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Abstract: The preadaptation of probiotics to sub-lethal levels of multiple stress factors boosts their sur-
vival and stability. However, little is known about how long-term cold storage affects the properties
of such preadapted probiotics. This study examined the impact of long-term freezing on structural
and functional properties of multi-stress (acid, bile and heat) adapted Lactiplantibacillus plantarum
B411. Cell morphology was investigated using scanning electron microscopy, and then their selected
functional (bile salt hydrolase (BSH) activity, surface hydrophobicity, auto-aggregative and antimicro-
bial) properties were evaluated. Furthermore, the survival of L. plantarum B411 cells in yoghurt and
juices during storage and under simulated gastrointestinal (GIT) conditions was evaluated. Long-
term freezing negatively affected the morphology, auto-aggregation ability, BSH and antimicrobial
activities of L. plantarum B411. The viability of freshly adapted and old adapted L. plantarum B411
cells in foods was similar. Under simulated GIT conditions, the viability of the stress adapted cells
from the freezer diminished more than that of freshly adapted cells. Prolonged freezing compromised
some functional properties of stress adapted cells and their stability under simulated GIT conditions.
Care should thus be taken to ensure that a method used to preserve stress adapted cells does not
cause them to lose beneficial properties, nor revert to their pre-adaptation status.
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1. Introduction

Lactiplantibacillus plantarum, formerly known as Lactobacillus plantarum [1], is a lactic
acid bacterium used as a starter culture for the production of many fermented foods, as
well as a probiotic [2]. It is recommended that probiotics maintain viability levels at or
above 107 CFU/mL or grams at the time of consumption [3] in order for them to confer
beneficial effects. However, the viability and stability of probiotic strains are threatened
by stressors such as, among others, low and alkaline pH, high and low temperatures,
the concentration of chemicals, osmotic pressure, oxidative conditions and starvation,
encountered during production (culture handling), processing, storage and transition
through the GIT [2,4–9]. These stress factors can significantly affect growth, metabolism,
biological and the physiological functions of probiotics, which consequently alter their
functional properties [7,10]. It is thus crucial then, that viability and functional properties
are sufficiently conserved within the product following these phases [2,8,10,11].

Various methods, such as screening for resistant strains, microencapsulation, the
addition of extra nutrients, prebiotics and protectants, the manipulation of the physiological
state or the exploitation of cellular stress response, have been explored for the production of
robust probiotic strains [2,4]. The manipulation of the physiological state of the probiotics
is achieved by exploiting stress responses present in probiotics, through a stress pre-
treatment process [12]. This process allows stress responses to be elicited by exposing the
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microorganisms to sub-lethal doses of the stress factor so that they are able to overcome the
subsequent lethal stresses encountered during manufacture and within the GIT [5,13–15].
Exposure to one type of stress can offer resilience to a different type of stress downstream,
a mechanism known as cross-protection [9,14]. Much of the early research into stress
adaptation focused on a single stress factor at a time [16]. Our previous study reported
that the adaptation of probiotics to multiple stresses can offer superior protection [17].
However, following stress adaptation, strains must be reassessed for functional properties
as this process can negatively or positively impact probiotic traits [18]. Kulkarni et al. [14]
investigated the robustness of lyophilized heat adapted Lactobacillus acidophilus during
storage at 4 ◦C for 15 days. There is limited knowledge on how multi-stress adapted
probiotics are affected by extended periods of cold storage. This is an important aspect to
probe into as freezing and freeze-drying are methods commonly used by the food industry
for storage and the preservation of probiotics [14]. These methods expose probiotics to
cold stress known to decrease growth and the proliferation of bacteria through changing
membrane fluidity, lowering enzyme activities and the stability of the RNA structure [6].

Probiotics must be formulated in a way that will be conducive for their oral
consumption [19]. They are incorporated into a number of functional foods (mostly dairy
based) [20]. The choice of food carrier has been implicated in enhancing the GIT survival of
probiotics. Fermented milks were the first food to which probiotics were added, and they
still enjoy commercial success as the leading probiotic food product, accounting for 78% of
probiotic sales worldwide [21,22]. However, these products do not suit the dietary habits of
vegans or vegetarians, moreover, a proportion of the global population suffers from lactose
intolerance [21]. This has resulted in the use of alternate delivery vehicles for probiotics,
with fruit and vegetable juices being example of such alternatives. Understanding the rela-
tionship between viability and a food matrix can go a long way towards the development
of effective probiotic products that can withstand stressful GIT conditions [23]. This is
especially so since the commercial success of these products depends on their viability and
ability to retain functionality [24]. Taking all these into consideration, the aim of this study
was to determine the effect of long-term freezer storage on the morphology and functional
properties of multi-stress adapted L. plantarum B411, and its subsequent survival in food
matrices during storage, as well as under simulated GIT conditions.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

Lactiplantibacillus plantarum B411 glycerol stock culture (MRS broth with 50% (v/v)
glycerol) from the Probiotics Research Group, Department of Biochemistry, Genetics and
Microbiology, University of Pretoria, Pretoria, South Africa, was used as the test probiotic
strain. Non-adapted L. plantarum cells (50% glycerol stock stored at −20 ◦C for 24 months),
were subcultured twice in de Man Rogosa Sharpe (MRS) broth (Merck, Darmstadt, Ger-
many). They were incubated at 37 ◦C for 72 h in anaerobic jars containing Anaerocult® A
gaspacks with Anaerotest® strip (Merck, Darmstadt, Germany). All anaerobic incubations
in all subsequent experiments were performed in this same way. The freshly adapted cells
were prepared using a subsample withdrawn from the subcultured non-adapted cells. The
old adapted L. plantarum cells were the cells previously adapted to multiple stress factors
and then stored in 50% glycerol (v/v) at −20 ◦C for 24 months. Before each experiment the
cultures were normalized to an optical density of 0.2 at 600 nm which equates to approxi-
mately 108 CFU/mL. Escherichia coli ATCC 25922 and Staphylococcus aureus subsp. aureus
ATCC 33591 obtained as 20% glycerol stock cultures were obtained from the Department of
Consumer and Food Sciences, University of Pretoria, were used as the indicator bacteria
and test pathogen, respectively. They were revived by growing at 37 ◦C overnight in Luria
Bertani (LB) broth incubated in an orbital shaking incubator, LM- 530R at 100 rpm. They
were then plated onto Mannitol salt agar (Merck, Darmstadt, Germany) and MacConkey
agar (Merck, Darmstadt, Germany) plates for S. aureus ATCC 33591 and E. coli ATCC 25922,
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respectively. All the plates were incubated at 37 ◦C for 48 h. The pathogens were then
subcultured twice before their use in experiments.

