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Abstract: Lactobacillus helveticus 34.9 was isolated from a sample of Romanian home-made fermented
milk, producing both surface layer proteins and a class III bacteriocin. The present study aimed to
investigate the biological and functional role of the S-layer in correlation with its probiotic properties.
The presence of S-layer proteins resulted in various degrees of co-aggregation of L. helveticus 34.9
with pathogens and with other lactic acid bacteria, but the removal of these proteins reduced the
co-aggregation with all the tested strains. Moreover, the S-layer proved to be involved in cell wall
hydrophobicity and cellular protection during freeze-drying. In the simulated passage through the
gastrointestinal tract, S-layer depleted cells exhibited increased vulnerability, with greater viability
loss in low pH and pepsin treatment compared to control cells. Subsequently, in the small intestine
simulation, these cells lost all viability, underscoring the vital role of extracellular proteins for
cell protection. The morphological effects of these treatments were observed by scanning electron
microscopy. Severe structural damage was noticed when the S-layer was absent, including loss of cell
shape and integrity as well as many ghost cells emptied of their content. Finally, the elimination of
surface proteins reduced the interaction between L. helveticus 34.9 and mammalian cells.
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1. Introduction

Probiotics are live microorganisms which confer benefits to the host when adminis-
tered in adequate amounts [1,2]. They confer many health advantages such as improving
the balance of the intestinal microbiota, modulation of the immune system, inhibition
of adhesion and growth of pathogens, and lowering cholesterol levels [3–5]. The selec-
tion of new probiotic strains includes assessing some properties such as: (a) strain iden-
tity; (b) non-pathogenicity; (c) high auto-aggregation; (d) co-aggregation with pathogens;
(e) adherence to different surfaces; (f) resistance to conditions in the gastrointestinal tract
(GIT) such as low pH, bile, and digestive enzymes. In fact, survival in the GIT is an essential
condition for the probiotic strains to reach the intestines and exert their functional prop-
erties [2]. One of the systems developed by bacteria that prevents the loss of viability in
stressful environments and promotes probiotic potential is the production of surface-layer
(S-layer) proteins [6]. The S-layer is a structure of paracrystalline, bi-dimensional arrays
of protein monomers fully covering the surface of a bacterium [7]. These proteins were
previously described to have a molecular mass of 25–71 kDa, a pI of 9.3–10.4, an oblique or
hexagonal symmetry, and to self-assemble and re-form [6,8,9]. Biologically, the S-layer is
involved in cell protection, determination of cell shape, surface recognition, and adhesion to
surfaces [10–13]. It is found in many bacteria, including many lactobacilli, like L. helveticus,
L. brevis, L. acidophilus, and L. crispatus, among others [7,14]. Due to their structure and
functions, S-layer proteins have great potential in (nano)biotechnology, biomedicine, and
synthetic biology.
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During our previous studies, we observed that L. helveticus 34.9, isolated from a sample
of Romanian home-made fermented milk, produces S-layer proteins [9]. These proteins
are present during the entire bacterial growth cycle and are able to re-form in the first
hours of cultivation after being removed with 5 M LiCl. Moreover, they are involved in
cell survival in stressful conditions and in auto-aggregation [9]. In addition, L. helveticus
34.9 has been shown to produce a class III bacteriocin, able to inhibit the growth of closely
related species but also some (potentially) pathogenic strains [15]. All the data previously
obtained regarding this strain indicate its applicative potential for nutrition and health and
encourage new and more in-depth studies.

The aim of this study was to investigate the biological role of S-layer proteins synthe-
sized by L. helveticus 34.9 in correlation with the probiotic properties of this strain. Therefore,
all the tests performed during this research were made by comparison between S-layer
carrying and S-layer depleted cells. The tests focused on: co-aggregation with putative
probiotic lactic acid bacteria (LAB) and pathogenic bacteria, respectively; microbial adhe-
sion to hydrocarbons, to determine the biochemical properties of S-layer for cell adhesion;
the influence of the S-layer for survival during freezing and freeze-drying; the protective
role of the S-layer for bacterial survival in the GIT; and the impact of these proteins for the
adhesion to mammalian cells.

