust towards challenging conditions

due to food matrix, processing, and storage as well as gastrointestinal transit. Further studies will be

necessary to gain insight into the proteomics and metabolomics responsible for increased tolerance to

stressful conditions.

Introduction

The growing interest in beneficial microorganisms has
increased the demand for foods containing probiotics which
are known as “living microorganisms that, when administrated
in adequate amounts, confer benefits on the host”.1 Following
this definition, a microorganism must be alive and present in
the food in a sufficient amount by the end of its shelf-life to
pass through the gastrointestinal tract and reach the target
site, i.e., the gut. To be effective, a probiotic food should
contain at least 107 cfu g−1 or mL−1 at the time of consump-
tion to ensure the daily recommended intake that should be
near 109 cfu per die.2,3

Often the food doesn’t represent the optimum environment
for the survival of probiotic microorganisms. Both matrix and
processing parameters (e.g., pH, temperature, dissolved
oxygen, sugar or salt concentration, nutrients, …) could com-

promise probiotics’ survival.4,5 The presence of an oxygenic
environment in yogurt during manufacture and storage nega-
tively affected the survival of Lactobacillus acidophilus and
Bifidobacterium spp.6 Also, the acidic environment in fruit
juices (orange and apple) reduced the viability of some
Lactobacillus and Bifidobacterium strains during refrigerated
storage.7 Moreover, a significant loss of viability can occur
during the gastrointestinal transit (GIT), both due to the acidic
gastric environment and the antimicrobial activity of bile
salts.8 For this reason, scientific research has focused on the
study of different strategies to improve probiotics’ stability and
functionality.5,9

Strain selection allows the identification of the best-per-
forming strains showing stress resistance during food pro-
duction, storage, and GIT.10 However, this technique has some
drawbacks due to the need to characterize a large panel of
strains by using phenotypical tests, which is quite time-
consuming.11

The encapsulation processes consist in segregating a sensi-
tive component (i.e., probiotic cells) from the surrounding
environment by enclosing it within a proper substance that
will protect and release it at the target site.12 This approach

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2fo03215e

Department of Agricultural, Food, Animal and Environmental Sciences, University of

Udine, via Sondrio 2/A, 33100 Udine, Italy. E-mail: marilena.marino@uniud.it

2128 | Food Funct., 2023, 14, 2128–2137 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 1

1:
36

:5
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0001-5152-8794
http://orcid.org/0000-0001-7443-3472
https://doi.org/10.1039/d2fo03215e
https://doi.org/10.1039/d2fo03215e
https://doi.org/10.1039/d2fo03215e
http://crossmark.crossref.org/dialog/?doi=10.1039/d2fo03215e&domain=pdf&date_stamp=2023-02-18
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2fo03215e
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO014004


has some disadvantages due to the possible negative effects on
the texture and sensory properties of the food product.13

The improvement of stress tolerance can also be obtained
through gene modification, inducing the expression of genes
already present on the strain, or by introducing genes from
other microbial species. However, genetic modification of
organisms is not well accepted by consumers and is not
allowed in many countries.14

The cultivation of probiotics under sub-lethal conditions
before exposing them to a challenging environment has shown
to increase their survival. Lactobacilli after a pre-treatment
under sub-lethal conditions can develop adaptive stress
responses which result in an improvement of their ability to
grow under severe levels of the same stress.15–17 Moreover, bac-
terial strains can develop cross-tolerance, which means that
cells preadapted under mild stress conditions increased their
tolerance towards diverse harsher conditions such as high
temperatures, acidity, as well as oxygen presence.18–22

The improvement of viability after pre-adaptation has been
demonstrated also in foods, e.g., yogurt and skimmed
milk.23,24 The bacterial response to sublethal stress is strictly
related to the microbial strain and to the growth limits for
each parameter (sublethal level).25 Very recently, a turbidi-
metric study of the growth kinetic parameters, in terms of
length of the lag phase, maximum growth rate, as well as
maximum growth achieved during the stationary phase has
been reported as a useful tool to identify growth limits that
can be used as a starting point for an adaptation strategy.26

Despite its rapidity, a turbidimetric approach has never been
applied to explore the effect of pre-adaptation strategies on
probiotic growth. Thus, this study aimed to assess the conse-
quences of the pre-adaptation on the growth kinetics of three
probiotic lactobacilli strains challenged under stressful con-
ditions (pH, % NaCl, and sucrose).

Materials and methods
Media and reagents

Lactobacillus acidophilus Lyofast LA3, Lacticaseibacillus casei
Lyofast BGP93, and Lactiplantibacillus plantarum Lyofast
BG112 were purchased from Sacco s.r.l. (Como, Italy). De Man
Rogosa Sharpe broth (MRS), technical agar, and Maximum
Recovery Diluent (MRD) were from Oxoid (Milan, Italy).
D-(+)-sucrose, glycerol, 1 M hydrochloric acid (HCl), sodium
hydroxide (NaOH), and sodium chloride (NaCl) were from
Sigma-Aldrich (Milan, Italy).