2.2. Acid, Bile and Heat Stress Adaptation of L. plantarum B411

All stress adaptation tests of L. plantarum B411 were carried out according to the
methods previously described by Ma et al. [10] and Mathipa and Thantsha [17], with minor
modifications. Cells from the overnight culture were harvested by centrifugation at 604× g
for 15 min and the pellets were re-suspended in 1 mL 1/4 strength Ringer’s solution (Merck,
Darmstadt, Germany). Then, 1 mL aliquot of the suspension was added to 9 mL of MRS
broth at pH 2 (adjusted using 1 M HCl), and then incubated at 37 ◦C for 2 h, for acid
adaptation. The acid adapted cells were then harvested by centrifuging at 604× g for
15 min and then suspended in 1 mL MRS broth. Subsequently, 100 µL aliquot of these acid
adapted cells was set aside while the 900 µL was aseptically transferred to 9 mL of MRS
containing 2% bile solution (w/v), for bile stress adaptation. The resultant cell suspension
was incubated in a shaking incubator (100 rpm) for 60 min at 37 ◦C. The acid-bile adapted
cells were then harvested, 100 µL aliquot set aside and the 900 µL aseptically transferred to
9 mL of MRS broth and then incubated at 55 ◦C in a dry bath (AccuBlockTM, Labnet, Edison,
NJ, USA) for 120 min, for heat stress adaptation. The acid-bile-heat adapted cells were
harvested by centrifugation and then suspended in 1 mL MRS broth. An aliquot (100 µL)
of these cells was also set aside while the remaining 900 µL was used in subsequent
experiments. All the 100 µL cell aliquots that were collected after the different stress
adaptation steps were serially diluted separately up to 10−7 using 1/4 strength Ringer’s
solution and then each dilution plated onto MRS agar plates in triplicate to enumerate
numbers of viable cells. The plates were incubated anaerobically for 72 h at 37 ◦C.

The L. plantarum B411 cells that were previously subjected to these stress factors (acid,
bile and heat), using the same process described, followed by their storage at −20 ◦C in
50% (v/v) glycerol for 24 months were used as old-adapted cells, while the cells that were
not subjected to the stress adaptation process (MRS broth culture in 50% (v/v) glycerol,
stored at −20 ◦C for 24 months) were used as non-adapted cells. Figure 1 is a summarized
scheme used for production of the different L. plantarum B411 cells used.
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2.3. Tolerance of L. plantarum B411 to Different Stress Factors
2.3.1. Acid Tolerance

The acid tolerance of the non-adapted, freshly adapted, and old adapted L. plantarum
B411 cells was carried out using the protocol of Mathipa and Thantsha [17]. L. plantarum
B411 were suspended into MRS broth at an optical density of 0.2 at 600 nm (approximately
108 CFU/mL). Then 1 mL of each was separately subcultured into 9 mL of fresh MRS broth
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adjusted to pH (2, 2.5 and 3) with 1 M HCl and incubated at 37 ◦C for 3 h. Subsamples
(1 mL) were drawn hourly and serially diluted up to 10−7 using 1/4 strength Ringer’s
solution, and then 100 µL from each dilution was plated onto MRS agar plates in triplicate.
The plates were incubated anaerobically in anaerobic jars with Anaerocult® A gaspacks
and Anaerotest® strips at 37 ◦C for 72 h.

2.3.2. Bile Tolerance

The tolerance of L. plantarum B411 cells to bile salts was carried out according to
the method of Mathipa and Thantsha [17] with minor modifications. Briefly, 1 mL of
non-adapted, freshly adapted, and old adapted L. plantarum B411 cells were was added to
separate 9 mL MRS broths containing 0.3, 0.5 and 2% (w/v) bile salts. The cells suspensions
were incubated and subsamples drawn hourly for plating as was done in Section 2.3.1.

2.4. Bile Salt Hydrolase Activity

Bile salt hydrolase (BSH) activity was performed using a method described by
Sedláčková et al. [25], with minor modifications. Overnight cultures of non-adapted, freshly
adapted and old adapted L. plantarum B411 were grown and used to assess BSH activity. Soft
agar was prepared as follows: MRS broth (50 g/L), bile salts (0.3% v/w; Sigma, South Africa),
bacteriological agar (15 g/L; Merck, Germany) and CaCl2 (0.375 g/L; Sigma- Aldrich, USA).
Sterile pipette tips were used to puncture holes into agar. L. plantarum B411 cells (200 µL)
were placed into the holes. The plates were then left in the laminar flow for 10 min before
they were incubated under anaerobic conditions at 37 ◦C for 72 h. Plates that did not
contain bile salts were used as a negative control. The presence of translucent halos around
holes indicated bile salt hydrolase activity. The experiment was performed in triplicate in
three independent trials.

2.5. Antimicrobial Activity Assay

The antimicrobial tests were performed using the method of Mohankumar and Mu-
rugalatha [26], with modifications. Cell free supernatants (CFS) of the non-adapted,
freshly adapted and old adapted L. plantarum B411 cultures were obtained by centrifuging
overnight cultures at 14,691× g for 20 min at 4 ◦C and then filtering the culture medium
through a 0.22 µm membrane filter. Lawns of the test pathogens (E. coli ATCC 25922 or
S. aureus ATCC 33591) were prepared by spread-plating 100 µL of their overnight cultures
adjusted to OD600 = 0.2 onto separate Mueller Hinton agar plates. Subsequently, the back
of a sterile 1000 µL pipette tip was used to puncture holes into the agar plates and then
l00 µL of CFS of the different L. plantarum B411 cultures were added to the wells. The plates
were incubated overnight at 37 ◦C in an upright position. Zones of inhibition around the
wells indicated antimicrobial activity. The experiment was performed in triplicate in three
independent trials.