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

All the strains used in this study were preserved in optimal growth medium sup-
plemented with 25% glycerol (v/v) for cryo-protection, at −80 ◦C. The LAB strains,
namely L. helveticus 34.9, Lactiplantibacillus plantarum BR9, Lactococcus lactis 19.3, and
Lactobacillus acidophilus IBB801 were cultivated in MRS medium (Merck, Germany) and
incubated at 37 ◦C to obtain fresh cultures. The pathogenic strains, namely Listeria monocy-
togenes ATCC 1911-1, Staphylococcus aureus ATCC 25923, Salmonella enterica ATCC 14028,
Bacillus cereus CBAB, Bacillus subtilis B17, and Escherichia coli ATCC 25922 were grown in
Brain Heart Infusion medium (BHI, Merck, Darmstadt, Germany), at 37 ◦C, except for the
two bacilli, grown at 30 ◦C.

2.2. S-Layer Extraction

For the extraction of the S-layer, L. helveticus 34.9 cells were treated with 5 M LiCl [16].
Briefly, cells were recovered by centrifugation (10,000× g, 4 ◦C) from 50 mL of fresh,
overnight culture, were washed with phosphate buffered saline (PBS) (VWR Chemicals,
Radnor, PA, USA), and resuspended in 10 mL of 5 M LiCl (Carl Roth GmbH + Co. KG, Karl-
sruhe, Germany). The suspension was incubated for 2 h at 37 ◦C, with gentle shaking. After
centrifugation (10,000× g, 4 ◦C), the cells were washed twice with PBS and resuspended in
50 mL of PBS for further study. In parallel, the control culture was treated with the same
extraction protocol, except that 5 M LiCl was replaced by PBS. Cell viability was determined
for both control and treated suspensions by counting the CFU/mL on MRS agar medium.
The survival rate after the extraction was calculated according to the formula:

Survival (%) = (N/N0) × 100,

where N represents the number of viable cells/mL after the corresponding treatment and
N0 refers to the number of viable cells at the beginning of the experiment.

2.3. Co-Aggregation

The co-aggregation assay was performed according to Han et al., [17], with some mod-
ifications. For this, three functional LAB strains, namely Lc. lactis 19.3—a nisin producing
strain [18], the potential probiotic L. plantarum BR9 [19], and the S-layer and acidophilin
801 producing strain, L. acidophilus IBB 801 [20,21], were used. The assay was also per-
formed with pathogenic/potential pathogenic strains: Staph. aureus ATCC 25923, S. enterica
ATCC 14028, B. cereus CBAB, B. subtilis B17, E. coli ATCC 25922, and List. monocytogenes
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ATCC 1911-1. The bacterial cultures were washed and resuspended in PBS buffer to an
OD600 nm of 0.4. Suspensions of L. helveticus 34.9 control cells and S-layer depleted cells,
respectively, were brought to the same OD600 nm of 0.4. Afterwards, the latter two suspen-
sions were mixed (1/1, v/v) with the LAB/pathogen suspensions, vortexed thoroughly for
30 s, and incubated for 5 h at room temperature. The final OD600 nm was measured, and the
co-aggregation (%) was determined according to the formula:

Co-aggregation (%) = [(Ax + Ay)/2 − Ax+y]/[(Ax + Ay)/2] × 100,

where, Ax, Ay represent the absorbances of the individual cultures, and Ax+y represents
the absorbance of mixture.