Inoculum preparation

L. acidophilus, L. casei, and L. plantarum were stored at −80 °C
in MRS broth with 30% (v/v) glycerol. Before each analysis, one
loopful of each culture was inoculated into 10 mL of MRS
broth and incubated at 37 °C overnight in anaerobiosis. Cells
were washed twice (13 000g at 4 °C for 10 min) and resus-
pended in MRD (final concentration of about 108 cfu mL−1, as
evaluated in a preliminary step by viable counts on MRS agar).

Pre-adaptation of probiotics to sub-optimal conditions

According to previous data,26 for each strain two different sub-
optimal conditions were chosen (SUB_1 and SUB_2; Table 1).
3 mL of overnight cultures were diluted in MRD 1 : 100 (v/v) and
added to 300 mL of MRS modified, when necessary, with HCl 1
M, NaCl, or sucrose. Then cultures were incubated at 30 °C for
48 h under stirring at 100 rpm. During incubation, the pH of the
medium was maintained at the pre-set value by adding 0.5 M
NaOH. At the end of the fermentation (stationary phase moni-
tored by optical density; data not shown) cells were recovered by
centrifugation at 13 000g for 2 min at 4 °C, washed twice, and
resuspended in MRD at approximately 106 cfu mL−1.

Growth of probiotics under optimal conditions

3 mL of the overnight cultures were diluted 1 : 100 (v/v) in
MRD and added to 300 mL of MRS broth incubated at 37 °C
for 24 h. Cells were recovered, washed as described above and
resuspended in MRD at approximately 106 cfu mL−1 (control
cells, i.e., CTRL).

Growth kinetic determination

Growth curves were obtained in MRS broth modified at pH
4.0–6.5 (whit 0.5-intervals), with 1–7% NaCl (1%-intervals) or
0.1–0.7 M (0.1-intervals) sucrose. Duplicate wells of
U-bottomed 96-well microtiter plates (Corning Life Science,
Corning, NY) were added with 190 µl of modified MRS and
inoculated with 10 µl of the cell cultures. Microplates were
incubated at 37 °C for 48 h and optical density at 630 nm
(OD630) was determined at 30 min intervals by a Sunrise micro-
plate reader (Tecan, Cernusco sul Naviglio, Milan, Italy).26 The
kinetic data were modelled using the online tool GCAT27

according to the Gompertz equation:28

y ¼ A exp � exp
μmax

A
λ� tð Þ þ 1

h in o

where t is time (h), y is response (i.e., the log-transformed OD
value), A (amplitude) is the upper asymptote, μmax is the
maximum specific growth rate (log OD per h), and λ is the lag
time (h).

Statistical analysis

All trials were carried out in two biological replicates, and for
each replicate, at least two technical replicates were prepared.
Data were expressed as the mean (n ≥ 4). t-Test (p < 0.05) was
performed using R v. 3.1.1. for Windows (https://www.
r-project.org/).

Table 1 Pre-exposition conditions for each strain

Strain Condition pH NaCl (%) Sucrose (M)

L. acidophilus SUB_1 4.5 4.0 —
SUB_2 5.0 2.0 —

L. casei SUB_1 5.0 — 0.3
SUB_2 5.0 2.0 —

L. plantarum SUB_1 4.5 4.0 —
SUB_2 5.0 2.0 —
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Results

All the turbidimetric growth curves were modelled using the
GCAT online tool and fitted well with the Gompertz model, with
coefficients of determination (R squared) in the range
0.997–1.000, and RSS (Residual Sum of Squares) between 0.01
and 2.39. An example of the GCAT output is reported in Fig. S1.†

Effect of pre-adaptation on L. acidophilus growth

Pre-adaptation to both sub-optimal conditions (SUB_1 and
SUB_2) significantly improved the growth rate of L. acidophilus
under NaCl, sucrose, and acidic stress. As an example, Fig. 1
shows the growth of L. acidophilus in presence of NaCl 2%. As
reported in Table 2, non-pre-adapted L. acidophilus didn’t grow

at all at NaCl concentrations >1%, whereas pre-adapted cells
did.

At NaCl 2% the stationary phase was reached after 16 and
18 h for SUB_1 and SUB_2, respectively. Moreover, the pre-
adaptation to both sub-optimal conditions allowed the growth
of L. acidophilus at the highest NaCl concentration used in this
study (7%).

In presence of sucrose, non-pre-adapted L. acidophilus grew
also at the highest concentration tested (0.7 M) although the
lag phase values ranged from about 14 h (0.1 M) to about 19 h
(0.7 M), the maximum growth rate was ≤0.2 log OD per h and
amplitude ≤1.2 OD. The pre-adaptation to both the sub-
optimal conditions significantly reduced the lag phase at all
the tested concentrations with a maximum lag phase value of
about 8 hours for the SUB_2 cells exposed to the highest
sucrose concentration tested. In this condition, the maximum
growth rate significantly increased up to ten times while the
amplitude almost tripled.

As for acidic stress, the control culture of L. acidophilus was
able to grow, although very slowly, starting from pH 5, with a
lag phase of more than 26 h. As the pH increased, the growth
kinetics shortened. At both the sub-optimal conditions
applied, this species grew even at pH < 5 with very short lag
times (between 4.59 and 7.49 h). Furthermore, at all the con-
ditions tested, the pre-adaptation of the cells led to an increase
in the maximum growth rate and amplitude, and the latter
value increased by over 60% in nearly all conditions.