2.6. Scanning Electron Microscopy (SEM)

The preparation of the samples for microscopy was carried out according to a method
described by Booyens et al. [27], with minor modifications. L. plantarum B411 (non-adapted,
freshly adapted and old adapted) overnight MRS broth cultures were harvested using
centrifugation at 604× g for 2 min. The cells were then fixed using 2.5% glutaraldehyde in
0.075 mol−1 phosphate buffer (pH 7.4) for 1 h. They were subsequently washed three times
for 15 min in 0.15 mol−1 phosphate buffer solution (PBS) before being dehydrated in a series
of graded alcohol concentrations (25%, 50%, 75% and 100% ethanol, for 15 min each wash).
Finally, the cells were critically dried for 24 h before being coated with carbon. The resulting
cells were viewed using a JSM-840 and JSM-5800 LV scanning electron microscopes.

2.7. Auto-Aggregation

The auto-aggregation assay was carried out according to the method described by
Li et al. [28], with slight alterations. Briefly, cells from the overnight non-adapted, freshly
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adapted and old adapted L. plantarum B411 cultures were harvested using centrifugation
(1152× g, 10 min, 4 ◦C), washed twice in 0.9% saline, and then re-suspended in 10 mL of
the same saline. The suspensions were adjusted to an absorbance reading of 0.3 (±0.05)
at 600 nm. Each bacterial suspension was then incubated at room temperature and spec-
trophotometric readings (600 nm) using 1 mL of suspension were taken at time interval 0,
3, 6 h. Auto-aggregation experiments were performed in triplicate in three independent
trials. The following equation was used to measure auto-aggregation percentage:

Auto − aggregation (%) = [

(
1 − At

A0

)
]× 100

At represents absorbance at different time intervals and A0 represents the initial
absorbance reading.

2.8. Cell Surface Hydrophobicity

The non-adapted, freshly adapted and old adapted L. plantarum B411 cells were grown
in MRS broth for 24 h at 37 ◦C. They were harvested by centrifugation at 1677× g for 10 min
and then washed twice in PBS (pH 7). The L. plantarum cells were suspended into PBS and
adjusted to an optical density (OD 500 nm) of 1. Subsequently, 1 mL of the culture was
added to 1 mL of chloroform and mixed vigorously by vortexing for 30 s. Following phase
separation (30 min) the OD540 of the aqueous phase was taken. Cell surface hydrophobicity
assays were performed in triplicate in three independent trials. The following equation
was used to determine hydrophobicity percentage:

Hydrophobicity (%) = [
A540 initial − A540 aqueos phase

A540 initial
]× 100

2.9. Survival of L. plantarum B411 in Food during Storage
2.9.1. Preparation of Yoghurt

Yoghurt was prepared in the laboratory according to the method described by Amakiri
and Thantsha [29]. Briefly, 8 g of powdered full cream milk was added to 250 mL of
skimmed milk in three separate flasks. The flasks were swirled to homogenize the mixture
and then placed in a water bath at 72 ◦C for 3 min to pasteurize the milk. The pasteurized
milk was cooled to 42 ◦C and then inoculated with a spoon of a commercial plain yoghurt
containing starter cultures (Streptococcus thermophilus and Lactobacillus delbrueckii subsp.
bulgaricus). The freshly inoculated milk was then incubated at 37 ◦C until the pH dropped
to 4.53. The yoghurt was then pasteurized for 30 min at 72 ◦C to kill or inactivate the
starter cultures. A tenfold serial dilution was performed for the yoghurt using 1/4 strength
Ringer’s solution and 100 µL of each dilution were plated onto M-17 and MRS agar plates
for S. thermophilus and L. delbruecki subsp. bulgaricus, respectively. All the plates were
incubated for 72 h at 37 ◦C in anaerobic jars, as described before. The colonies counted
were reported as CFU/mL.

2.9.2. Selection of Fruit and Vegetable Juice

One hundred percent pasteurized cranberry and carrot, juices free from preservatives,
were obtained from a retail store in Pretoria, South Africa. Cranberry was used as a fruit-
based matrix and carrot juice served as a vegetable-based matrix. The same brand of juice
was used in all the three independent trials. The juices were bought before their best before
dates, and stored overnight at 4 ◦C before their use in experiments.

2.9.3. Preparation of L. plantarum B411

L. plantarum cells were grown according to a method described by Ding and Shah [30].
Briefly, 1.5 mL of the non-adapted, freshly adapted and old adapted cultures of L. plantarum
were separately grown in 50 mL of MRS broth for 18 h for them to reach the early logarithm
phase. The cells were then concentrated by centrifugation at 15,000× g for 30 min at 4 ◦C.
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They were subsequently washed twice with sterile phosphate buffered saline (PBS) pH 7
by centrifuging at 604× g for 5 min. The viable counts of cells were determined by pour
plating onto MRS agar plates.

2.9.4. Assessment of L. plantarum B411 Viability in Yoghurt and Juices during Storage

For determining the viability in food products, 30 mL of yoghurt or juice was asep-
tically added into separate sterile glass bottles. Each food matrix was then separately
inoculated with L. plantarum B411 cells (non-adapted, freshly adapted and old adapted)
to a final concentration of 1011 CFU/mL in triplicate. The inoculated food samples were
stored at 4 ◦C for 6 weeks. A new bottle of juice or yoghurt was used each week to perform
viable plate counts. The first assessments were done in week 0, a day after storage at 4 ◦C.
The viable counts of L. plantarum B411 present in the food samples were analyzed weekly
over the storage period. On each day of sampling, a 1 mL subsample of the yoghurt or juice
was drawn and serially diluted into 9 mL 1/4 strength Ringer’s solution up to 10−9 dilution.
One hundred microliters of each dilution were spread plated onto MRS agar plates in
triplicate. The plates were then incubated at 37 ◦C for 72 h under anaerobic conditions as
previously described.

