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Abstract: This study aimed to evaluate the probiotic properties of 10 lactic acid bacteria (LAB)
isolated from artisanal fermented plantain dockounou paste. A preliminary characterization of
the LAB isolates was performed based on phenotypic and several biochemical properties, which
was subsequently confirmed through 16S rRNA gene sequencing analysis, indicating that these
isolates belonged to the species Lactiplantibacillus plantarum. With regard to safety criteria, the strains
exhibited no alpha or beta hemolysis activity. Nevertheless, the majority of LAB strains demonstrated
high sensitivity to the antibiotics tested. The results demonstrated that the majority of the strains
exhibited remarkably high survival rates under simulated gastrointestinal conditions, such as pH
= 1.5 (81.18–98.15%), 0.3% bile salts (68.62–100.89%), 0.4% phenol (40.59–128.24%), as well as 0.1%
pepsin and pH = 2.5 (88.54–99.78%). The LAB strains demonstrated elevated levels of cell surface
properties, indicative of the presence of a considerable defensive mechanism against pathogens.
Intact LAB cells exhibited significant antioxidant abilities (48.18–83.58%). They also demonstrated
a pronounced inhibitory effect on the growth of foodborne pathogens. Enzyme pattern analysis
revealed that the LAB isolates produced both proteases and cellulases, as well as pectinase and/or
amylase activity. The potential of the L. plantarum strains FS43, FS44, and FS48, as indicated by
the results obtained from the standard in vitro assays, makes them suitable for further study as
potential probiotics.

Keywords: fermented plantain dockounou paste; Lactiplantibacillus plantarum; probiotic properties;
health benefits

1. Introduction

Dockounou paste is an Ivorian traditional food made by combining senescent plantain
flesh with maize or rice flour and baking or steaming it [1,2]. This food is produced through
several processes, including peeling the senescent plantain fruit, scooping out the flesh,
combining it with flour, fermenting, packing, frying, and processing it into flour [1,2].

Lactic acid bacteria, including those belonging to the genera Lactococcus, Lactobacil-
lus, and Streptococcus, have been identified as playing a key role in the fermentation of
traditional cereal-based foods and beverages worldwide [3–6]. Fermentation is the most
significant of these processes since it improves the texture and organoleptic qualities of the
food [4–6].

The potential health benefits of indigenous African fermented foods and beverages
have not been adequately researched. It is a widely held view that the popularity of tradi-
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tional fermented foods can be attributed to many factors, including the enhancement of
taste, the conservation of food for a longer shelf life, and the improvement of nutritional
value and digestive effectiveness. Some African cultural groups espouse the belief that
fermented foods can be efficient in the treatment of illnesses, with a particular focus on
digestive disorders. The indigenous microbial consortia present in fermented indigenous
African foods are responsible for the beneficial properties of fermented foods mentioned
above (reviewed by Achi and Asamudo [7]; Malongane and Berejena [8]). In recent years,
numerous studies have been conducted with a focus on the isolation of LABs and yeasts
from traditional fermented foods to identify potential starter cultures that can also exhibit
valuable probiotic properties [3–6]. LAB species have been identified as the agents re-
sponsible for the manufacture of various Ivorian indigenous foods and beverages, such
as attiéké, attoupkou, placali (fermented tubers), baca, wômi, doklu (fermented cereal-based
foods), adjuevan (fermented fish), bandji and tchapalo (fermented beverages), and dockounou
(fermented over-ripe fruits of plantain) [8–14]. Throughout the fermentation process of
dockounou paste, Kouadio et al. [11] found different types of microorganisms predomi-
nating, such as yeasts, bacilli, and lactic acid bacteria. L. plantarum (64%), Weissella cibaria
(22%), L. fermentum (7%), and Pediococcus acidilactici (7%) were mainly detected during
the first 24 h of the production of doklu. L. plantarum (56%) dominated after 48 h of fer-
mentation, and L. fermentum (100%) prevailed at the end of fermentation [12]. Mogmenga
et al. [15] successfully isolated Saccharomyces cerevisiae with proven probiotic properties
from a traditional fermented beer produced in Burkina Faso, known as Rabilé.

Also, the presence of Lactobacillus spp., Bifidobacterium spp., and S. cerevisiae yeasts
has been identified in Romanian fermented beverages (socata and bors, ) [16,17], Romanian
fermented dairy products [18–20], and Romanian fermented vegetables [18,21–23].

Probiotics are live microorganisms that assist the body in maintaining optimal health
when consumed in appropriate quantities [24,25]. Lactic acid bacteria, such as Bifidobac-
terium and Lactobacillus, isolated from various sources, have been widely investigated using
standard in vitro tests for key functional, probiotic, and technological properties [26–32].
The beneficial effects on health can be attributed to the synthesis of compounds that inhibit
the proliferation of pathogens and compete with them for nutrients and adherence sites
on the epithelial cells of the gut tract [29–32]. Probiotics can improve the immune system
through macrophage activation, increased levels of immune globulins, increased natural
killer cell activity, and/or increased levels of cytokines [30–32].

Furthermore, pharmaceutical probiotics are often expensive, and fermented foods and
beverages represent a valuable alternative source of probiotics that may be more accessible
to those who are unable to afford them, particularly in marginalized communities in Africa.

The objective of the present study was to assess the potential of LAB strains isolated
from traditional fermented plantain dockounou paste as a probiotic in vitro. This was
achieved by evaluating their functional properties (resistance in simulated gastrointestinal
conditions and cell surface properties), probiotic properties (antibacterial, antioxidant, and
enzyme activities), and safety properties (molecular identification, antibiotic sensitivity,
and hemolysis activity).

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

To evaluate their probiotic properties, 40 bacterial strains were isolated from fermented
Dockounou paste [11]. The LAB isolates were preliminarily identified using conventional
techniques, including colonial morphology, Gram staining, and biochemical reactions
(catalase and oxidase tests). A total of 10 representative LAB isolates were selected for this
research and preserved in cryotubes at a temperature of −20 ◦C in MRS broth, which was
additionally supplemented with 20% glycerol. Before use, the stock LAB cultures were
inoculated into MRS broth and incubated at 37 ◦C for 24 h.
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2.2. Identification of LAB Strains via 16S rDNA Sequencing

Overnight LAB cultures were harvested through centrifugation at 5000× g for 10
min. The LAB cells were then employed to isolate bacterial DNA using the Zymo Re-
search Quick-DNATM Fungal/Bacterial Miniprep Extraction Kit (Zymo Research, Irvine,
CA, USA), following the manufacturer’s instructions. Finally, DNA quantification was
conducted using the SpectraMax®® QuickDrop™ (Molecular Devices, San Jose, CA, USA).
Polymerase chain reaction (PCR) amplification of the 16S ribosomal DNA (rDNA) re-
gion was performed using the primers 27F (5′ -AGAGTTTGATCCTGGCTCAG-3′) and
1492R (5′ -TACGGYTACCTTGTTACGACTT-3′). Amplified DNA fragments were then
subjected to sequencing in both directions using the same primers by the Cellular and
Molecular Immunological Application (CEMIA) sequencing service (Larissa, Greece).
The newly obtained sequences were subjected to comparison with those already de-
posited in the NCBI database using the Basic Local Alignment Search Tool (BLAST;
https://blast.ncbi.nlm.nih.gov/Blast.cgi, latest accessed 4 December 2023) to identify the
species level of the LAB strains based on the level of similarity. Furthermore, a phylogenetic
tree was constructed using MEGA software version 11.0.13 [33] based on 16S rDNA genes
to identify the bacterial species with the highest degree of similarity [34].