Effect of pre-adaptation on L. casei growth

Control L. casei cells could grow up to NaCl concentrations of 5%
with a lag phase of about 26 h. In this condition, SUB_1 and

Fig. 1 Growth curve of L. acidophilus in presence of NaCl 2% (dashed
line, CTRL; continuous line, SUB_1; dotted line, SUB_2).

Table 2 Effect of pre-adaptation on the growth parameters of L. acidophilus. For each parameter, data are reported as a mean (n ≥ 4) followed by
RSD (between parentheses). Asterisk indicates a significant difference (p < 0.05) with respect to control (CTRL). NG means no growth observed
within 48 h

Condition

Lag phase (h) μmax (log OD per h) Amplitude (OD)

CTRL SUB_1 SUB_2 CTRL SUB_1 SUB_2 CTRL SUB_1 SUB_2

NaCl 1% 23.57 (0.13) 5.09* (0.16) 6.20* (0.13) 0.12 (0.50) 0.41* (0.07) 0.38* (0.05) 1.53 (0.06) 2.32* (0.10) 2.24* (0.17)
NaCl 2% NG 4.98* (0.06) 6.72* (0.09) NG 0.37* (0.06) 0.36* (0.14) NG 2.35* (0.05) 2.30* (0.09)
NaCl 3% NG 3.91* (0.13) 7.08* (0.07) NG 0.27* (0.06) 0.33* (0.11) NG 2.33* (0.05) 2.31* (0.13)
NaCl 4% NG 5.93* (0.08) 7.63* (0.04) NG 0.33* (0.09) 0.28* (0.10) NG 2.31* (0.03) 2.26* (0.04)
NaCl 5% NG 6.57* (0.09) 8.49* (0.09) NG 0.21* (0.17) 0.24* (0.06) NG 2.30* (0.01) 2.25* (0.16)
NaCl 6% NG 7.93* (0.03) 10.72* (0.05) NG 0.22* (0.14) 0.23* (0.06) NG 2.34* (0.10) 2.26* (0.09)
NaCl 7% NG 9.73* (0.01) 13.00* (0.08) NG 0.16* (0.19) 0.15* (0.06) NG 2.25* (0.02) 2.26* (0.14)

Sucrose 0.1 M 14.12 (0.14) 5.58* (0.05) 6.79* (0.12) 0.20 (0.05) 0.45* (0.08) 0.46* (0.09) 1.20 (0.04) 2.30* (0.10) 2.27* (0.15)
Sucrose 0.2 M 10.79 (0.19) 5.88* (0.10) 6.97* (0.13) 0.04 (0.10) 0.45* (0.04) 0.43* (0.11) 1.23 (0.03) 2.32* (0.10) 2.26* (0.10)
Sucrose 0.3 M 18.29 (0.14) 6.22* (0.16) 7.38* (0.07) 0.06 (0.28) 0.45* (0.04) 0.45* (0.05) 1.26 (0.06) 2.29* (0.02) 2.26* (0.16)
Sucrose 0.4 M 16.68 (0.18) 6.58* (0.12) 7.81* (0.13) 0.07 (0.14) 0.42* (0.03) 0.42* (0.10) 1.18 (0.05) 2.28* (0.06) 2.24* (0.18)
Sucrose 0.5 M 17.66 (0.28) 6.84* (0.07) 8.14* (0.12) 0.04 (0.35) 0.38* (0.04) 0.37* (0.11) 0.85 (0.07) 2.28* (0.03) 2.23* (0.17)
Sucrose 0.6 M 16.70 (0.12) 6.84* (0.13) 8.04* (0.06) 0.04 (0.07) 0.32* (0.09) 0.31* (0.15) 0.70 (0.05) 2.28* (0.12) 2.24* (0.02)
Sucrose 0.7 M 19.46 (0.07) 7.25* (0.08) 8.66* (0.07) 0.03 (0.17) 0.29* (0.11) 0.29* (0.15) 0.61 (0.15) 2.27* (0.08) 2.21* (0.09)

pH 4.0 NG 5.93* (0.07) 7.49* (0.13) NG 0.17* (0.14) 0.17* (0.29) NG 2.24* (0.02) 2.16* (0.19)
pH 4.5 NG 4.59* (0.13) 6.93* (0.12) NG 0.21* (0.06) 0.24* (0.21) NG 2.31* (0.06) 2.24* (0.16)
pH 5.0 26.52 (0.08) 4.77* (0.03) 5.99* (0.12) 0.03 (0.07) 0.31* (0.10) 0.26* (0.14) 1.40 (0.04) 2.31* (0.06) 2.25* (0.12)
pH 5.5 18.61 (0.16) 4.51* (0.07) 5.41* (0.07) 0.07 (0.06) 0.34* (0.03) 0.28* (0.09) 1.45 (0.07) 2.30* (0.07) 2.23* (0.17)
pH 6.0 10.63 (0.09) 4.53* (0.04) 5.35* (0.06) 0.06 (0.02) 0.37* (0.07) 0.29* (0.15) 1.46 (0.05) 2.35* (0.07) 2.28* (0.19)
pH 6.5 6.59 (0.12) 4.72* (0.11) 5.49* (0.09) 0.04 (0.08) 0.38* (0.09) 0.30* (0.10) 1.64 (0.03) 2.35* (0.11) 2.29* (0.18)
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SUB_2 cultures showed a 4-times shorter lag phase and increased
maximum growth rate and amplitude values (Table 3).