2.10. Effect of Food Matrixes on the Survival of L. plantarum B411 under Simulated
GIT Conditions

L. plantarum B411 cells were prepared as described in Section 2.9.3 and then re-
supended in the juices and yoghurt at a final concentration of approximately 1010 CFU/mL.
Simulated gastrointestinal fluids were prepared according to methods described by Amakiri
and Thantsha [29]. To make simulated gastric fluid (SGF), pepsin (P7000, 1:10000, ICN)
(3 g/L) was suspended into NaCl (0.5% w/v) and the pH was adjusted to 2 using 12 M HCl.
The solution was then filter sterilized using a 0.45 µm membrane (Millipore, Burlington,
MA, USA) followed by a 0.22 µm filter membrane. Simulated intestinal fluid (SIF) was
prepared by dissolving 6.8 g of monobasic potassium phosphate (Sigma, St. Louis, MO,
USA) into 250 mL of distilled water, after which 77 mL of 0.2 M NaOH was added, followed
by 500 mL of distilled water. The solution was then vortexed for 30 min and then 10 g
of pancreatin (P-1500, Sigma, St. Louis, MO, USA) was added and mixed. The pH of the
solution was adjusted to 6.8 using 0.2 M NaOH and 0.2 M HCL before being made up to a
final volume of 1000 mL. The solution was filter sterilized by passing it through a 0.45 µm
filter membrane (Millipore, Burlington, MA, USA) followed by 0.22 µm filter membrane
(Millipore, Burlington, MA, USA).

One milliliter of yoghurt, carrot or cranberry juice containing L. plantarum B411 cells
was added to 9 mL of SGF (pH 7) and vortexed for 30 s. These were then incubated with
shaking (50 rpm) at 37 ◦C for 2 h. Then, 1 mL subsamples were drawn at 30 min intervals
from the tubes containing L. plantarum B411 and sequentially diluted in 1/4 strength Ringer’s
solution and plated onto MRS agar plates to determine the number of surviving L. plantarum
cells. After 2 h, the remaining bacteria were pelleted by centrifuging at 7000× g for 5 min
before being re-suspended in 5 mL of SIF (pH 6.8) and then incubated with shaking (50 rpm)
at 37 ◦C for 6 h. To enumerate the bacteria, 1 mL subsamples were then withdrawn every 2 h,
serially diluted up to 10−7 in 1/4 strength Ringer’s solution, and then each dilution plated
onto MRS agar plates. The plates were incubated anaerobically as previously described.
Each experiment was performed in triplicate in three independent trials.

2.11. Statistical Analysis

Data captured from three independent trials were used to calculate means and stan-
dard deviations, the differences in the means were calculated using least significant dif-
ference, (LSD). Data were analyzed using the GraphPad Prism 7.01 software (GraphPad
Software Inc., San Diego, CA, USA), and any p value less than or equal to 0.05 was taken
as statistically significant. Where appropriate, Tukey’s multiple comparisons test, with
p < 0.05 as a significant difference, was used to identify statistically significant differences.
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3. Results
3.1. Adaptation of L. plantarum B411 to Acid, Bile and Heat

It is imperative that probiotic strains are capable of withstanding the harsh assaults of
production, storage and the GIT in order to maintain viability, functionality and stability.
Figure 2A shows viable counts of L. plantarum B411 during the multi-step stress adaptation
process, while Figure 2B shows reduction in viability of L. plantarum at each step. As
expected for a sub-lethal process there was a reduction in viable counts during exposure
to all stress factors, but no complete cessation of growth. The viability of L. plantarum at
each step remained at or above 90% of its initial viability during exposure to the different
stress factors (Figure 2A). When the cells were exposed to pH 2 for 120 min, their viable
count decreased by 0.18 log CFU/mL from an original count of 8 log CFU/mL (Figure 2B).
The surviving cells were used as the acid adapted cells. When these acid adapted cells
were subsequently exposed to bile stress (2% bile) for 120 min, their viability decreased
by 0.71 log CFU/mL from 7.82 log CFU/mL (Figure 2B). Survivors were used as acid-bile
adapted cells. Interestingly, there was a 0.6 log CFU/mL increase in viability when the
acid-bile adapted cells were successively exposed to heat stress (55 ◦C) for 120 min. The
surviving cells were then used in subsequent experiments as the freshly adapted (acid-
bile- heat adapted) cells. The L. plantarum B411 cells that survived a similar acid-bile-heat
multi-stress adaptation process as described for freshly adapted cells, followed by storage
at −20 ◦C for 2 years, were used as old adapted cells.
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3.2. Scanning Electron Microscopy (SEM) of L. plantarum B411 Cells

Probiotics are able to competitively inhibit pathogens through, amongst other mech-
anisms, competition for adherent receptors. It is therefore crucial that during the stress
adaptation of probiotics, they do not lose this beneficial property. The shape of probiotics
plays a role in their ability to adhere to different surfaces. We thus examined whether there
were any discernible differences in the shapes of the non-adapted, freshly adapted and the
old adapted L. plantarum cells (Figure 3). SEM revealed no differences in the shape of the
non-adapted (those subjected to long-term freezing, but not stress adapted) and freshly
adapted (those subjected to stress adaptation but not subsequent long-term freezing) cells.
They were both rod shaped, with short and long cells (Figure 3A,B). These results indicated
that individually, the stress adaptation process and long-term freezing did not change the
morphology of L. plantarum B411 cells. On the contrary, the morphology of the old adapted
cells (those subjected to stress adaptation and subsequent long-term freezing) was altered,
with cells appearing coccoid, with cross-walls (Figure 3C).

Microbiol. Res. 2022, 13, FOR PEER REVIEW  9 
 

 

 

Figure 3. Scanning electron micrographs of non-adapted (A), freshly adapted (B) and old adapted 

(C) L. plantarum B411 cells. 

3.3. Acid and Bile Tolerance by Non-Adapted, Freshly Adapted and Old Adapted L. plantarum 

B411 Cells 

Table 1 shows the tolerance of non-adapted, freshly adapted and old adapted cells of 

L. plantarum B411 to acid and bile. When all cells were exposed to pH 2, 2.5 and 3 over a 

period of 180 min, their viability ranged from 6.60 to 8.29 log CFU/mL, with the non-

adapted adapted cells surviving slightly better at all pH values than both the freshly 

adapted and the old adapted cells. It was worth noting that at pH 2, viable counts of non-

adapted cells increased, while those of the other cells decreased. The old adapted cells 

were less acid tolerant than the freshly adapted cells as their viability decreased more both 

at pH 2.5 and 3. Similar to what was observed in the acid tolerance assays, when the cells 

were exposed to 0.3, 0.5 and 2% bile concentrations for 180 min, a decrease in viability was 

observed (Table 1). The numbers of surviving cells ranged from 4.55 to 7.85 log CFU/mL 

where the non-adapted cells tolerated 0.5% bile better than both the stress adapted cells. 