2.4. Microbial Adhesion to Solvents (MATS)

The role of the S-layer for MATS was determined by analyzing the bacterial cell
wall binding ability to xylene (Scharlab, Sentmenat, Spain) and chloroform (Adra Chim,
Bucharest, Romania), respectively, according to Hernández-Alcántara et al., [22] with some
modifications. A total of 2 mL of bacterial suspensions containing control/S-layer depleted
cells, respectively, both with an OD600 nm of 0.4, were mixed with 2 mL of chloroform or
xylene, vortexed thoroughly for 2 min, and incubated at room temperature. After 1 h, the
aqueous phase was removed, and its optical density was measured at 600 nm. The MATS
was calculated according to the formula:

Adhesion (%) = [(A0 − A)/A0] × 100,

where A0 and A represent the absorbances before and after the treatment with xylene/chloroform.

2.5. Influence of S-Layer on Bacterial Resistance during Freezing and Freeze-Drying

The role of S-layer proteins in bacterial resistance to freezing and freeze-drying was
also studied by comparison between the S-layer carrying and S-layer depleted cells. On the
one hand, 500 µL aliquots of each suspension were kept at −20 ◦C for 3, 7, or 14 days, and
the bacterial survival was determined by CFU counting on MRS agar plates. On the other
hand, to assess the impact of the S-layer on bacterial survival during freeze-drying, 2 mL of
each bacterial suspension of untreated or treated cells were frozen at −80 ◦C for 4 h and
subsequently freeze-dried for 24 h. Afterwards, the freeze-dried cells were resuspended in
2 mL sterile, pure water, and the number of viable cells was determined by CFU counting.
The survival rate was calculated as described above.

2.6. Influence of the S-Layer on the Survival of the Producing Cells under Conditions Simulating
the Passage through the Gastrointestinal Tract (GIT)

Suspensions of both LiCl-treated and control cells were centrifuged, washed, and
resuspended in PBS buffer (pH 3.0) supplemented with pepsin (3 mg/mL, final concen-
tration) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), and incubated for 3 h at
37 ◦C. The bacterial survival after this treatment was determined by CFU counting on MRS
agar plates. Next, the bacterial suspensions were centrifuged, and the cells were washed
and resuspended in PBS buffer (pH 8.0) supplemented with pancreatin (1 mg/mL, final
concentration) (Serva electrophoresis GmbH, Heidelberg, Germany) and Ox-bile (1%, final
concentration) (Sigma-Aldrich). The suspensions were incubated for 3 h at 37 ◦C and the
final CFU/mL was determined. The survival rate was calculated as described above.

2.7. Scanning Electron Microscopy

Samples of the control and S-layer depleted cells were taken after each step of the
simulation of passage through the GIT, namely after pepsin treatment and after pancreatin
plus Ox-bile, respectively, and were prepared for microscopic observation. The cells
were fixed with 4% glutaraldehyde (VWR Chemicals, Fontenay-sous-Bois, France) in
0.1 M potassium phosphate buffer (pH 7.4) for 2 h at 4 ◦C. Afterwards, the samples were
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washed with PBS buffer and dehydrated consecutively with ethanol: 50–75–100%, then
ethanol/acetone (1/1, v/v), and, finally, resuspended in acetone. Each dehydration step
was performed once for 20 min. A drop of each sample was spotted on a microscopic
blade, air-dried, and coated with gold. The morphological changes were observed with a
JSM-6610LV scanning electron microscope (Jeol Europe, Nieuw Vennep, The Netherlands).

2.8. HT-29 Cell Culture

HT-29 human colon carcinoma cells were grown in 75 cm2 flasks (IsoLab, Eschau,
Germany) in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Life Technologies Corp.,
Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (Biow-
est, Nuaillé, France), 1% non-essential amino acids (Gibco), and 1% penicillin/streptomycin
(Gibco) at 37 ◦C in 5% CO2 atmosphere, in a Sanyo CO2 incubator (Sanyo Electric Co., Ltd.,
Osaka, Japan). The medium in the flasks was refreshed every 48 h.