At NaCl concentrations >5% control cells didn’t grow at all
while SUB_1 and SUB_2 cells were able to grow relatively fast.

As for sucrose, non-preadapted L. casei grew at all the con-
centrations tested. The pre-exposition to both SUB_1 and
SUB_2 led to a two- and three-times shorter lag phase and to a
two-times faster growth rate in the exponential phase. No
effect on the amplitude was observed.

As for acidic stress, non-pre-adapted L. casei grew at all the
pH tested even though growth kinetics were generally slower as
the pH decreased. The application of sub-optimal pre-adap-
tation significantly reduced the lag phase with a more appreci-
able effect at pH < 5. As an example, Fig. 2 shows the growth of
L. casei at pH 4.

Effect of pre-adaptation on L. plantarum growth

L. plantarum control cultures well-tolerated salt stress, as they
grew up to the maximum NaCl concentration tested (7%),
despite the lag phase lasting about 32 h (Table 4). Anyway, at
all the NaCl concentrations tested, the pre-adaptation led to a
significantly shorter lag phase and higher maximum growth
rate with respect to CTRL cells with a more evident effect for
SUB_1 cells. As for SUB_2 cells, the shortening of the lag
phase was observed starting from NaCl 4%. No effect was
observed on the maximum growth rate.

On the other hand, the SUB_1 condition seems to positively
affect L. plantarum increasing the maximum growth rate up to
NaCl 5%. The amplitude was not affected at all by pre-expo-
sition to sub-optimal conditions.

L. plantarum well tolerated a sucrose-rich environment and
grew up to 0.7 M (Fig. 3). The pre-exposition to SUB_1 however
reduced the lag phase by up to 4 h and increased the ampli-
tude at all the concentrations tested, while the maximum
growth rate was enhanced only at sucrose ≤0.2 M. Instead,
SUB_2 reduced the lag phase of L. plantarum at sucrose ≥0.5
M, while the maximum growth rate decreased starting from
0.3 M sucrose. As opposed to SUB_2, SUB_1 improved the
maximum growth rate up to 0.2 M sucrose.

A different effect between SUB_1 and SUB_2 was also
observed in the case of acidic stress. SUB_1 demonstrated to
shorten the lag phase by about 1 h at pH 6.5 while starting
from pH 4.5 the maximum growth rate almost doubled. As for
SUB_2, no effect on lag phase and amplitude was observed,
and only an increase in growth rate was observed at pH ≥ 6.

Table 3 Effect of pre-adaptation on the growth parameters of L. casei. For each parameter, data are reported as a mean (n ≥ 4) followed by RSD
(between parentheses). Asterisk indicates a significant difference (p < 0.05) with respect to control (CTRL). NG means no growth observed within
48 h

Condition

Lag phase (h) μmax (log OD per h) Amplitude (OD)

CTRL SUB_1 SUB_2 CTRL SUB_1 SUB_2 CTRL SUB_1 SUB_2

NaCl 1% 15.46 (0.13) 5.12* (0.12) 4.96* (0.12) 0.18 (0.02) 0.45* (0.06) 0.42* (0.08) 2.24 (0.09) 2.37 (0.13) 2.34 (0.05)
NaCl 2% 11.85 (0.25) 5.57* (0.13) 5.18* (0.10) 0.11 (0.18) 0.42* (0.11) 0.38* (0.06) 2.31 (0.03) 2.33 (0.07) 2.33 (0.08)
NaCl 3% 13.94 (0.07) 6.18* (0.13) 5.62* (0.05) 0.10 (0.07) 0.37* (0.03) 0.35* (0.14) 2.20 (0.05) 2.28 (0.14) 2.29 (0.10)
NaCl 4% 18.90 (0.16) 6.91* (0.14) 6.13* (0.16) 0.08 (0.09) 0.33* (0.06) 0.30* (0.13) 2.21 (0.03) 2.27 (0.03) 2.26 (0.03)
NaCl 5% 26.86 (0.09) 7.86* (0.32) 6.49* (0.23) 0.05 (0.18) 0.26* (0.16) 0.21* (0.15) 1.71 (0.09) 2.25* (0.10) 2.25* (0.09)
NaCl 6% NGa 10.30* (0.10) 8.57* (0.12) NG 0.19* (0.15) 0.18* (0.26) NG 2.32* (0.16) 2.24* (0.14)
NaCl 7% NG 13.42* (0.03) 10.09* (0.04) NG 0.14* (0.20) 0.12* (0.19) NG 2.24* (0.14) 2.25* (0.06)