Bile tolerance was marginally higher for the freshly adapted than for the old adapted cells. 

For all the cells, the number of survivors decreased with an increase of bile concentration, 

ultimately resulting in a total loss of viable cells due to exposure to 2% bile salt. Overall, 

there were no significant differences in acid and bile tolerance between the non-adapted, 

freshly adapted and old-adapted cells (p > 0.05). 

Table 1. Survival of the different L. plantarum B411 cells at pH 2, 2.5 and 3 as well as in bile concen-

trations of 0.3, 0.5 and 2% over 180 min. 

L. plantarum 

Cells 

pH 2 pH 2.5 pH 3 

Time (min) 

60 120 180 60 120 180 60 120 180 

Viable Counts Log (cfu/mL) 

Non-adapted  7.88 ± 1.11 7.71 ± 1.25 8.11 ± 1.23 8.21 ± 0.78 7.77 ± 1.78 8.07 ± 1.69 8.16 ± 1.15 8.28 ± 1.11 7.94 ± 1.98 

Freshly adapted 8.22 ± 1.54 8.26 ± 1.71 7.90 ± 1.89 7.60 ± 1.23 7.90 ± 1.45 6.99 ± 1.78 8.22 ± 2.42 8.18 ± 1.23 8.02 ± 1.87 

Old adapted 7.89 ± 0.99 6.60 ± 1.32 7.86 ± 1.20 8.01 ± 1.47 7.86 ± 1.24 7.28 ± 2.36 8.29 ± 1.89 8.25 ± 1.74 7.83 ± 1.28 

 

Bile concentrations (%) 

0.3 0.5 2 

Time (min) 

60 120 180 60 120 180 60 120 180 

Viable counts log (cfu/mL) 

Non-adapted  7.85 ± 2.0 7.33 ± 1.11 7.31 ± 1.69 6.51 ± 0.89 5.87 ± 1.78 5.55 ± 1.47 - - - 

Freshly adapted 6.81 ± 1.1 6.53 ± 1.50 6.51 ± 1.10 5.91 ± 1.25 5.98 ± 1.96 4.55 ± 1.91 - - - 

Old adapted  7.10 ± 1.96 6.90 ± 2.36 6.81 ± 2.79 5.77 ± 1.68 5.20 ± 2.14 4.69 ± 1.23 - - - 

Each value is a mean of 3 triplicates from 3 separate experiments, ± standard deviation (SD). The 

time 0 count for all the cells was 8 log (CFU/mL). There were no significant differences between the 

means of the different cells for both acid and bile tolerance (p > 0.05). 

Figure 3. Scanning electron micrographs of non-adapted (A), freshly adapted (B) and old adapted
(C) L. plantarum B411 cells.

3.3. Acid and Bile Tolerance by Non-Adapted, Freshly Adapted and Old Adapted L. plantarum
B411 Cells

Table 1 shows the tolerance of non-adapted, freshly adapted and old adapted cells
of L. plantarum B411 to acid and bile. When all cells were exposed to pH 2, 2.5 and 3
over a period of 180 min, their viability ranged from 6.60 to 8.29 log CFU/mL, with the
non-adapted adapted cells surviving slightly better at all pH values than both the freshly
adapted and the old adapted cells. It was worth noting that at pH 2, viable counts of
non-adapted cells increased, while those of the other cells decreased. The old adapted cells
were less acid tolerant than the freshly adapted cells as their viability decreased more both
at pH 2.5 and 3. Similar to what was observed in the acid tolerance assays, when the cells
were exposed to 0.3, 0.5 and 2% bile concentrations for 180 min, a decrease in viability was
observed (Table 1). The numbers of surviving cells ranged from 4.55 to 7.85 log CFU/mL
where the non-adapted cells tolerated 0.5% bile better than both the stress adapted cells.
Bile tolerance was marginally higher for the freshly adapted than for the old adapted cells.
For all the cells, the number of survivors decreased with an increase of bile concentration,
ultimately resulting in a total loss of viable cells due to exposure to 2% bile salt. Overall,
there were no significant differences in acid and bile tolerance between the non-adapted,
freshly adapted and old-adapted cells (p > 0.05).
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Table 1. Survival of the different L. plantarum B411 cells at pH 2, 2.5 and 3 as well as in bile
concentrations of 0.3, 0.5 and 2% over 180 min.

L. plantarum
Cells

pH 2 pH 2.5 pH 3

Time (min)
60 120 180 60 120 180 60 120 180

Viable Counts Log (cfu/mL)

Non-adapted 7.88 ± 1.11 7.71 ± 1.25 8.11 ± 1.23 8.21 ± 0.78 7.77 ± 1.78 8.07 ± 1.69 8.16 ± 1.15 8.28 ± 1.11 7.94 ± 1.98
Freshly
adapted 8.22 ± 1.54 8.26 ± 1.71 7.90 ± 1.89 7.60 ± 1.23 7.90 ± 1.45 6.99 ± 1.78 8.22 ± 2.42 8.18 ± 1.23 8.02 ± 1.87

Old adapted 7.89 ± 0.99 6.60 ± 1.32 7.86 ± 1.20 8.01 ± 1.47 7.86 ± 1.24 7.28 ± 2.36 8.29 ± 1.89 8.25 ± 1.74 7.83 ± 1.28

Bile concentrations (%)
0.3 0.5 2

Time (min)
60 120 180 60 120 180 60 120 180

Viable counts log (cfu/mL)

Non-adapted 7.85 ± 2.0 7.33 ± 1.11 7.31 ± 1.69 6.51 ± 0.89 5.87 ± 1.78 5.55 ± 1.47 - - -
Freshly
adapted 6.81 ± 1.1 6.53 ± 1.50 6.51 ± 1.10 5.91 ± 1.25 5.98 ± 1.96 4.55 ± 1.91 - - -

Old adapted 7.10 ± 1.96 6.90 ± 2.36 6.81 ± 2.79 5.77 ± 1.68 5.20 ± 2.14 4.69 ± 1.23 - - -

Each value is a mean of 3 triplicates from 3 separate experiments, ± standard deviation (SD). The time 0 count for
all the cells was 8 log (CFU/mL). There were no significant differences between the means of the different cells for
both acid and bile tolerance (p > 0.05).