2.9. In Vitro Adhesion of L. helveticus 34.9 to HT-29 Cells

HT-29 cells were seeded on 6-well cell-culture plates (IsoLab) at a concentration of
about 1.5 × 105 cells/mL and grown to a final confluence of 50–60%, at 37 ◦C, in air with
5% CO2.

Control and S-layer depleted L. helveticus 34.9 cells were washed and resuspended in
warm DMEM without antibiotics to a final concentration of about 108 CFU/mL. Simultane-
ously, the HT-29 monolayers were gently washed twice with PBS buffer for the removal of
antibiotics. Two ml of bacterial suspensions were added in each well and the plates were in-
cubated at 37 ◦C, for 2 h, in air with 5% CO2. After the incubation period, the supernatants
were discarded and the wells were gently washed twice with warm PBS to remove the
non-adhered bacteria. In the end, the monolayers were trypsinized (Trypsin-EDTA, Grisp,
Porto, Portugal), and the adhered bacteria were counted on MRS plates. The adhesion
percentage was determined as:

Adhesion (%) = (CFUadh/CFUadd) × 100,

where CFUadh represents the bacterial counts of the adhered bacteria, and CFUadd rep-
resents the bacterial counts of the added bacteria. The adhesion tests were performed in
triplicate, in three wells for each bacterial suspension for every replication.

2.10. Statistical Analysis

All the experiments were performed in triplicate unless otherwise stated and the
quantitative data are presented as mean and standard deviations. The results were analyzed
with GraphPad Prism (GraphPad Software LLC, San Diego, CA, USA) using the t-test.
The statistical differences between control and S-layer-depleted cells were considered
significant at p < 0.05.

3. Results
3.1. S-Layer Extraction

The treatment with 5 M LiCl did not affect the cell viability, the survival rate after this
step being similar (approx. 100%) for both the control and treated cells (results not shown).
This result shows that the extraction method used in this study is safe for L. helveticus 34.9
and does not affect the cell integrity and viability.

3.2. Co-Aggregation

The percentage of co-aggregation between the control cells of L. helveticus 34.9 and the
other selected strains was strain-dependent and ranged from 30.7% to 76.1% (Figure 1).
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Figure 1. Co-aggregation (%) of control and S-layer depleted L. helveticus 34.9 cells with other LAB
and with (potential) pathogens. Differences between control cells and S-layer depleted cells were
statistically analyzed (t-test) and a p-value summary was marked with asterisks on the graph; no
asterisk means no significant difference, while ** and *** mean p < 0.01, and p < 0.001, respectively.

Among the functional/potential probiotic bacteria selected in this study, the highest
co-aggregation capacity was observed in the case of L. acidophilus IBB 801 (56.2%) and
the lowest for L. plantarum BR9 (30.7%). On the other hand, control cells of L. helveticus
34.9 showed similar co-aggregation rates with most pathogenic strains (between 48.7%
and 58.7%), except for B. cereus CBAB for which the co-aggregation potential was higher
(76.1%). After removal of the surface proteins, the co-aggregation capacity of L. helveticus
34.9 with all strains used in the experiment decreased in various amounts. Overall, the most
significant decreases were recorded in combination with L. plantarum BR9 (from 30.7% to
5.65%) and B. cereus CBAB (from 76.1% to 39.5%). These results demonstrate that the S-layer
contributes to the co-aggregation ability of L. helveticus 34.9 with most tested bacteria.

3.3. Bacterial Adhesion to Solvents

As shown in Figure 2a, the microbial adhesion to xylene, also known as the hydropho-
bicity, of L. helveticus 34.9 control cells is about 38.6%; however it decreases significantly
(p < 0.01) to about 23.5% after LiCl treatment. When comparing the affinity to chloroform,
we observed that control cells had a significantly (p < 0.0001) higher capacity to adhere
to this solvent, of about 95% as compared with that of LiCl treated cells, of about 83.4%
(Figure 2b). These results demonstrate that the S-layer proteins influence the hydropho-
bicity and affinity to chloroform of the producing cells and, consequently, the capacity of
binding to different substrates/surfaces.
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Figure 2. Adhesion (%) of control and S-layer depleted L. helveticus 34.9 cells to xylene (A) and
chloroform (B). Differences between control cells and S-layer depleted cells were statistically analyzed
(t-test) and a p-value summary was marked with asterisks on the graph; ** and *** mean p < 0.01 and
p < 0.001, respectively.