2.3. In Vitro Tolerance of LAB Strains to Simulated Gastrointestinal Conditions
2.3.1. Resistance to Low pH

The influence of low pH (1.5) on the growth of LAB strains was explored using the
method described by Carr et al. [35]. This involved inoculating fresh bacterial cultures
into 6 mL of sterile MRS broth adjusted to pH 1.5 with 1 M HCl and incubating them at
37 ◦C for 3 h. The number of viable cells was then determined using the plate count agar
method, with the results expressed as log CFU/mL. Survival rate (SR) was calculated using
the following formula:

SR% =
Log CFU/mL(finale)
Log CFU/mL(initial)

× 100, (1)

where initial and final mean the viable cells (CFU/mL) at 0 h and after 3 h of incubation.

2.3.2. Resistance to Pepsin and Low pH

The capacity of LAB isolates to tolerate pepsin in acid media was tested following
the method proposed by Digut,ă et al. [36], with few modifications. The simulated gastric
juice was formulated by combining 0.128% sodium chloride (NaCl), 0.0239% potassium
chloride (KCl), and 0.64% sodium bicarbonate (NaHCO3) (Central Drug House, Mumbai,
India) with 0.1% (w/v) pepsin (Himedia, Mumbai, India). The pH was then adjusted
to 2.5. Overnight LAB cells were collected via centrifugation at 2000× g for 10 min and
washed twice in sterile physiological saline (0.9% NaCl). The cells were then suspended in
simulated gastric juice. Samples were taken at 0 and 3 h, serially diluted, and plated on
MRS agar plates. Viable cells were quantified using the plate count method. The formula
employed to calculate the survival rate in simulated gastric juice is identical to that used to
assess acid pH resistance.

2.3.3. Tolerance to Bile Salts

The methodology proposed by Coulibaly et al. [28] was employed to assess the ability
of LAB strains to withstand the effects of bile salts. The LAB strains were prepared as
previously described. Cell pellets were inoculated in MRS broth supplemented with 0.3%
(w/v) bile salts and then incubated for 4 h at 37 ◦C. Viable cells were quantified using

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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the plate count method, with results expressed as log CFU/mL. The survival rate was
performed according to the following formula:

SR% =
Log CFU/mL(final)

Log CFU/mL(initial)
× 100, (2)

where initial and final mean the viable cells (CFU/mL) at 0 h and after 4 h of incubation.

2.3.4. Phenol Tolerance

The ability of LAB isolates to survive in the presence of a phenol solution was investi-
gated using a methodology described by Xanthopoulos et al. [37]. Overnight LAB cultures
were inoculated in MRS broth containing 0.4% phenol and incubated for 24 h at 37 ◦C.
Viable cells were subsequently quantified via the plate count method.

2.4. Safety Assessment
2.4.1. Hemolysis Test

The hemolytic potential of LAB isolates was performed by the methodology described
by Yadav et al. [38]. Bacterial strains were inoculated onto blood agar plates (Oxoid,
Basingstoke Hampshire, UK) supplemented with 5% (w/v) sheep blood and incubated
at a temperature of 37 ◦C for 48 h. If the area around the bacterial growth was clear, it
can be assumed that the bacterium had caused β-hemolysis. Conversely, if the area had
turned greenish, this would indicate that the tested bacterium had produced α-hemolysis.
It should be noted that γ-hemolysis is the term used to describe the absence of hemolysis
or blood cell degradation when a microorganism is present.

2.4.2. Antibiotic Sensitivity

The antibiotic spectrum of the LAB isolates was evaluated using the disc diffusion
method with antibiotics aligned with those recommended by the European Food Safety
Authority (EFSA). This included chloramphenicol (30 µg/disc); tetracycline (30 µg/disc);
erythromycin (10 µg/disc); lincomycin (10 µg/disc); ampicillin ((10 µg/disc); amoxicillin
+ clavulanic acid (20/10 µg/disc); penicillin (2 µg/disc); nitrofurantoin (300 µg/disc);
trimethoprim + sulfamethoxazole (1/19 µg/disc). A 100 µL aliquot of each fresh LAB
culture was spread onto MRS agar plates and allowed to dry. Subsequently, antibiotic
discs were placed on the inoculated plates and incubated for 48 h at 37 ◦C. The diameter
of the clear zone surrounding each disc was measured in millimeters to determine the
antibiotic susceptibility of the isolates. Subsequently, the results were interpreted following
the established guidelines set by the Clinical and Laboratory Standards Institute (CLSI) [39].
Isolates exhibiting diameters ≥20 mm were classified as susceptible (S), while those with
diameters in the range of 15–20 mm were classified as intermediate (I), and those with
diameters <15mm were classified as resistant (R).

2.5. Cell Surface Characteristics
2.5.1. Co-Aggregation Test

The co-aggregation capacities were evaluated using the methodology proposed by
Collado et al. [40]. Overnight LAB cultures were harvested via centrifugation at 4000 rpm
for 10 min and adjusted to a concentration of 108 CFU/mL using PBS buffer (VWR In-
ternational, Rosny-sous-Bois, France). The target pathogens employed were Escherichia
coli ATCC 8739 and Salmonella enterica serovar Typhimurium ATCC 14028. The indicator
pathogens were cultivated in Luria–Bertani broth (Tulip Diagnostics (P) Ltd., Verna, Goa,
India) overnight and prepared as described above. The LAB cell suspension (2 mL) was
combined with a corresponding volume of pathogenic bacteria suspension. This mixture
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was vortexed for 10 s to ensure thorough homogenization. The mixture was then incubated
at 37 ◦C for 4 h. The co-aggregation capacity was expressed as follows:

% co-aggregation =
Amix0 − Amix

Amix0
× 100, (3)

where Amix0 represents the absorbance of the bacterial mixture at t = 0, while Amix
represents the absorbance of the same mixture after 4 h of incubation.

2.5.2. Cell Surface Hydrophobicity

The cell surface hydrophobicity was determined according to the method developed
by Rosenberg et al. [41], with a few modifications. For this purpose, bacterial cells in the
stationary phase were centrifuged at 10,000× g for 5 min, washed twice with phosphate-
buffered saline (PBS: 130 mM sodium chloride, 10 mM sodium phosphate, pH 7.2), and then
resuspended in PBS buffer. The absorbance (A0) was measured at 600 nm and standardized
to 0.25 ± 0.05. A 3 mL portion of the cell suspension and 1 mL of hydrocarbon (xylene) were
mixed and vigorously vortexed for 2 min. Following this, the suspension was incubated at
37 ◦C for one hour without the application of any shaking to facilitate the separation of the
aqueous and organic phases. Subsequently, the aqueous phase was carefully gathered, and
the absorbance was quantified at 600 nm (A1). The percentage of bacterial adhesion to the
solvent was calculated using the following formula:

% cell surface hydrophobicity =
A1
A0

× 100. (4)

2.5.3. Auto Aggregation Test

The capacity of LAB isolates to aggregate spontaneously was evaluated using the
methodology delineated by Rosenberg et al. [41]. The overnight culture was collected via
centrifugation at 4000 rpm for 10 min at 4 ◦C, washed twice with PBS and resuspended in
PBS buffer. The LAB suspensions were incubated at 37 ◦C for 24 h. The optical density of
the bacterial suspension was measured at 600 nm. The percentage of auto-aggregation was
calculated using the following equation:

% auto-aggregation = 1 − At
A0

× 100, (5)

where At is the absorbance after 24 h, and A0 is the absorbance t = 0.