3.4. Bile Salt Hydrolase Activity

The results of the BSH activity assays were positive for the freshly adapted cells,
indicated by opaque halos around the punctured holes containing the cells. The BSH
activity results were negative for both the non-adapted and the old adapted cells.

3.5. Auto-Aggregation and Cell Surface Hydrophobicity

The non-adapted cells displayed superior aggregation abilities than both the freshly
adapted and old adapted cells (Table 2). The auto-aggregation of the non-adapted cells
was 1.3 and 3.3 percentage points higher than was recorded for the freshly adapted and
the old adapted cells, respectively. These results indicate that the multi-stress adaptation
process did not improve the auto-aggregative properties of L. plantarum B411 cells. When
comparing the stress adapted cells, freshly adapted cells auto-aggregated better than old
adapted cells by 2%.

Table 2. Auto-aggregation percentages of L. plantarum B411 cells over a 6 h period.

L. plantarum B411 Cells
Auto-Aggregation (%)

0 h 3 h 6 h

Non-adapted 0.00 a 15.80 a ± 1.06 10.33 a ± 2.88
Freshly adapted 0.00 a 8.73 b ± 4.03 9.04 a ± 1.41

Old adapted 0.00 a 9.33 b ± 3.09 7.06 b ± 1.73
Each value is a mean of 3 replicates from 3 independent trials ± standard deviation. Means with different
superscripts in the same column are significantly different at p < 0.05.

Figure 4 depicts the cell surface hydrophobicity of the different L. plantarum B411 cells.
All cells had high cell surface hydrophobicity, ranging between 73.2 to 92.7%. The order of
cell surface hydrophobicity based on percentages was old adapted cells > freshly adapted
cells > non-adapted cells.
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Figure 4. Cell surface hydrophobicity of non-adapted (NA), freshly adapted (FA) and old adapted
(OA) L. plantarum B411 cells. Each bar represents the mean of three replicates, error bars are standard
deviation and bars marked with different letters (a, b, c) indicate significant difference at p < 0.05.

3.6. Antimicrobial Activity Assay of L. plantarum B411 Cells against E. coli ATCC 25922 and
S. aureus ATCC 33591

One of the properties that make probiotics more favorable is their ability to inhibit
pathogens. The current study looked at the antimicrobial ability of L. plantarum B411 cells
against E. coli ATCC 25922 and S. aureus ATCC 33591. The zones of inhibition produced
by non-adapted, freshly adapted and old adapted cells showed that the antimicrobial
activity against S. aureus ATCC 33591 (17.5–17.83 mm) was notably higher than against
E. coli ATCC 25922 (11.33–14.5 mm) (p = 0.023) (Figure 5). For E. coli ATCC 25922, the
freshly adapted cells were more potent than both the non-adapted and old adapted cells.
Additionally, both the non-adapted and freshly adapted cells significantly inhibited growth
of E. coli ATCC 25922 better than old adapted cells (p < 0.001). Multi-stress adaptation
initially increased the antagonistic activity of L. plantarum B411 against E. coli ATCC 25922
as observed for freshly adapted cells, however the inhibition ability was reduced as a result
of long-term freezing of stress adapted cells. Similarly, freshly adapted cells exhibited
enhanced antagonistic activity against S. aureus ATCC 33591 than the non-adapted and old
adapted cells. However, there were no significant differences in the inhibition of S. aureus
ATCC 33591 by the different L. plantarum B411 cells (p = 0.097). Contrary to what was
observed for E. coli ATCC 25922, stress adaptation coupled with long-term freezing did not
diminish the potency of stress adapted cells against S. aureus ATCC 33591.
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3.7. Survival of L. plantarum B411 in Food Matrixes during Storage and under Simulated
GIT Conditions

The viability of the different L. plantarum B411 cells when incorporated into different
food matrices and stored for a period of 6 weeks is shown in Figure 6. During storage there
were significant reductions in viability of all the cells in yoghurt (Figure 6A), where viable
numbers of non-adapted cells decreased by 3.02 log (p < 0.0001), while those of the freshly
and old-adapted cells decreased by 1.7 log (p = 0.0037) and 1.93 log (p = 0.0003), respectively.
In carrot juice (Figure 6B), there were reductions of 2.06 log CFU/mL (p < 0.0001), 1.31 log
CFU/mL (p = 0.0037) and 1.28 log CFU/mL (p = 0.0003) for the non-adapted, freshly
adapted and old adapted cells, respectively. Similarly, in cranberry juice (Figure 6C), there
were significant decreases (p < 0.0001) of 3.21 log CFU/mL, 2.59 log CFU/mL and 2.55 log
CFU/mL for the non-adapted, old adapted and freshly adapted cells, respectively. From
the results of all three food matrices, the non-adapted cells showed significantly higher
reductions in viability during storage than both the freshly adapted and old adapted cells
(p = 0.0025). However, there were no significant differences in reductions between the
freshly adapted and the old adapted cells (p = 0.95).