3.4. Influence of the S-Layer on Bacterial Resistance during Freezing and Freeze-Drying

Table 1 shows that both control and LiCl-treated cells had good viability (over 98%)
even after 14 days of storage at −20 ◦C. The differences of the survival rates between the
two cell types at the time intervals under study are insignificant (p = 0.4927). In contrast,
the freeze-drying significantly (p < 0.0001) affected the viability of the cells. In the control
culture, there was a decrease of cell survival of more than 30%, while the treated cells
suffered a greater loss of viability; over 50% compared with the cells before freezing.

Table 1. Bacterial survival (%) after freezing and freeze-drying.

Bacterial Survival (%)

Storage at −20 ◦C

3 Days 7 Days 14 Days Freeze-Drying

Control cells 99.8 ± 1.12 99.2 ± 0.27 99.0 ± 2.37 68.6 ± 0.04

S-layer depleted cells 99.4 ± 1.28 98.2 ± 1.35 97.9 ± 3.76 41.8 ± 1.75

3.5. The Importance of the S-Layer for the GIT Survival

Table 2 shows the survival rate of L. helveticus 34.9 control and LiCl treated cells under
the conditions simulating the stomach (acidic pH and pepsin) and small intestine (pH 8.0,
pancreatin, and bile salts).
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Table 2. Bacterial survival (%) after exposure to conditions similar to the gastrointestinal tract.

Bacterial Survival (%)

pH 3 + Pepsin pH 8 + Pancreatin + Bile Salts

Control cells 70.3 ± 0.08 66.2 ± 0.29

S-layer depleted cells 55.6 ± 1.07 0

As can be observed, control cells maintain a good viability of about 70% in the first
step and about 66% in the second step of the treatment simulating passage through the GIT.
On the contrary, S-layer depleted cells showed a significantly (p < 0.0001) lower survival
rate (about 55%) in the stomach simulating conditions and completely lost their viability in
the treatment that followed, simulating passage through the small intestine.

3.6. Scanning Electron Microscopy

The SEM observations revealed several morphological changes of the bacterial cells
during the treatments simulating passage through the GIT (Figure 3).

Fermentation 2024, 10, x FOR PEER REVIEW 7 of 12 
 

 

Table 2. Bacterial survival (%) after exposure to conditions similar to the gastrointestinal tract. 

 Bacterial Survival (%) 
 pH 3 + Pepsin pH 8 + Pancreatin + Bile Salts 

Control cells 70.3 ± 0.08  66.2 ± 0.29 
S-layer depleted cells 55.6 ± 1.07 0 

As can be observed, control cells maintain a good viability of about 70% in the first 
step and about 66% in the second step of the treatment simulating passage through the 
GIT. On the contrary, S-layer depleted cells showed a significantly (p < 0.0001) lower sur-
vival rate (about 55%) in the stomach simulating conditions and completely lost their vi-
ability in the treatment that followed, simulating passage through the small intestine. 

3.6. Scanning Electron Microscopy 
The SEM observations revealed several morphological changes of the bacterial cells 

during the treatments simulating passage through the GIT (Figure 3). 

 
Figure 3. Scanning electron microscopy of L. helveticus 34.9 control cells (A,C,E) and S-layer depleted 
cells (B,D,F) subjected to different conditions simulating passage through the GIT: (A,B)—no treat-
ment; (C,D)—pepsin and low pH treatment; (E,F)—pancreatin and bile salts treatment. The arrows 
show the morphological changes that occurred during the experiments. 