2.6. Study of the Probiotic Properties of Lactic Acid Bacteria
2.6.1. Antibacterial Activity

The antibacterial activity of LAB isolates was tested against four reference pathogens,
including Gram-positive bacteria (Listeria monocytogenes ATCC 7644 and Staphylococcus
aureus ATCC 33592) and Gram-negative bacteria (Escherichia coli ATCC 8739 and Salmonella
enterica serovar Typhimurium ATCC 14028). This was conducted using the agar well diffu-
sion method, as described by Balouiri et al. [42], with minor modifications. LAB isolates
were cultivated in MRS broth at 37 ◦C for 48 h. Subsequently, the cell-free supernatants
(CFSs) were obtained from the LAB isolates via centrifugation at 10,000 rpm for 10 min
at 4 ◦C and filtration through sterile 0.22-micron Millipore filters (VWR International,
Rosny-sous-Bois, France). An overnight pathogenic culture was prepared by adjusting
the optical density at 600 nm (OD600 nm) to 0.2 ± 0.05 units (corresponding to a concen-
tration of approximately 107 to 108 CFU/mL). The next stage was to transfer 1 mL of the
pathogenic suspension to a sterile Petri plate (90 mm) and covered with 20 mL of TSA
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(Scharlab S.L., Barcelona, Spain), which was cooled to 45 ◦C. The suspension was then
homogenized gently until solidified. A sterile tip was employed in an aseptic manner to
puncture 6 mm-diameter wells. Thereafter, a volume of 100 µL of the CFSs was added
to each well. The plate was incubated at 37 ◦C for 24 h. The presence of a clear zone
of 1 mm or more surrounding each well confirmed positive inhibition, which indicates
antibacterial activity.

2.6.2. DPPH Free Radical Scavenging Activity

The DPPH free radical scavenging activity was assessed following the method outlined
by Brand-Williams et al. [43]. Specifically, 0.2 mL of a freshly prepared solution of DPPH
(0.2 mM) in ethanol was added to 0.8 mL of the sample solution (supernatant or intact cells).
The reaction mixture was thoroughly vortexed and then incubated at room temperature
in the dark for 30 min. The measurement of absorbance took place at 517 nm against an
ethanol-containing blank. The DPPH solution-free sample was used as a positive control.
The scavenging capacity is then calculated as follows:

% Scavenger effect =
Acontrol − Asample

Acontrol
× 100. (6)

2.6.3. Plate Screening of LAB Isolates for Hydrolytic Enzymes

The enzymatic patterns were assessed by inoculating LAB strains as spots on Luria
agar (Tulip Diagnostics (P) Ltd., Verna, Goa, India) supplemented with different carbon
sources such as 2% of soluble starch (amylase), 2% carboxymethylcellulose (cellulase), 2%
olive oil (lipase), 2% and pectin (pectinase), as described by Coulibaly et al. [28] and Proca
et al. [44] with slight modifications. To detect protease activity, skim milk (0.1% fat) was
added in a 1:2 ratio with water (v/v) and 2% agar. The prepared plates were then incubated
at 37 ◦C for 48 h. Amylase activity was revealed using Lugol solution (Tody Laboratories
Int. S.R.L., Bucharest, România). A clear zone surrounding the bacterial isolate indicated a
positive reaction. Cellulase activity was visualized as a clear halo surrounding bacterial
growth by staining with a 0.1% Congo red solution (VWR Bdh Chemicals, Leuven, Belgium)
and then washed with 1 M NaCl. A precipitation zone around the colonies was identified
as lipase producers. Bacterial strains that developed a clear halo after flooding with Lugol
solution indicated the presence of pectinase activity. Bacterial isolates that showed a clear
zone of casein degradation were considered positive for protease production.

2.7. Statistical Analysis

The experiments were conducted in triplicate, and the results were expressed as the
mean ± standard deviation. Excel 2016 was used for calculations, figures, and box plots.
To select the best isolates, principal component analysis (PCA) and ascending hierarchical
classification (AHC) were performed using XLStat (Version 2016) software.

3. Results
3.1. Identification of LAB Isolates

Ten distinct colonies were isolated from four dockounou-fermented pastes using
classical methods. After growing on the MRS agar surface, the LAB isolates displayed
smooth, round, cream-white colonies. Phenotypic characterization revealed rod-shaped
cells that were Gram-positive and catalase-negative, as well as oxidase-negative (Table 1).

Sequence homology was demonstrated to range from 98% to 99% with 16S rDNA
sequences from reference strains within the NCBI database. This led to the identification
of the LAB isolates as belonging to the Lactiplantibacillus plantarum. A phylogenetic tree
was created using MEGA (Molecular Evolution Genetic Analysis) software, version Xto
display identities and relationships of representative and related standard strains (Figure 1).
The partial 16S rDNA sequences from the LAB strains have been submitted to the NCBI
database under accession codes PP196396 (Lactiplantibacillus plantarum FS43P4), PP196397
(L. plantarum FS44P4), PP196398 (L. plantarum FS45P4), PP196399 (L. plantarum FS46P4),
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PP196400 (L. plantarum FS47P4), PP196401 (L. plantarum FS48P4), PP196402 (L. plantarum
FS49P4), PP196403 (L. plantarum FS50P4), PP196404 (L. plantarum FS51P4), and PP196405
(L. plantarum FS65P4).

Table 1. Phenotypic characteristics of the LAB strains used in this study.

Isolates
Parameters Origin of Isolate

Shape Gram Reaction Cell Catalase Test Oxidase Test

FS43 Smooth + rod-shape - - Rice dockounou paste
FS51 Round + rod-shape - - Rice dockounou paste
FS50 Smooth + rod-shape - - Maize dockounou paste
FS49 Round + rod-shape - - Maize dockounou paste
FS65 Smooth + rod-shape - - Maize dockounou paste
FS48 Smooth + rod-shape - - Maize dockounou paste
FS47 Round + rod-shape - - Millet dockounou paste
FS46 Round + rod-shape - - Millet dockounou paste
FS45 Smooth + rod-shape - - Millet dockounou paste
FS44 Round + rod-shape - - Cassava dockounou paste
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Figure 1. Molecular phylogenetic analysis via maximum parsimony analysis of taxa.

3.2. Safety Criteria of LAB Strains

When assessing the safety of potential probiotic strains in vitro, antibiotic resistance
and hemolytic activity are key criteria (refer to Table 2). All LAB strains that were tested
were susceptible to the amoxicillin–clavulanic acid complex, nitrofurantoin, chlorampheni-
col, ampicillin, and sulfonamide–diaminopyrimidine complex. Only strain FS43 showed
high susceptibility to the tetracycline class, while strains FS51, FS46, and FS44 showed
intermediate susceptibility. Among the macrolide class, only strains FS50, FS47, and FS44
demonstrated resistance to lincomycin. Concerning erythromycin, strains FS50, FS47, and
FS46 were susceptible when the diameter was over 20 mm, whereas strains FS65, FS48,
FS45, FS44, FS51, and FS49 showed intermediate susceptibility. In the presence of peni-
cillin, only strain FS65 was resistant, while the other strains showed either intermediate
or complete sensitivity. The complex of sulphonamide and diaminopyrimidine exhibited
intermediate sensitivity only in FS43, whereas the other strains were sensitive to this antibi-
otic. Additionally, none of the selected strains demonstrated hemolytic activity (refer to
Table 2).
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Table 2. Antibiotic sensibility and Hemolysis activity of LAB strains.