In addition to investigating the viability of L. plantarum B411 cells during the shelf life
of the foods into which they were incorporated, it was further investigated how these cells
survived in the simulated gastrointestinal conditions. All the cells in all the different food
matrices showed a decrease in viability when exposed to simulated gastric fluid (SGF) but
their numbers increased during subsequent exposure to simulated intestinal fluid (SIF).
However, when comparing the initial viable numbers to those that were present at the
end of the exposure to the simulated GIT conditions, there was, overall, a net decrease in
the viability of all L. plantarum B411 cells. In yoghurt (Figure 7A), there were decreases
from 10.59 to 8.73 log CFU/mL (a 1.86 log reduction), 10.74 and 8.73 log CFU/mL (a
0.63 log reduction) and 10.37 to 9.34 log CFU/mL (a 1.03 log reduction) for non-, old- and
freshly adapted cells. In carrot juice (Figure 7B), decreases from 9.75 to 9.29 log CFU/mL
(a 0.47 log reduction) and 9.74 to 9.05 log CFU/mL (a 0.23 log reduction) were recorded
for non-adapted and old adapted cells, respectively. However, there was an increase in
viability from 9.59 to 10.36 log CFU/mL (a 0.62 log increase) for the freshly adapted cells.
In cranberry juice (Figure 7C), the viability of non-adapted cells decreased from 10.29 to
9.59 log CFU/mL (a 0.7 log reduction). Viable counts of stress adapted cells decreased from
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10.31 to 9.8 log CFU/mL (a 0.33 log reduction) and 10.46 to 10.22 log CFU/mL (a 0.24 log
reduction) for old adapted and freshly adapted cells, respectively. Overall, at the end of
exposure to simulated gastrointestinal fluids, viable numbers of freshly stress adapted
cells were significantly higher than those of non-adapted (p = 0035) and old adapted
cells (p = 0.021). Furthermore, there were no significant differences in viable numbers of
non-adapted and old adapted cells (p = 0.72).
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Figure 7. Survival of different L. plantarum B411 cells incorporated into yoghurt (A), carrot
juice (B) and cranberry juice (C) during exposure to simulated gastrointestinal conditions for 8 h.
NA = non- adapted, OA = old adapted, FA = freshly adapted. Error bars represent standard deviation
of mean (n = 3).

4. Discussion

Bacterial morphology plays an important role in cell surface attachment, hence any
variations in their shape can potentially influence their adhesion ability [31]. It is known
that bacteria alter their morphology in response to changing environments [31,32]. The
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shape of the freshly adapted L. plantarum B411 cells remained the same as that of non-
adapted cells, while that of old adapted cells changed from rod to coccoid. Therefore, the
altered shape of the old adapted cells could be attributed to the coupled effects of multi-
stress adaptation and long-term freezing as the non-adapted and freshly adapted cells
were identical, indicating that, separately, these processes did not alter the morphology
of the cells. The treatment of bifidobacteria with garlic extracts transformed them from
their original long rods to either shorter rods or completely cocci [27]. The exposure of
L. plantarum ATCC 14197 cells to alkali changed them from long rods with slender thalli to
short rods with thickset thalli [33]. The shrinking of rod-shaped bacteria to coccoid during
periods of stress is hypothesized to be a protective mechanism that limits cell maintenance
requirements [34]. The similarly observed altered shape for L. plantarum B411 cells in this
study in response to long-term freezing could impede their attachment abilities as cocci cells
attach to surfaces with a smaller area than rods that use the length of their cell to do so [31].
The change of the cell shape could also influence their aggregation and hydrophobicity
properties, which are involved in interaction between the bacteria and epithelial cells [35].

Tolerance of the non-adapted L. plantarum B411 cells to low acidity (pH 2) was not
startling as Lactobacilli are known to be intrinsically acid tolerant [36]. The weaker acid
tolerance of the stress adapted cells when compared to their non-adapted counterparts was
not envisaged, as previous studies reported enhanced subsequent survival of probiotics
due to their pre-exposure to stressful conditions [2,17]. A closely related study reported
that acid tolerance of the heat adapted L. plantarum KLDS 1.0328 variant was higher than
that of the non-adapted strain [10]. Similarly, Kulkarni et al. [14] reported improved pH
tolerance for the lyophilized heat adapted Lactobacillus acidophilus NCFM strain. However,
in these previous studies, relatively short-term storage was investigated, which may explain
the contradictory results reported between these studies. It was worth noting that in the
current study, the freshly adapted cells slightly tolerated the acid better than the old adapted
cells. Thus, although the stress adaptation process did not enhance the acid tolerance of
L. plantarum B411, long-term freezing of multi-stress adapted cells further diminished its
acid tolerance, an effect which is undesirable.

Bile is a biological detergent, which at high concentrations dissolves membrane lipids
resulting in leakage of cytoplasmic contents and ultimately cell death [37]. Sahadeva et al. [38]
reported that stress adapted lactobacilli survived 2% bile concentrations at levels as high as
8.51 log units. On the contrary, in this study none of the L. plantarum B411 cells survived
this bile concentration. Furthermore, their survival at the other bile concentrations tested
(0.3% and 0.5%) were similar. Thus, the currently reported stress adaptation process alone,
as well as in conjunction with long-term freezing, did not improve bile tolerance of the
L. plantarum B411 cells. Similarly, Ma et al. [2] reported significant reduction in viable
counts of L. plantarum KLDS 1.0628 pre-adapted to 0.2% or 0.3% bile salt for 1 h. The
de-conjugation of bile salts through the activity of the inducible bsh gene is regarded as
one of the ways by which bacteria acquire bile stress tolerance [18,39]. The presence of
a putative BSH activity was linked to bile salt resistance and human intestinal survival
of Lactobacillus gasseri JCM1131T as its purified protein showed enhanced deconjugation
activity for taurocholic and taurochenodeoxycholic acids [40]. The expression of BSH
activity improved bile tolerance of Lactococcus lactis [18]. Thus, it was expected that cells
exhibiting BSH activity would tolerate bile better than those without this enzyme activity.
In contrast, current findings suggest that, although non-adapted cells showed better bile
tolerance than all the stress adapted cells, this could not be attributed to BSH activity as
these cells tested negative for this enzyme. This observation was not unique to our study, as
previously, Moser and Savage [41] reported in their study on BSH activity and lactobacilli
that there was no link between BSH activity and the lethal effects of conjugated bile salts.
Lv et al. [42] demonstrated how under bile stress Ligilactobacillus salivarius LI01 used a
strengthened bile efflux and general stress response systems, rather than BSH activity
to combat the stress. Possibly, the superior bile tolerance of non-adapted cells without
BSH activity could be attributed to these systems. Although BSH activity did not result
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in increased bile salt resistance, this trait is still desirable because bile salt hydrolysis can
reduce serum cholesterol levels [40,43] and is involved in regulation of lipid absorption,
glucose metabolism and energy homeostasis [40]. Unfortunately, the stress adaptation
process induced transient BSH expression by L. plantarum B411 cells as long-term freezing
of the stress adapted cells allowed them to revert to their original phenotype of negative
BSH activity.