While the LiCl extraction showed no morphological changes (Figure 3B) as compared 
with control cells (Figure 3A), incubation under conditions simulating passage through 

A B 

C D  

E  F  

Figure 3. Scanning electron microscopy of L. helveticus 34.9 control cells (A,C,E) and S-layer depleted
cells (B,D,F) subjected to different conditions simulating passage through the GIT: (A,B)—no treat-
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While the LiCl extraction showed no morphological changes (Figure 3B) as compared
with control cells (Figure 3A), incubation under conditions simulating passage through
the stomach resulted in some modifications on the cells surface (Figure 3C,D) such as loss
of a smooth appearance and well-defined shape. Moreover, the treatment simulating the
small intestine conditions caused more severe damage on cell integrity in the absence of the
surface layer proteins compared to the control cells. As shown in Figure 3F, we could detect
the presence of holes resembling transmembrane pores on the cell surface, but also many
ghost cells emptied of their content, with accumulation of cell debris outside the cells.

The in-vitro adherence of control and S-layer depleted L. helveticus 34.9 cells to the
HT-29 cell line was studied. As seen in Figure 4, the adherence, of about 16%, was more
efficient in the presence of the surface proteins, while the removal of this protein layer by
5 M LiCl treatment significantly (p = 0.0016) reduced the adhesion ability, to about 10.5%.

Fermentation 2024, 10, x FOR PEER REVIEW 8 of 12 
 

 

the stomach resulted in some modifications on the cells surface (Figures 3C,D) such as loss 
of a smooth appearance and well-defined shape. Moreover, the treatment simulating the 
small intestine conditions caused more severe damage on cell integrity in the absence of 
the surface layer proteins compared to the control cells. As shown in Figure 3F, we could 
detect the presence of holes resembling transmembrane pores on the cell surface, but also 
many ghost cells emptied of their content, with accumulation of cell debris outside the 
cells. 

The in-vitro adherence of control and S-layer depleted L. helveticus 34.9 cells to the 
HT-29 cell line was studied. As seen in Figure 4, the adherence, of about 16%, was more 
efficient in the presence of the surface proteins, while the removal of this protein layer by 
5 M LiCl treatment significantly (p = 0.0016) reduced the adhesion ability, to about 10.5%. 

 
Figure 4. Bacterial adhesion (%) of control and S-layer depleted L. helveticus 34.9 cells compared to 
the HT-29 cell line. Differences between control cells and S-layer depleted cells were statistically 
analyzed (t-test) and the p-value summary was marked with asterisks on the graph; means p < 0.01. 

4. Discussion 
L. helveticus 34.9 caught our attention due to its probiotic potential, as demonstrated 

by its inhibitory activity towards several (potentially) pathogenic bacteria and by its good 
resistance to stress conditions [9,15,23]. In addition, the production of S-layer proteins by 
this strain may be important for maintaining its functional properties under less favorable 
conditions. Therefore, our study focused on the role of these proteins on bacterial protec-
tion and survival in different growth conditions, with more attention on particular aspects 
related to the probiotic effect. In order to investigate the importance of the S-layer, all the 
tests were performed by comparison between control cells and cells treated with 5 M LiCl 
for S-layer extraction. 

The co-aggregation between probiotics and other bacterial strains plays an important 
role, especially for human gut colonization. Co-aggregation enables lactobacilli to manip-
ulate the nearby environment and to inhibit the growth or prevent the colonization of 
pathogens in the gut by releasing antimicrobial molecules nearby or by competitive ex-
clusion [24,25]. L. helveticus 34.9 showed a very good co-aggregation capacity associated 
to several bacteria, but removal of the S-layer led to a significant decrease in this capacity, 
demonstrating the biological consequences of these proteins in the competitiveness for 

0

5

10

15

20

25

30

Control S-layer depleted
cells

Ad
he

sio
n 

to
 H

T-
29

 ce
ll 

lin
e 

(%
)

L. helveticus 34.9 cells

**

Figure 4. Bacterial adhesion (%) of control and S-layer depleted L. helveticus 34.9 cells compared to
the HT-29 cell line. Differences between control cells and S-layer depleted cells were statistically
analyzed (t-test) and the p-value summary was marked with asterisks on the graph; means p < 0.01.