Class/Antibiotics

Strains
FS43 FS51 FS50 FS49 FS65 FS48 FS47 FS46 FS45 FS44

Chloramphenicol CHL 20S 24S 24S 28S 24S 24S 26S 25S 24S 29S

Tetracyclin T 20S 16I 14R 12R 12R 14R 12R 16I 14R 18I

Macrolides
E 12R 18I 20S 19I 18I 18I 21S 20S 18I 16I

L 26S 24S 0R 26S 20S 26S 0R 28S 30S 0R

Beta-lactam

AM 20S 24S 26S 22S 20S 20S 24S 22S 22S 20S

AMC 18S 20S 26S 30S 30S 28S 34S 32S 28S 26S

P 16I 18I 18I 16I 14R 20S 20S 18I 20S 16I

Nitrofuran F 22S 28S 22S 26S 22S 25S 28S 29S 28S 24S

Sulfamide +
diaminopyrimidine SXT 18I 20S 20S 22S 20S 22S 20S 20S 20S 20S

Hemolysis activity γ γ γ γ γ γ γ γ γ γ

CHL: Chloramphenicol (30 µg/disc); T: Tetracycline (30 µg/disc); E: Erythromycin (10 µg/disc); L: Lincomycin
(10 µg/disc); AM: Ampicillin ((10 µg/disc); AMC: Amoxicillin + clavulanic acid (20/10 µg/disc); P: Penicillin
(2 µg/disc); F: Nitrofurantoin (300 µg/disc); SXT: Trimethoprim + sulfamethoxazole (1/19 µg/disc). S: sensitive;
I: intermediate; R: resistant; γ—gamma hemolysis.

3.3. Exploration of Probiotic Properties
3.3.1. Resistance to Simulated Gastrointestinal Tract Conditions

This study found that the survival of LAB strains varied depending on the stress
conditions. Tolerance to high acidity levels (pH 1.5) in the stomach is a crucial prerequisite
for LAB isolates to function as probiotics. As shown in Table 3, strain FS49 had the
lowest survival rate (81.18 ± 1.05%), while strain FS65 had the highest (98.15 ± 0.95%).
Furthermore, all LAB strains in this study demonstrated excellent growth at pH 2.5 and
0.1% pepsin, as shown in Table 3. The results indicate that LAB isolates exhibit remarkable
resilience to harsh gastric conditions. Upon exposure to 0.4% phenol, the majority of strains
(FS43, FS44, FS45, FS46, FS47, FS48, and FS49) demonstrated a survival rate exceeding 70%.
Following exposure to 0.3% bile salts for 4 h, all LAB strains tested exhibited excellent
survival rates, ranging from 68.62 ± 3.64% (FS46 strain) to 100.89 ± 3.52% (FS44 strain).

Table 3. Resistance of LAB strains to simulated gastrointestinal conditions.

Survival Rate (%)

Isolates pH 1.5 Pepsin (0.1%)/pH 2.5 Phenol (0.4%) Bile Salts (0.3%)

FS43 84.35 ± 0.85 d 91.58 ± 3.43 def 94.58 ± 3.70 c 82.25 ± 0.75 c

FS51 83.33 ± 0.91 d 89.98 ± 1.81 ef 40.59 ± 2.80 g 93.09 ± 1.25 b

FS50 87.05 ± 1.95 c 94.88 ± 2.41 bcd 44.12 ± 3.01 fg 99.58 ± 2.07 a

FS49 81.18 ± 1.05 e 91.45 ± 1.78 def 85.12 ± 6.60 d 79.63 ± 3.90 cd

FS65 98.15 ± 0.95 a 95.60 ± 0.84 bc 48.09 ± 2.80 f 77.791 ± 0.40 de

FS48 88.30 ± 0.91 c 99.78 ± 2.14 a 128.24 ± 1.08 a 77.49 ± 0.59 de

FS47 91.38 ± 0.88 b 92.63 ± 1.78 cde 112.64 ± 1.60 b 75.32 ± 2.15 e

FS46 90.74 ± 1.80 b 97.96 ± 0.84 ab 73.72 ± 0.78 e 68.62 ± 3.64 f

FS45 85.27 ± 0.57 d 92.44 ± 1.88 cde 90.22 ± 0.44 cd 74.18 ± 1.15 e

FS44 85.03 ± 0.98 d 88.54 ± 1.26 f 109.46 ± 0.51 b 100.89 ± 3.52 a

Each value represents the mean of three replicates, accompanied by their respective standard deviations. Values
bearing the same lowercase letter (a, b, c, d, e, etc.) are not statistically significantly different at the 5% level within
the same column.

3.3.2. Cell Surface Characteristics

The study of co-aggregation, auto-aggregation, and hydrophobicity offers insights
into the adhesion and colonization behavior of LAB strains in the host intestinal tract. The
co-aggregation rates of LAB strains with S. Typhimurium were significantly higher than
those with E. coli (Figure 2). All LAB strains showed high co-aggregation rates (>55%)
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against S. Typhimurium. In contrast, E. coli showed the lowest percent co-aggregation with
FS47 (20.80 ± 1.22%) and the highest with FS46 (50.89 ± 1.00%). Additionally, the FS46
strain exhibited high co-aggregation with S. Typhimurium (71.78 ± 0.85%) (Figure 2).
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Figure 2. Co-aggregation rates of LAB strains with E. coli ATCC 8739 and S. Typhimurium
ATCC 14028. Each value was expressed as the mean ± standard deviation (SD). Statistically sig-
nificant differences (p < 0.05) were indicated by different lowercase letters above the error bars.

The functional ability of LAB strains to adhere to epithelial cells is closely linked to
their auto-aggregation ability and cell surface hydrophobicity (Figure 3). The strains FS47,
FS49, and FS44 demonstrated a relatively high hydrophobicity in xylene, exceeding 57%.
Conversely, strain FS43 showed minimal hydrophobicity (35.23 ± 4.43%). All LAB strains
demonstrated a significant level of auto-aggregation (>50%) after 24 h of incubation. Four
LAB strains (FS47, FS48, FS45, and FS46) exhibited exceptionally high auto-aggregation,
resulting in the formation of a visible precipitate at the bottom of the tubes.
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Figure 3. Auto-aggregation and hydrophobicity rates of LAB strains. Each value was expressed as
the mean ± standard deviation (SD). Statistically significant differences (p < 0.05) were indicated by
different lowercase letters above the error bars.
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3.4. Exploration of Probiotic Properties
3.4.1. Antibacterial Spectrum

The antibacterial activity of the CFSs from the LAB strains against four pathogenic
species is shown in Table 4. The LAB strains exhibited high antagonist activity against
S. aureus ATCC 33592, L. monocytogenes ATCC 7644, and S. enterica serovar Typhimurium
ATCC 14028, with inhibition diameters between 18 and 29 mm. Strains FS43, FS65, FS48,
FS46, and FS44 demonstrated significant antibacterial activity against E. coli ATCC 8739.
However, strains FS51, FS50, FS49, FS47, and FS45 demonstrated moderate antibacterial
activity against E. coli, with inhibition diameters between 6 and 10 mm.