Sucrose 0.1 M 11.99 (0.17) 5.44* (0.04) 5.05* (0.16) 0.20 (0.02) 0.47* (0.05) 0.44* (0.10) 2.26 (0.03) 2.33 (0.13) 2.29 (0.04)
Sucrose 0.2 M 9.90 (0.10) 6.00* (0.10) 5.65* (0.16) 0.13 (0.08) 0.49* (0.08) 0.45* (0.04) 2.33 (0.11) 2.33 (0.09) 2.27 (0.10)
Sucrose 0.3 M 11.63 (0.09) 6.24* (0.06) 5.88* (0.17) 0.13 (0.11) 0.46* (0.03) 0.44* (0.04) 2.31 (0.03) 2.29 (0.06) 2.26 (0.09)
Sucrose 0.4 M 14.49 (0.07) 6.51* (0.05) 6.13* (0.08) 0.13 (0.13) 0.42* (0.11) 0.41* (0.05) 2.28 (0.09) 2.28 (0.14) 2.25 (0.07)
Sucrose 0.5 M 17.01 (0.12) 6.89* (0.04) 6.62* (0.09) 0.14 (0.14) 0.39* (0.03) 0.38* (0.05) 2.26 (0.10) 2.27 (0.17) 2.27 (0.09)
Sucrose 0.6 M 18.30 (0.15) 7.06* (0.02) 6.50* (0.18) 0.14 (0.04) 0.33* (0.11) 0.32* (0.10) 2.19 (0.11) 2.25 (0.08) 2.29 (0.10)
Sucrose 0.7 M 22.09 (0.09) 7.55* (0.05) 7.22* (0.08) 0.15 (0.06) 0.31* (0.13) 0.29* (0.07) 2.17 (0.02) 2.28 (0.12) 2.23 (0.09)

pH 4.0 28.95 (0.10) 5.71* (0.09) 5.41* (0.15) 0.09 (0.11) 0.18* (0.07) 0.17* (0.05) 1.83 (0.13) 2.20* (0.09) 2.23* (0.14)
pH 4.5 17.53 (0.06) 5.33* (0.09) 5.21* (0.10) 0.13 (0.03) 0.24* (0.05) 0.23* (0.10) 2.10 (0.11) 2.29* (0.02) 2.28* (0.04)
pH 5.0 9.15 (0.11) 4.94* (0.12) 4.34* (0.14) 0.10 (0.09) 0.32* (0.04) 0.28* (0.03) 2.21 (0.09) 2.28* (0.03) 2.29* (0.09)
pH 5.5 7.71 (0.09) 4.86* (0.06) 4.27* (0.16) 0.12 (0.07) 0.35* (0.04) 0.33* (0.14) 2.25 (0.11) 2.27 (0.12) 2.29 (0.06)
pH 6.0 7.81 (0.17) 4.67* (0.06) 4.04* (0.15) 0.13 (0.03) 0.38* (0.07) 0.31* (0.05) 2.28 (0.05) 2.29 (0.06) 2.29 (0.09)
pH 6.5 7.95 (0.19) 4.75* (0.02) 4.84* (0.10) 0.14 (0.06) 0.38* (0.10) 0.35* (0.10) 2.31 (0.13) 2.31 (0.16) 2.31 (0.04)

Fig. 2 Growth curve of L. casei at pH 4 (dashed line, CTRL; continuous
line, SUB_1; dotted line, SUB_2).
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Discussion

To investigate the occurrence and magnitude of adaptive stress
responses to a challenging environment in probiotics, lacto-
bacilli were pre-adapted to different sub-optimal conditions,
then kinetic parameters under challenging conditions were
assessed. The data obtained were compared with that of
control cultures (i.e., non-preadapted cell cultures). In many
cases, pre-adaptation induced a modification of the growth
kinetics both in terms of shortening of the lag phase and
increase of the maximum growth rate and the biomass
obtained in the exponential phase.

The probiotic strain for which pre-adaptation proved to be
most effective was L. acidophilus. L. acidophilus is a probiotic

widely used in dietary supplements, however, its addition to
foods is only related to dairy foods, especially yogurt and fer-
mented milk.29,30 One reason for the limited use of this pro-
biotic species in foods is its low tolerance to osmotic stress. In
the presence of osmotic stress, probiotics can suffer in terms
of loss of cell turgor and changes in solute concentration, as
well as changes in cell volume.17

In this study, control cells of L. acidophilus were able to
grow only up to 1% NaCl. Instead, in presence of sucrose it
grew up to the maximum concentration tested (0.7 M), even if
as the sucrose concentration increased, the length of the lag
phase increased, and the growth rate decreased. This different
behavior under osmotic stress may be due to the nature of the
solute. Indeed, both NaCl and sucrose generate osmotic stress,
however, the cell damage due to NaCl is more severe than that
of sucrose. High saline concentrations can increase the pro-
duction of ROS, inhibit DNA replication and transcription, and
damage proteins. Instead, in presence of a sucrose-rich
environment, LAB can reduce the osmotic pressure differences
between the external environment and the cytoplasm by acti-
vating transport systems on the cell membrane.31 The
response mechanism of L. acidophilus to osmotic stress could
also involve the increase of production of S-layer proteins that
are linked to a protective role, forming stealth that protects the
cell from environmental stresses.32 For example, the exposition
of L. acidophilus ATCC4356 to NaCl 0.6 M increased the
amount of S-layer proteins on the cell surface.33

Pre-adaptation conditions applied to L. acidophilus differed
for pH and NaCl concentration (i.e., SUB_1, pH 4.5 and NaCl
4%, and SUB_2, pH 5 and NaCl 2%). Regardless of the pre-
adaptation conditions, SUB_1 and SUB_2 stimulated the

Fig. 3 Growth curve of L. plantarum in presence of sucrose 0.7 M
(dashed line, CTRL; continuous line, SUB_1; dotted line, SUB_2).