4. Discussion

L. helveticus 34.9 caught our attention due to its probiotic potential, as demonstrated
by its inhibitory activity towards several (potentially) pathogenic bacteria and by its good
resistance to stress conditions [9,15,23]. In addition, the production of S-layer proteins by
this strain may be important for maintaining its functional properties under less favorable
conditions. Therefore, our study focused on the role of these proteins on bacterial protection
and survival in different growth conditions, with more attention on particular aspects
related to the probiotic effect. In order to investigate the importance of the S-layer, all the
tests were performed by comparison between control cells and cells treated with 5 M LiCl
for S-layer extraction.

The co-aggregation between probiotics and other bacterial strains plays an impor-
tant role, especially for human gut colonization. Co-aggregation enables lactobacilli to
manipulate the nearby environment and to inhibit the growth or prevent the colonization
of pathogens in the gut by releasing antimicrobial molecules nearby or by competitive
exclusion [24,25]. L. helveticus 34.9 showed a very good co-aggregation capacity associated
to several bacteria, but removal of the S-layer led to a significant decrease in this capacity,
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demonstrating the biological consequences of these proteins in the competitiveness for
substrate colonization. These properties are essential for probiotics as they act as a barrier
against intestinal surface infections with pathogens [26]. Our results are in agreement with
previous studies performed with potential probiotic lactobacilli [14,27–29]. Moreover, a
strong aggregation of L. helveticus 34.9 with different probiotic/functional lactobacilli can
bring benefits to the host by increasing the colonization potential if they are to be used in
mixed probiotics products [25].

Hydrophobicity is another limiting factor in probiotic potential as it may influence the
ability of a strain to adhere and grow on different surfaces and it can offer a competitive
advantage in the adhesion of LAB [17,30,31]. Therefore, a higher cell surface hydrophobic-
ity can be regarded as a useful feature for adherence to human intestinal epithelial cells.
The xylene adhesion assay was performed to evaluate the hydrophobicity of L. helveticus
34.9 [32]. According to some researchers, the hydrophobicity or microbial adhesion to hy-
drocarbons (MATH) can be classified as low (MATH < 33%), medium (33% < MATH < 66%),
or high (MATH > 66%) [33]. In this case, L. helveticus 34.9 can be considered to have a
medium hydrophobic character. On the other hand, other authors present hydrophobicity
as microbial adhesion to solvents (MATS), classifying the bacterial surface as hydrophobic
(MATS ≥ 55.00%), amphiphilic (45.00% ≤ MATS ≤ 54.99%), or hydrophilic
(MATS ≤ 44.99%) [34]. According to this classification, L. helveticus 34.9 can be considered a
hydrophilic strain, which is in accordance with the results obtained for L. helveticus T103 [35],
L. helveticus R0052 [36], and L. helveticus ATCC 12046 [37]. On the other hand, other L. helveti-
cus strains studied previously showed more hydrophobic cellular characteristics [35,38,39].
Once again, these results show the variability of cellular characteristics between bacteria,
even at the strain level. Moreover, depletion of S-layer proteins led to a decrease of bacterial
adhesion to xylene compared with the control cells, which proves that S-layer proteins are
involved in bacterial surface hydrophobicity. These results are in agreement with other
studies on L. helveticus [28], as well as for other lactobacilli [28,38,40,41].

Finally, the strong microbial adhesion to chloroform of L. helveticus 34.9 suggests that
this strain is a strong electron donor [42]. Overall, these results demonstrate that the S-layer
proteins influence the hydrophobicity and affinity to chloroform of the producing cells and,
consequently, the capacity of binding to different substrates/surfaces.