Table 4. Antimicrobial activity of LAB strains.

Isolates E. coli ATCC
8739

L. monocytogenes
ATCC 7644

S. enterica Serovar
Typhimurium ATCC 14028

S. aureus ATCC
33592

FS43 +++ +++ +++ +++

FS51 ++ +++ +++ +++

FS50 ++ +++ +++ +++

FS49 ++ +++ +++ +++

FS65 +++ +++ +++ +++

FS48 +++ +++ +++ +++

FS47 ++ +++ +++ +++

FS46 +++ +++ +++ +++

FS45 ++ +++ +++ +++

FS44 +++ +++ +++ +++
Legend: (-) the absence of a halo formation; (+) the presence of a halo measuring 1–5 mm in diameter; (++) the
presence of a halo measuring 5–10 mm in diameter; (+++) the presence of a halo measuring >10 mm in diameter.

3.4.2. Antioxidant activity

The DPPH assay was used to evaluate the antioxidant capacity of both intact LAB cells
and their supernatants (see Figure 4). Both the intact LAB cells and supernatants of the
FS48 strain showed statistically significant antioxidant activity levels (p < 0.05). Except for
the FS44 strain, the antioxidant activity levels detected in the intact cells were significantly
higher than those in the free cell supernatants, as shown in Figure 4. Seven strains (FS46,
FS45, FS49, FS43, FS65, FS47, and FS48) exhibited DPPH free radical scavenging rates
ranging from 51.64% to 83.58%, while the remainder of strains showed rates below 50%.
Overall, the CFS from strain FS65 showed the lowest antioxidant activity (13.87 ± 0.44%),
while the CFS from strain FS48 showed the highest antioxidant activity (49.09 ± 0.88%).
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Figure 4. Antioxidant capacity of free cell supernatants and intact LAB cells evaluated via DPPH
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assay. Each value was expressed as the mean ± standard deviation (SD). Statistically significant
differences (p < 0.05) were indicated by different lowercase letters above the error bars.

3.4.3. Enzymatic Activity of LAB Strains

The LAB isolates were inoculated on selective media to detect amylase, cellulase,
lipase, pectinase, and protease activities (refer to Table 5). The results showed that all LAB
strains tested were positive for protease and cellulase activities. Out of the ten strains tested,
only FS43 exhibited positive lipolytic activity. Eight LAB strains demonstrated positive
pectinolytic activity. Furthermore, five strains (FS51, FS49, FS65, FS48, and FS45) showed
positive amylase activity, while the others did not.

Table 5. Enzymatic activities of LAB strains.

Strains

Parameters Enzymatic Activities

Proteolytic Lipolytic Pectinolytic Cellulolytic Amylolytic

FS43 + + + + -

FS51 + - + + +

FS50 + - + + -

FS49 + - - + +

FS65 + - + + +

FS48 + - - + +

FS47 + - + + -

FS46 + - + + -

FS45 + - + + +

FS44 + - + + -
The (+) symbol indicates that the enzymatic activity is positive, while the (-) symbol indicates that the enzymatic
activity is negative.

3.5. Principal Component Analysis (PCA)

Principal component analysis (PCA) and hierarchical ascending classification (HAC)
are powerful methods for synthesizing diverse information to enhance comprehension.
The analysis results indicated that the combined influence of the two principal components
(F1 and F2) explained 77.51% of the total variation. Of this, 65.03% was attributed to
component F1 and 12.48% to component F2 (Figure 5). According to the PCA, based
on the probiotic attributes of the LAB isolates, they could be divided into four distinct
groups. The first group comprises strains FS43, FS44, and FS48 (positive correlation of
both F1 and F2) and exhibited the highest values for hydrophobicity, phenol tolerance,
antioxidant activity of the free cell supernatants, and intact cells (Figure 5). These three
strains were classified as belonging to the same class based on the hierarchical ascending
categorization of similarities (Figure 6). The second group consists of the FS50 and FS51
strains (positive side of F2 and negative side of F1) and exhibited high values for 0.3%
bile salt tolerance. The third group comprises strains FS65, FS49, and FS46 (negative of
both F1 and F2) and exhibited high values for pH 1.5 tolerance and co-aggregation ability
with S. Typhimurium. In the fourth group, the strains FS45 and FS47 (positive side of F1
and negative side of F2, respectively) exhibited high values for pH 2.5 and 0.1% pepsin
resistance, co-aggregation with E. coli, and auto-aggregation abilities, as well as a range
of other probiotic properties. The results indicated that the strains FS43, FS44, and FS48
demonstrated the greatest probiotic potential.
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Figure 5. Principal component analysis of LAB strains according to probiotic properties.
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The dotted line delineates the cutoff point of this specific algorithm, which generates three clusters
(indicated by distinct colors) based on probiotic characteristics that exhibit a high degree of similarity.

4. Discussion

Africa has a long history of producing traditional fermented foods in local dietary
contexts, including those derived from cassava, maize, millet, tubers, wild legume seeds,
and sorghum [6–9]. Additionally, fermented milk, meat products, and alcoholic bever-
ages have been produced on the continent for centuries [6–9]. Given that a significant
proportion of African foods are fermented by lactic acid bacteria, they can be isolated and
studied for their multifunctional ability to ferment foods, impart distinct taste and high
nutritional value, and ensure food safety over an extended period. Additionally, they
can be studied for their probiotic properties, which could have beneficial health effects.
This process also contributes to an enhanced health status in those who consume them,
which is of great importance in the African context [8]. The review by Pereira et al. [26]
provides a comprehensive overview of the criteria and the methodologies employed for
the selection of probiotics, such as their ability to tolerate unfavorable conditions in the
human digestive system, adhere to human body cells, exhibit antimicrobial and antioxidant
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activities, synthesize enzyme, demonstrate antibiotic sensitivity, undergo hemolysis test,
and fulfill other pertinent criteria.

This study aimed to assess the probiotic potential of 10 bacterial isolates obtained from
the spontaneous fermentation of dockounou paste. The new isolates were preliminarily
identified as lactic acid bacteria based on their colonial aspects (shape round or smooth),
microscopic observations (bacilli, Gram-positive), and biochemical characteristics (negative
oxidase and catalase). All LAB strains were identified as L. plantarum based on the high
degree of homology observed between their 16S rDNA gene sequences and those deposited
in the NCBI database. Lactobacillus spp. (particularly L. plantarum and L. fermentum)
have been predominantly detected in various African fermented foods such as doklu
(Ivorian maize dough) [12], Nigerian fermented foods [45–47], Maasai traditional fermented
milk products [48], ben-saalga (Burkinabé fermented cereal gruel) [49]; bushera (Ugandan
fermented cereal beverage) [50], tchapalo produced in Ivory Coast [51].