Table 4 Effect of pre-adaptation on the growth parameters of L. plantarum. For each parameter, data are reported as a mean (n ≥ 4) followed by
RSD (between parentheses). Asterisk indicates a significant difference (p < 0.05) with respect to control (CTRL)

Condition

Lag phase (h) μmax (logOD per h) Amplitude (OD)

CTRL SUB_1 SUB_2 CTRL SUB_1 SUB_2 CTRL SUB_1 SUB_2

NaCl 1% 6.56 (0.05) 5.81* (0.17) 6.83 (0.04) 0.27 (0.11) 0.42* (0.09) 0.26 (0.02) 2.33 (0.12) 2.29 (0.16) 2.25 (0.05)
NaCl 2% 7.33 (0.14) 5.55* (0.18) 7.04 (0.07) 0.25 (0.16) 0.36* (0.10) 0.23 (0.11) 2.36 (0.09) 2.27 (0.06) 2.29 (0.03)
NaCl 3% 8.56 (0.18) 6.13* (0.33) 7.90 (0.08) 0.24 (0.25) 0.35* (0.11) 0.22 (0.12) 2.27 (0.07) 2.23 (0.11) 2.29 (0.10)
NaCl 4% 10.44 (0.19) 6.85* (0.22) 8.60* (0.08) 0.22 (0.14) 0.32* (0.11) 0.20 (0.07) 2.32 (0.09) 2.27 (0.12) 2.28 (0.09)
NaCl 5% 12.96 (0.08) 7.23* (0.14) 9.45* (0.08) 0.19 (0.26) 0.26* (0.10) 0.16 (0.10) 2.36 (0.06) 2.30 (0.02) 2.26 (0.03)
NaCl 6% 20.69 (0.05) 8.77* (0.09) 12.50* (0.02) 0.14 (0.43) 0.18 (0.18) 0.12 (0.14) 2.23 (0.01) 2.28 (0.07) 2.16 (0.13)
NaCl 7% 32.01 (0.09) 11.59* (0.17) 18.90* (0.01) 0.12 (0.33) 0.15 (0.26) 0.10 (0.08) 2.22 (0.07) 2.19 (0.15) 2.03 (0.07)

Sucrose 0.1 M 7.00 (0.04) 5.86* (0.15) 7.48 (0.11) 0.36 (0.03) 0.45* (0.07) 0.33 (0.04) 1.95 (0.14) 2.31* (0.10) 2.23* (0.14)
Sucrose 0.2 M 8.17 (0.12) 6.31* (0.16) 7.65 (0.05) 0.37 (0.08) 0.47* (0.05) 0.32 (0.04) 1.98 (0.04) 2.32* (0.13) 2.24* (0.12)
Sucrose 0.3 M 8.87 (0.06) 6.69* (0.15) 8.21 (0.07) 0.42 (0.05) 0.49 (0.05) 0.33* (0.08) 1.98 (0.01) 2.31* (0.16) 2.28* (0.05)
Sucrose 0.4 M 9.74 (0.10) 6.98* (0.06) 8.86 (0.21) 0.40 (0.05) 0.45 (0.02) 0.29* (0.10) 1.72 (0.15) 2.29* (0.06) 2.24* (0.09)
Sucrose 0.5 M 10.43 (0.10) 7.23* (0.17) 9.07* (0.12) 0.38 (0.10) 0.40 (0.03) 0.27* (0.10) 1.72 (0.12) 2.29* (0.05) 2.23* (0.11)
Sucrose 0.6 M 10.73 (0.09) 7.42* (0.04) 8.82* (0.08) 0.32 (0.12) 0.36 (0.05) 0.22* (0.02) 1.75 (0.09) 2.28* (0.11) 2.21* (0.12)
Sucrose 0.7 M 11.70 (0.17) 7.68* (0.07) 9.37* (0.05) 0.29 (0.04) 0.29 (0.08) 0.20* (0.12) 1.63 (0.05) 2.20* (0.04) 2.20* (0.11)