Freeze-drying is one of the most used techniques for long-term bacterial preservation.
However, this is a harsh process that can lead to cellular damage, due to the removal
of water, which can cause changes in the structure of proteins, the cell wall, and the
cytoplasmic membrane [27,43]. For L. helveticus 34.9, the freeze-drying led to a more
pronounced decrease of viability of the S-layer depleted cells than for the control cells.
Therefore, we may state that the outer protein envelope acts as a protective barrier against
cell damage, which was also stipulated in other studies carried out on lactobacilli [27].
On the other hand, for short-term storage (14 days) at −20 ◦C, there were no significant
differences of viability between the two types of cells, which means that L. helveticus 34.9 is
not sensitive to this type of storage.

Survival in the gastrointestinal tract is a pre-requisite for colonization and functional
activity of probiotic LAB in the host [27]. Therefore, it is essential for bacteria to possess
defense systems to withstand the typical harsh conditions encountered in this environment,
like low pH, different digestive enzymes, and bile [44,45]. Our results clearly showed
that S-layer proteins protect cells from these unfavorable conditions, maintaining a good
viability of L. helveticus 34.9 cells during the treatments simulating the passage through
the stomach and small intestine. Depletion of these surface proteins caused a significant
decrease in bacterial viability, even leading to cell death in the presence of pancreatic
enzymes and bile salts. The viability results were sustained by the microscopic observations.
Scanning electron microscopy revealed the morphological changes during the simulated
GIT conditions and offered an overall view of the role of the S-layer for cell protection and
survival in stressful environmental conditions. Broadly, the absence of the external protein
coat led to more morphological damage during the simulated digestion. Altogether, this
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research showed that surface proteins play an important role in the protective mechanisms
of L. helveticus 34.9 against enzymes of the digestive tract and acidic pH. The protective
role of S-layer in the GIT was also highlighted for other lactobacilli like L. brevis D6,
L. helveticus M92, L. plantarum D13, L. casei DA4, L. coryniformis DA263, and L. acidophilus
NCFM [14,27,46].

Finally, the adhesion of probiotic bacteria to the intestinal cells of the host is an
important feature in the conferral of health benefits [47]. In our study, the HT-29 cell
line was used as an in vitro model for predicting the ability of L. helveticus 34.9 to adhere
to the human small intestine. This cell line was previously used in adherence studies
to screen putative probiotic cultures [29,48,49]. The decreased adhesion of the S-layer
depleted cells, as compared to the control cells, confirms the hypothesis that the S-layer is
involved in bacterial binding to HT-29 cells. However, the adherence was not completely
lost, which suggests that other factors are also involved in the interaction of lactobacilli
with intestinal cells. The literature acknowledges that besides surface layer proteins, other
surface structures such as lipoteichoic acids and pili, passive forces, electrostatic interactions,
and hydrophobicity affects the probiotics’ adherence to the host [28,50]. Moreover, many
previous in vitro studies showed that the bacterial adhesion to human cells is species and
strain related; therefore, it seems that the interaction between probiotics and the host is a
multifactorial process implicating different potential mechanisms [29].

5. Conclusions

The comparative results obtained in this study between untreated and S-layer depleted
cells indicate that the surface layer proteins produced by L. helveticus 34.9 contribute to the
probiotic potential of this strain. The S-layer synthesized by this strain is involved in cell
hydrophobicity, co-aggregation with pathogens or other LAB, but also in bacterial adhesion
to mammalian cells. Moreover, the decreased survival of S-layer depleted L. helveticus 34.9
cells during freeze-drying and in the simulated GIT conditions suggests that the outer
protein envelope of this strain has an important role in cell protection. Corroborating the
results obtained so far, it can be suggested that S-layer producing L. helveticus 34.9 is a great
candidate for a probiotic strain.
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