The paramount concern regarding probiotics must be their safety, which must not
harm consumer health. The absence of hemolytic activity indicated that our LAB strains are
unable to degrade blood constituents and, therefore, pose no pathological risk. Coulibaly
et al. [28] also reported that L. plantarum and two other Pediococcus sp. isolated from the gut
of Tilapia showed no hemolytic activity. The EFSA suggests that all microbial strains used
as food or feed additives or probiotics should be subjected to testing to determine their
sensitivity to different antibiotics [52]. Our findings have revealed that the majority of LAB
strains demonstrated high or intermediate susceptibility to at least one antibiotic from the
beta-lactam class (which inhibits cell wall synthesis) and the macrolide class (which inhibits
protein synthesis). Furthermore, all strains demonstrated sensitivity to chloramphenicol,
nitrofurans, and sulfonamide–diaminopyrimidine complex antibiotics. The overuse of
antibiotics has resulted in the evolution and prevalence of resistant bacteria. Probiotics
isolated from various dietary supplements or foods have demonstrated the ability to resist
the effects of antibiotics [53–56]. Horizontal transfer of antibiotic-resistance genes from
these probiotics to pathogenic bacteria residing in the intestinal tract could have significant
health implications [54,55].

One of the key considerations when selecting LAB isolates as probiotics is their ability
to withstand the challenges of the gastrointestinal tract. In our study, all LAB strains exhib-
ited high survival rates, ranging between 81.18% and 91.38% in an acidic environment with
a pH of 1.5. The LAB strains also demonstrated high survival rates, between 88.54% and
99.78%, in the presence of pepsin (0.1%) at a pH of 2.5. Furthermore, they exhibited high
survival rates in the presence of bile salts (0.3%), ranging from 68.62 to 100.89%. Various
strains of lactic acid bacteria demonstrated high survival rates, indicating their ability
to withstand the acidic environment of the stomach (pH 1.5–3.0) and the small intestine
(bile salts concentrations of 0.1–0.3%) [28,36,57]. Likewise, Lactobacillus spp. isolated from
Shamita and Kocho (traditional Ethiopian beverages and foods) demonstrated that they
can survive in extremely acidic conditions (greater than 80%) for 6 h [58]. Two L. plantarum
strains, isolated from West African fermented cereals, exhibited comparable levels of acid
resistance (pH 2.0) and tolerance to a bile salt concentration of 0.3% [47]. L. plantarum
strains, isolated from traditional fermented milk of the Maasai in Kenya, demonstrated acid
resistance at pH 2.0, with survival rates varying from 1% to 100% [48]. In a relatively recent
study, Matei et al. [59] found that three strains of Pediococcus pentosaceus showed strong
tolerance to high concentrations of bile salts (3% and 6%). It is widely accepted that the
capacity of bacteria to resist phenol is an important indicator of their general viability. It has
been observed that some bacterial species can synthesize harmful metabolites that can be
deaminated by gut bacteria, creating toxic compounds with bacteriostatic properties such
as phenol. Our results revealed that certain L. plantarum isolates exhibited greater resistance
to phenol (0.4%) (73.72–128.24% viability) compared to others. For instance, L. plantarum
strains varied in their ability to resist phenol, which had different effects on them [60].
Lactobacillus strains derived from traditional fermented foods, multigrain millet dosa batter,
exhibited resistance to 0.2–0.8% phenols, maintaining viability at 53.3%–83.6% [61]. Fur-
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thermore, in our study, three L. plantarum isolates demonstrated not only high resistance
but also were able to grow in the presence of 0.4% phenol.

The interaction between microorganisms and epithelial cells is influenced by cell
wall hydrophobicity [62–64]. This parameter can be employed to determine the adhesion
capability of lactic acid bacteria to the solvent. High hydrophobicity indicates a strong
interaction between LAB isolates and epithelial cells, resulting in enhanced pathogen exclu-
sion. It is generally recommended to select a strain with a hydrophobicity of over 40% as a
probiotic. The present study demonstrated that eight LAB strains exhibited hydrophobicity
levels ranging from 47.23% to 69.43%. The results of this study are consistent with those of
Yasmin et al. [65], who observed that Bifidobacterium strains exhibited high hydrophobic-
ity when exposed to xylene. However, strains of P. pentosaceus and L. plantarum isolated
from the gut of Tilapia exhibited a range of cell surface hydrophobicity in the presence
of different organic solvents such as chloroform (9.4–87.2%), xylene (3.48–51.10%), and
hexane (1.53–16.30%) [28]. This study demonstrated that L. plantarum strains exhibited a
high degree of auto-aggregation (>50% at 24 h), indicating that they exhibited an adequate
level of adherence, which is in agreement with previously reported results [65]. Also, the
co-aggregation rate of LAB isolates was notably high with S. Typhimurium (57.80–71.78%),
followed by E. coli (20.80–50.89%). Honey and Keerthi [66] observed that L. plantarum
strains exhibited excellent auto-aggregation ability, with values ranging from 99.2% to
99.8%. The highest levels of co-aggregation with S. typhi were also noted, with values
between 45.3% and 63.66% [66].

Lactic acid bacteria are capable of suppressing the growth of pathogenic microor-
ganisms through the synthesis of antimicrobial metabolites (e.g., short-chain fatty acids,
bacteriocins, hydrogen peroxide (H2O2), and others) and by competing with those for
nutrients, as well as by adhering to epithelial cells [67,68]. The current study found that
all LAB isolates demonstrated strong inhibitory effects against S. aureus, L. monocytogenes,
and S. enterica serovar Typhimurium, with moderate effects against E. coli. These findings
are consistent with prior research indicating the antagonist activity of Lactobacillus and
Pediococcus strains against a wide range of bacterial pathogens, including those belonging
to the Gram-negative and Gram-positive categories, which may contaminate food sources
and cause intestinal illnesses [28,36,68–70].

Lactic acid bacteria have been extensively studied for their potential as probiotics,
given their well-documented health benefits, which appear to be partially attributed to
their antioxidant traits [71,72]. In the current study, most of the intact LAB cells exhibited
high antioxidant activity, demonstrated by a high percentage reduction in DPPH with an
average of 52% to 84%. The present study revealed a significant increase in antioxidant
activity in intact cells compared to free-cell supernatants. These results contrast with those
reported by Coulibaly et al. [28].

Lactobacilli have been identified as producers of enzyme complexes that enhance the
digestibility of food and feed, as well as the activities of digestive enzymes and promote
growth performance [73]. The evaluation of probiotic-producing enzymes can be conducted
by cultivating candidate strains in culture media supplemented with precursors. These
include casein, starch, carboxymethylcellulose, Tween 80 or olive oil, and sodium phytate,
which are used to assess the activity of protease, amylase, cellulase, lipases, and phytases,
respectively. The results of our study indicated that all LAB isolates possessed proteolytic
and cellulolytic activities, with some also exhibiting pectinolytic or amylolytic activities.
This result differs from the findings of Coulibaly et al. [28], in which the P. pentosaceus and
L. plantarum strains isolated from the gut of Tilapia demonstrated lipase and β-galactosidase
activity (with a few exceptions) but lacked amylase, cellulase, and protease activities.
L. fermentum URLP18 isolated from C. mrigala demonstrated a high capacity for extracellular
enzyme production, including amylase, protease, and lipase [74].

This study’s results indicate that the isolation of lactic acid bacteria from naturally
fermented and indigenous products is a topic worthy of further investigation. Nevertheless,
strains FS43, FS44, and FS48 were identified as the most promising candidates for further
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investigation, as they exhibited the greatest potential for beneficial effects, as indicated
by principal component analysis (PCA) and hierarchical ascending classification (HAC).
Artisanal fermented products are widely produced and consumed in traditional households
and can be considered a valuable source of probiotics for improving the health of the
Ivorian population.