pH 4.0 5.81 (0.14) 5.58 (0.07) 5.36 (0.19) 0.15 (0.13) 0.19 (0.06) 0.11 (0.22) 2.29 (0.12) 2.20 (0.15) 2.12 (0.10)
pH 4.5 5.87 (0.15) 6.12 (0.16) 6.61 (0.14) 0.16 (0.18) 0.30* (0.04) 0.17 (0.09) 2.34 (0.05) 2.30 (0.17) 2.26 (0.10)
pH 5.0 6.01 (0.22) 5.59 (0.02) 6.39 (0.13) 0.23 (0.07) 0.38* (0.02) 0.23 (0.13) 2.38 (0.04) 2.29 (0.08) 2.26 (0.08)
pH 5.5 5.80 (0.19) 5.24 (0.03) 5.77 (0.07) 0.25 (0.10) 0.43* (0.03) 0.28 (0.03) 2.36 (0.10) 2.31 (0.10) 2.25 (0.16)
pH 6.0 5.99 (0.17) 5.36 (0.09) 6.23 (0.08) 0.27 (0.08) 0.47* (0.02) 0.35* (0.01) 2.33 (0.01) 2.33 (0.04) 2.29 (0.15)
pH 6.5 6.26 (0.10) 5.27* (0.08) 6.19 (0.19) 0.28 (0.10) 0.44* (0.04) 0.33* (0.08) 2.37 (0.09) 2.32 (0.14) 2.24 (0.02)
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growth in challenging conditions induced by high NaCl and
sucrose concentrations, revealing that this strategy could lead
to the development of cross-resistance mechanisms.19,34 As an
example, pre-adaptation at pH 4.5 and 4% NaCl significantly
speeded up the growth of L. acidophilus in presence of high
sucrose concentrations. Similar behavior was observed for
osmotic stress induced by NaCl. Indeed, control cells did not
grow at all at NaCl ≥ 2%, whereas SUB_1 and SUB_2 cultures
grew very quickly up to 7%. These results are of relevance for
probiotic foods having high NaCl or sucrose content, which
could widen the application of L. acidophilus in foods.35

Indeed, in products such as white brined and long ripened-
cheese, ice cream, and confectionery products this species
hardly survives due to low aw, freezing, high NaCl and sucrose
concentrations, and spray drying.11,36,37

L. casei possesses interesting commercial, industrial, and
health-promoting characteristics. This species is commonly
used for the fermentation of dairy products, but it is of interest
also thanks to its ability to produce bioactive metabolites with
health benefits.38,39 For this reason, some L. casei strains are
considered probiotics, and their effects on human health
(anti-obesity, anticancer activity, diarrhea prevention, etc.) are
widely reported.40 In this study, L. casei was more tolerant to
osmotic stress than L. acidophilus, growing up to 7% NaCl.
This tolerance is expressed also in foods. Indeed, despite
L. casei is not intentionally added to milk for cheesemaking, it
becomes one of the most prevalent species at the end of
cheese ripening, when salt-in-moisture reached the maximum
concentration.41–43 The pre-adaptation with different combi-
nations of osmotic and acidic stress (i.e., SUB_1, pH 5 and
sucrose 0.3 M, SUB_2, pH 5 and NaCl 2%) allowed L. casei to
grow with a shorter lag phase, increased maximum growth rate
and increased biomass amount at the end of the stationary
phase.

Similar results on the lag phase and maximum growth rate
were observed for L. casei challenged with sucrose. At the
highest sucrose concentration used (0.7 M), pre-adapted
L. casei had a three-times shorter lag phase and a doubled
maximum growth rate than control cells. Only a few data are
available on the response of L. casei to osmotic stress. It has
been evidenced that prior exposition of L. casei ATCC 393 to
hypertonic conditions (NaCl 1 M) increased cell hydrophobi-
city allowing it to better face the stress of a hypertonic environ-
ment.44 Several pathways are involved in the physiological
stress response in L. casei, leading to cell protection, modifi-
cation of the cell membrane, and key components of central
metabolism.45 The data obtained in this study are of relevance
since for this species it is worth looking for strategies to pre-
serve viability in foods. For example, the viability of L. casei in
ice cream with different sugar concentrations (14–18%) signifi-
cantly decreased during storage as the sugar content
increased.46

L. plantarum is characterized by great adaptability and it is
found in various ecological niches. Furthermore, it is of inter-
est to researchers thanks to its health-related properties such
as cholesterol-lowering effects, management of gastrointestinal

disorders, diarrhea prevention, as well as its ability to produce
bacteriocins.47 This species is commonly found at the end of
the fermentation of plant foods in which a selective pressure
on native microflora is applied by adding salt.48–50 In this
study the pre-adaptation strategy speeded up the growth of
L. plantarum by increasing the maximum growth rate and
decreasing the lag time at all the NaCl concentrations tested.
The preadaptation in the condition SUB_1 (pH 4.5, NaCl 4%,
24 h) determined a decrease of the lag phase in the whole
range of NaCl and sucrose concentrations tested. On the other
hand, the pre-exposition to sublethal conditions SUB_2 (pH 5,
NaCl 2%, 25 °C, for 48 h) reduced the lag phase starting from
4% NaCl ≥ 0.5 M. The ability of this species to face the
osmotic stress was attributed to its capability to produce extra-
cellular polymeric substances such as exopolysaccharides,
which form a layer that protects the cells from water loss
increasing the cell resistance to osmosis.51,52 The exposition of
L. plantarum to NaCl-induced osmotic stress can improve the
autoaggregation and the adhesion as well as the pathogen
adhesion inhibition, thus strengthening the probiotic.53