Environmental stresses can affect bacterial cell surface properties and thus their ability
to attach to intestinal cells [44–46]. This was true in the current study as non-adapted
cells auto-aggregated more than stress adapted cells. Freshly adapted cells displayed
superior aggregation abilities than old adapted cells, indicating that stress adaptation
and subsequent long-term freezing further reduced the ability of cells to auto-aggregate.
Thus, the adversity of stress adaptation on the auto-aggregative ability of L. plantarum
B411 cells was aggravated by long-term freezing of stress adapted cells. This agrees with
the concept that cell surface properties involved in aggregation are negatively influenced
by certain types of stress conditions [46]. Contrary to the auto-aggregation results, the
stress adaptation process increased cell surface hydrophobicity, a property that was even
enhanced in stress adapted cells subjected to long-term freezing, as indicated by better
hydrophobicity of the old adapted cells in comparison with the freshly adapted cells.
Haddaji et al. [45] showed that two strains of Lacticaseibacillus casei under osmotic stress
exhibited significantly lower hydrophobicity than non-stressed strains. In another study,
Haddaji et al. [19] reported that L. plantarum exposed to acid and heat stresses exhibited a
decrease in surface hydrophobicity at low pH and high temperature. Thus, the results of
the current study were opposing to those of the abovementioned studies as they portrayed
pronounced hydrophobicity for both the freshly adapted and old adapted cells. However,
the increased hydrophobicity may not translate to better adhesion properties of these cells
as Ma et al. [10] reported that alkali treated L. plantarum KLDS 1.0328 displaying high
surface hydrophobicity adhered weakly to Caco-2 cells.

All L. plantarum B411 cells were inhibitory to both E. coli ATCC 25922 and S. aureus
ATCC 33591, with the latter being more susceptible. These results correlated with those
of Tareb et al. [47], who tested the antimicrobial activity of lactobacilli against several
enteropathogens and reported high susceptibility of the Gram positive than Gram negative
cells. Our findings indicate that although stress adaption improved the antibacterial
effects of L. plantarum B411 cells, synergistically, stress adaptation and long-term freezing
diminished this much sought-after attribute, specifically against E. coli ATCC 25922. It
has been suggested that the viability of probiotics should not fall below >106 CFU by the
end of storage. The results of the current study showed significant declines (p < 0.05) in
the viability of all L. plantarum B411 cells (non-adapted, freshly adapted and old adapted)
incorporated into all three food matrices throughout their storage time. However, all of
these cells still survived at levels recommended for beneficial effects. The viability of the
non-adapted cells dropped more than that of the old adapted and freshly adapted cells,
which showed similar levels of survival. The decrease in viability in the food products
could be attributed to the prolonged exposure of L. plantarum B411 to the somewhat acidic
nature of all three food matrices. The pH of yoghurt drops to around 4.5 after fermentation,
while carrot and cranberry juices usually have pH of 4 [23]. The ability of both the stress
adapted L. plantarum B411 cells to maintain their high numbers despite significant viability
losses is attributed to their pre-adaptation to sub-lethal stresses as previously reported for
Lactobacilli and Bifidobacteria subsequent to stress pre-adaptation treatment [11,35,48].
The long-term freezing of multi-stress adapted cells did not have any noticeable effect on
their stability when incorporated into different food matrices.

Following survival in products during storage, probiotics are ingested and must
survive the GIT conditions to reach their target site still in large quantities [49]. It is recom-
mended that gastric and intestinal conditions should not be separated when assessing pro-
biotic survival in the GIT as they could have a synergistic effect on probiotics’ viability [50].
Therefore, the current study investigated the viability of the different L. plantarum B411
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cells incorporated into different food matrices when exposed sequentially to SGF and
SIF. The type of food matrix affected the survival of L. plantarum B411 during simulated
digestion. Ranadheera et al. [51] suggested that using low pH fruit juices as carriers could
make probiotics more resilient to subsequent gastric acidity. This was in agreement with
the results obtained in the current study as cells incorporated into carrot and cranberry
juice survived more than those in yoghurt under simulated GIT conditions. However, these
results contradicted those of Champagne and Gardner [13], who reported that incorporat-
ing probiotics into a dairy rather than a juice matrix resulted in better GIT survival due
to the lower buffering capacity of juices compared to dairy products. Fruit and vegetable
juices are high in carbohydrates and dietary fiber, which act as natural prebiotics, allowing
survival in the adverse conditions of the stomach and intestines [52]. Although survival in
yoghurt decreased, viability levels were still acceptable, meaning that the dairy proteins
and fats also offered sufficient protection to the L. plantarum cells [49]. Overall, during
exposure to simulated GIT conditions, there was a significant decrease (p < 0.05) in viable
counts of the non-adapted and old adapted cells, while the decrease in viable counts of
freshly adapted cells was non-significant (p > 0.05). The results obtained for freshly adapted
cells are similar to those reported by Mathipa and Thantsha [17], where the survival of
multi-stress adapted L. plantarum cells under simulated GIT conditions was significantly
higher than that of their non-adapted counterparts. Since the reduction in viable counts of
freshly adapted was insignificant, it can be deduced that multi-stress adaptation together
with long-term freezing hindered the GIT survival of L. plantarum B411 cells even when
incorporated into foods.

5. Conclusions

The current findings showed that long-term freezing of multi-stress adapted cells
negatively impact some of the functional properties of the L. plantarum B411 cells. The
affected attributes include the cell morphology, BSH activity, antimicrobial activity and
cell surface properties. Therefore, it is important that the storage method used for the
stress adapted cells should be chosen cautiously to avoid those that can have counteracting
effects on the positive effects initially attained through the stress adaptation process. Multi-
stress adaptation can be effective in enhancing the survival of probiotics incorporated
into different foods, both during the shelf life of the foods and upon their subsequent GIT
journey. However, the use of freezing as a long-term preservation method for stress adapted
probiotics can negatively affect acquired stress tolerance attributes. Additionally, when
developing probiotic products, the type of food matrix should be taken into consideration
as this also has a profound influence on survival of probiotic cultures during storage
and subsequent exposure to GIT conditions. Further research is needed to determine
the suitability of other storage methods for the long-term preservation of multi-stress
adapted cells.
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