5. Conclusions

The 10 lactic acid bacteria isolated from fermented plantain dockounou paste have
been identified through 16S rDNA sequence analysis as Lactiplantibacillus plantarum. All
LAB strains demonstrated high survival rate against pepsin (0.1%) and low pH (1.5 and 2.5)
and exhibited high tolerance to bile salts (0.3%) and phenol (0.4%). Furthermore, all strains
demonstrated high antioxidant activity and broad antibacterial activity against the main
foodborne pathogens. The obtained findings indicated that three of the 10 LAB strains
exhibited a high affinity towards xylene (more than 57%). All LAB strains exhibited high
auto-aggregation properties, as well as strong degrees of co-aggregation with S. enterica
serovar Typhimurium, followed by E. coli. Furthermore, the LAB isolates demonstrated no
hemolytic activity and sensitivity to different antibiotic classes. The LAB isolates have been
detected as valuable producers of bioactive multi-enzymes. Strains FS43, FS44, and FS48
exhibited multifunctional properties, suggesting that further in vivo research is required to
assess their suitability as probiotics or for the development of innovative functional foods.
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Abstract: Pathogenic Escherichia coli are the most prevalent foodborne bacteria, and their accu-
rate detection in food samples is critical for ensuring food safety. Therefore, a quick technique
named viability-qPCR (v-qPCR), which is based on the ability of a selective dye, such as propidium
monoazide (PMA), to differentiate between alive and dead cells, has been developed. Despite diverse,
successful applications, v-qPCR is impaired by some practical limitations, including the ability of
PMA to penetrate the outer membrane of dead Gram-negative bacteria. The objective of this study
is to evaluate the ability of lactic acid (LA) to improve PMA penetration and, thus, the efficiency of
v-qPCR in detecting the live fraction of pathogens. The pre-treatment of E. coli ATCC 8739 cells with
10 mM LA greatly increased PMA penetration into dead cells compared to conventional PMA-qPCR
assay, avoiding false positive results. The limit of detection when using LA-PMA qPCR is 1% viable
cells in a mixture of dead and alive cells. The optimized LA-PMA qPCR method was reliably able to
detect log 2 CFU/mL culturable E. coli in milk spiked with viable and non-viable bacteria. Lactic acid
is cheap, has low toxicity, and can be used to improve the efficiency of the v-qPCR assay, which is
economically interesting for larger-scale pathogen detection applications intended for food matrices.

Keywords: quantitative PCR; propidium monoazide (PMA); lactic acid; detection of viable pathogens;
food matrix

1. Introduction

Pathogen detection is a crucial aspect of maintaining public health, preventing out-
breaks, and ensuring the safety of food, soil, water, and other biological samples. Ac-
cording to the World Health Organization, more than 1.5 million individuals worldwide
have passed away in the last three years from illnesses brought on by various foodborne
infections [1]. Escherichia coli is a high-risk food contaminant and can be an indicator of fecal
contamination in different foods [2,3]. The conventional method for identifying bacteria
is based on culture cultivation, which typically takes two to three days or longer to yield
complete results. Culture-based approaches have drawbacks, such as being labor-intensive,
lengthy, and susceptible to contamination by germs that are not the target. Both colony-
based detection and polymerase chain reaction (PCR) are widespread methods used for
the detection of E. coli in complex samples such as bodily fluids or food matrices [4,5].
Molecular biology methods, PCR, and quantitative PCR (qPCR) are the most significant
contemporary technologies for pathogen detection and identification; however, they cannot
discern between living and dead cells, thus leading to false positive results.

Among various molecular biology methods employed for pathogen detection, viable
quantitative PCR (v-qPCR) has emerged as a powerful technique that offers high sensitivity
and specificity. Viable qPCR combines the principles of qPCR, a sensitive technique for am-
plifying DNA, with the ability to differentiate between live and dead microorganisms [6–8].
Traditional qPCR detects the presence of DNA regardless of whether the microorganism is

Foods 2024, 13, 1021. https://doi.org/10.3390/foods13071021 https://www.mdpi.com/journal/foods

https://doi.org/10.3390/foods13071021
https://doi.org/10.3390/foods13071021
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://orcid.org/0000-0001-7946-5158
https://orcid.org/0000-0002-7568-9952
https://doi.org/10.3390/foods13071021
https://www.mdpi.com/journal/foods
https://www.mdpi.com/article/10.3390/foods13071021?type=check_update&version=1


Foods 2024, 13, 1021 2 of 11

viable or not. However, viable qPCR goes a step further by incorporating viability dyes,
such as propidium monoazide (PMA), ethidium monoazide (EMA), or commercially avail-
able reagent D, to selectively target and inhibit the amplification of DNA from non-viable
cells while allowing amplification from viable cells [8–10]. DNA intercalating dyes are able
to enter dead cells without damaging their membrane integrity and intercalate with DNA
using their photo-inducible azide groups, preventing PCR-induced DNA amplification [7,8].
Viable qPCR assays with PMA have been successfully optimized to detect major foodborne
pathogens, including E. coli O157:H7, Salmonella spp., and Listeria monocytogenes [11–17].

Despite many successful applications, some practical limitations that impact the
accuracy of v-qPCR data have been reported, especially concerning the complexity of the
sample matrix, the length of the qPCR amplicon, and the ability of some bacterial strains to
avoid dye uptake [18,19]. To increase the PMA uptake without compromising the viability
of live cells, different enhancers have been used. Thus, surfactant sodium deoxycholate
(DOC) has been used to enhance PMA uptake and improve the efficiency of v-qPCR
bacterial detection for Vibrio vulnificus killed via freezing or prolonged refrigeration, E. coli
subjected to mild or pasteurizing heat treatments and heat-killed cells of Salmonella enterica
serovar Typhimurium [20–23]. However, the co-incubation of Gram-positive L. monocytogenes
cells with PMA and deoxycholate produces a strong undesired uptake of viability dye by
live bacterial cells, suggesting that the effect is strain- and Gram-specific [22]. Additionally,
DOC has been proven to enhance the PMA-qPCR results for infectious virus detection in
water samples or in a multiplex PMA-PCR developed to detect Salmonella spp., Shigella
spp., and Staphylococcus aureus in food products [24,25]. Therefore, other studies used
sodium dodecyl sulfate (SDS) to detect viable Staphylococcus aureus and E. coli in spiked
UHT milk samples [26,27]. While maintaining the viability of living cells, SDS has been
shown to increase the permeability of dead cells to PMA [28]. Sodium lauroyl sarcosinate
(sarkosyl) is a milder detergent than SDS and has proven to be more effective than DOC
at boosting PMA signals in the v-qPCR detection of viable E. coli from a mixture of alive
cells and cells inactivated by heat, lactic acid, or peroxyacetic acid [29]. Recently, SDS-PMA
RT-qPCR was developed, a rapid method used to detect SARS-CoV-2 viral particles from
biological samples [30]. Similarly, combining PMA and surfactant (sarkosyl 0.025% or
triton X-100 0.5%) treatments increased PMA permeability to dead cells and improved
v-qPCR detection of S. aureus [31]. Moreover, a multiplex PMA-qPCR assay with sarcosyl
pre-treatment was successfully applied to detect Legionella pneumophila, S. typhimurium, and
S. aureus from water samples [32].