The tolerance to acid stress is relevant for probiotic bac-
teria, as acidity is commonly encountered during food fermen-
tation and in the gastrointestinal tract, due to the production
of organic acids and gastric fluids, respectively.54 As for
L. acidophilus, the pre-exposition of cells to sub-optimal con-
ditions allowed them to grow even at pH 4, whereas control
cells didn’t grow at all when pH was lower than 5. In orange
juice having pH 3.8 viability of L. acidophilus rapidly decreased
(viability loss 4.08 log CFU mL−1) during 35-days storage at
4 °C.55 For all the pH conditions tested, pre-adapted cells grew
faster due to the shortening of the lag phase and the increase
in maximum growth rate. Also, the amplitude was affected as
an increase in biomass production was observed.

Our results agree with Lorca et al.,56 who observed that also
a very short (1 h) pre-exposition to pH 5 improved the survival
of L. acidophilus to pH 3. Once challenged with acid stress,
microorganisms can activate various mechanisms, such as pH
homeostasis, enhanced protein synthesis, and increased
protein stability due to the production of acid-stress proteins
and the reduction of protein degradation rate.54,57 The authors
also hypothesized that acid-stress proteins could increase the
stability of the pre-existing proteins. Furthermore, in subopti-
mal conditions, ATPase activity increases, which can counter-
act acidic stress.56,58 The results of this study are of interest
since they can extend the use of L. acidophilus in acidic foods
such as fruit juices, where pH could be a limiting factor for
the survival of the cells.59 Moreover, the application of such a
strategy could avoid the use of more invasive techniques such
as encapsulation which could negatively affect the texture and
sensory features of the product.13

L. casei tends to be more tolerant than L. acidophilus and
more adaptable to different acidic fermented products such as
dairy foods, fermented meat and vegetables, and
sourdough.60–62 The resistance of this species to acidic stress
could be attributed to different mechanisms (modulation of
membrane fluidity, fatty acids composition, and cell integ-
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rity).45 Indeed, not-pre-adapted L. casei grew throughout the
whole pH range (4.0–6.5). However, at pH 4 it grew very slowly,
and the lag time was about 29 hours. In this study, both sub-
optimal conditions tested (SUB_1, pH 5 and sucrose 0.3 M,
and SUB_2, pH 5 and NaCl 2%) speeded up the growth of
L. casei at all the conditions. For example, at pH 4, pre-adapted
cells had a six-times shorter lag phase and doubled the
maximum growth rate with respect to control. Moreover, at pH
≤ 5 a gain in terms of final biomass amount was observed.

It has been hypothesized that greater resistance may be
caused by the increased activity of the proton-translocating
ATPase enzyme which allows the maintenance of pH homeo-
stasis.17 Moreover, it was observed that the pre-adaptation to
acidic stress modified the composition of the cell membrane
both in terms of the percentage of saturated and cyclopropane
fatty acids, indicating an increase in the fluidity of the cell
membrane and decrease in rigidity.63 The possibility to obtain
more acid-resistant probiotics is relevant for their addition to
foods that might represent a stressful environment.4 For
example, Olivares et al.64 observed that the viability of L. casei
decreased in orange and raspberry juice during 28 days of
shelf life at 4 °C and attributed this loss of vitality to the low
pH. The application of a pre-adaptation strategy could be
useful also to improve bacterial tolerance to the transit
through the gastrointestinal tract.63

L. plantarum showed to tolerate acidic stress better than
L. casei and L. acidophilus. Indeed, many authors already
reported a high tolerance to acidic stress in this probiotic
species.65,66 Anyway, the pre-exposure of both SUB_1 and
SUB_2 conditions allowed to significantly increase in the
maximum growth rate in most pH conditions applied. The
speed-up of bacterial growth could be useful at the industrial
level since the microbial biomass production step can become
less time-consuming, and at risk of contamination.67

Conclusion

The optimization of cultural conditions by applying a pre-
adaptation under sub-optimal conditions could contribute to
enhancing the viability of probiotic lactobacilli in adverse con-
ditions, avoiding more invasive techniques such as encapsula-
tion that could negatively affect the sensory features of food
products. The application of prolonged exposure to sub-
optimal conditions showed to be very effective in enhancing
the ability of L. acidophilus to overcome the osmotic stress due
to high salt concentration, allowing it to grow up to 7% NaCl
in a short time. Similar effects were observed in L. casei, and
also in the case of acidic stress. L. plantarum was instead
stimulated mainly in terms of the increase of growth rate
during the exponential phase and final biomass amount. This
could significantly make the biomass production step more
time-effective and safe in terms of risk of contamination.
Despite each strain requiring an individual evaluation of
growth conditions, it is envisioned that the data obtained
could be applied to enhance the viability of probiotic lacto-

bacilli in challenging conditions due to food formulation,
processing, and storage, as well as during GIT. It would be
particularly worthwhile to carry out studies to gain insight into
the proteomics and metabolomics responsible for increased
tolerance to stressful conditions.
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