Therefore, this study aimed to contribute to the efforts improving v-qPCR efficiency
when testing lactic acid (LA), a new type of PMA-penetrating enhancer. Sublethal con-
centrations of LA up to 10 mM have been proven to permeabilize the outer membrane
of Gram-negative bacteria, causing leakage, damaging the cytoplasmic membrane, and
altering the molecular structure [33,34]. Experiments were performed with model Gram-
negative bacteria Escherichia coli in order to evaluate the ability of LA to improve PMA
penetration and, thus, the efficiency of the v-qPCR assay when detecting the alive fraction
of bacteria in culture. Moreover, the LA-PMA-qPCR method was applied to the rapid and
accurate detection of viable E. coli cells in spiked milk.

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

The bacterial strain used in this study, E. coli ATCC 8739, was cultured in 10 mL of
tryptic soy broth–SB medium (Acumedia, San Bernardino, CA, USA) at 37 ◦C for 24 h until
the stationary phase was achieved. Six and seven serial tenfold dilutions of each culture
were prepared and spread onto duplicated tryptic soy agar–TSA media (Scharlau, Spain).
The plates were incubated at 37 ◦C for 24 h, and then the colonies were counted, and the
number of viable E. coli were determined.
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2.2. Testing the Sublethal Effect of Lactic Acid on the Strain E. coli ATCC 8739

The sublethal effect of LA was tested using tubes with 3 mL of TSB media with 15 mM,
20 mM, and 30 mM of LA inoculated with 1 mL of overnight E. coli culture. After 24 h
of incubation at 37 ◦C, the optical density (OD600) was determined. The experiment was
performed twice, and the average value was calculated.

2.3. Preparation of E. coli Suspensions and Heat Treatment

To obtain dead E. coli cells, the overnight cultures were heated at 80 ◦C for 45 min,
and then the loss of cell viability was checked by spreading 1 mL of the heat-treated cell
suspensions onto TSA media and incubating the plates for 24 h at an optimal growth
temperature. To study signal reduction, aliquots (400 µL/each) of live cells and others with
heat-killed cells (400 µL/each) were prepared. The limit of detection study was performed
with cell mixtures that contain a defined ratio of viable (100%, 50%, 10%, 1%, 0.1%, and 0%)
and dead cells, with a total volume of 400 µL/each.

2.4. Pre-Treatment of Cell Suspensions with Lactic Acid

A 30% (v/v) L-(+)-lactic acid stock solution (Sigma, St Saint Louis, MO, USA) was
used to prepare 5 to 30 mM LA solutions with a pH = 5–5.5. Some of the cell aliquots
and alive–dead mixtures (400 µL/each) were incubated with 400 µL of LA for 30 min and
centrifuged at 150 rpm at room temperature before PMA treatment.

2.5. PMA Treatment and Cross-Linking

In this study, 1 mg of PMA (Biotium, Hayward, CA, USA) was dissolved in 98 µL of
sterile distilled water to create a stock solution of 20 mM and stored in the dark at −20 ◦C.
Treatment with PMA was performed based on the manufacturer’s instructions, adding
1 µL of stock PMA in 400 µL aliquots to obtain a final concentration of 50 µM. The tubes
containing the cell aliquots and mixtures were incubated in the dark at room temperature
and centrifuged at 150 rpm for 10 min. Light exposure was performed using a 1000 W
halogen light source (Omnilux, Napa, CA, USA) placed 20 cm away from the sample tubes.
During the photolysis step, the tubes were kept on ice to avoid excessive heating and
occasional mixing. After 5 min of light exposure, cells were harvested via centrifugation
(12,000 rpm, for 2 min) and washed twice with sterile distilled water to remove trace
amounts of PMA solution that might interfere with free DNA during extraction. The pellet
was resuspended in 200 µL of distilled water for DNA isolation.

2.6. Extraction of DNA and qPCR

For all samples (LA-PMA-treated, PMA-treated, and non-treated), genomic DNA was
extracted from the bacterial cell pellet using a Quick DNA Fungal/Bacterial Miniprep kit
(ZymoResearch, Irvine, CA, USA), following the manufacturer’s instructions. Briefly, the
resuspended bacterial cells (200 µL) were mixed with 750 µL of BashingBead buffer and me-
chanically disintegrated using Minibead beater equipment (Biospec Products, Bartlesville,
OK, USA) for 2 min. Then, the DNA was isolated after washing. DNA concentration
and purity were checked with a QuickDrop Micro-Volume Spectrophotometer (Molecular
Devices, San Jose, CA, USA). For all experiments, 1 µL of extracted DNA (up to 50 ng DNA),
serving as the template for qPCR assay, was added to 24 µL of a mixture containing 12.5 µL
of Maxima SYBR Green/ROX qPCR MasterMix (ThermoScientific, Waltham, MA, USA),
0.5 µL of each primer (forward and reverse primer), and 10.5 µL of PCR-grade water. The
following primers were used for the detection of DNA-targeted highly conserved regions
of the uivA-7 gene: forward primer uidA-7-F 5′-GGGATAGTCTGCCAGTTCAGTT-3′ and
reverse primer uidA-7-R-deg 5′-GATGTCACDCCGTATGTTATTG-3′ [35]. Quantitative
PCR was performed using the Rotor-Gene 6000 5plex HRM (Qiagen-Corbett Life Science,
Sydney, Australia) instrument, and software was used to generate the standard curve
and for microbial quantification. The 3 steps with the melting program were as follows:
denaturation at 95 ◦C for 10 min, followed by 40 cycles of 15 s denaturation at 95 ◦C, 30 s
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annealing at 60 ◦C, and 20 s elongation at 72 ◦C, based on the product size (83 bp). In all
cases, negative control amplification was included using 1 µL of PCR-grade water (Thermo
Fisher Scientific, Waltham, MA, USA) instead of a DNA template. The specificity of qPCR
amplification was confirmed by running dissociation curves, and no unspecific products
were formed.

For the limit of detection study, the mean of the threshold cycle (Ct) values was used
to plot against the natural logarithm of viability (%), and the coefficient of regression (R2)
values of the corresponding trend line were calculated.

For signal reduction analysis after PMA treatment, delta Ct (dCtPMA) was used for
live and dead cells treated or not with PMA, as follows:

dCtALIVE-PMA = CtALIVE, PMA − CtALIVE, non-PMA

dCtNON-VIABLE-PMA = CtNON-VIABLE, PMA − CtNON-VIABLE, nonPMA

For signal reduction analysis after LA-PMA treatments, delta Ct (dCtLA-PMA) was
used for live and dead cells treated or not with lactic acid, as follows:

dCtALIVE-LA-PMA = CtALIVE, LA-PMA − CtALIVE, PMA

dCtNON-VIABLE-LA-PMA = CtNON-VIABLE, LA-PMA − CtNON-VIABLE, PMA

The expected results for dCtALIVE should be close to zero (±2), while for dCtNON-VIABLE > 4.

2.7. Artificially Inoculated Food Assays

Ultra-high temperature (UHT) sterilized milk was purchased from the local market
and used for spiking studies. For standard curve preparation, the overnight culture of E.
coli ATCC 8739 (1 mL) was inoculated into 1 mL of milk to reach a final concentration of
107 CFU/mL. After the 10 mM LA and PMA treatment, genomic DNA was isolated, and
serial dilutions of DNA were used to construct the standard curve. UHT milk was first
confirmed to be negative for E. coli via plate count on TSA medium and via qPCR analysis.
The three milk samples were inoculated with E. coli as follows: sample 1—102 CFU/mL
alive cells; sample 2—102 CFU/mL dead cells; and sample 3—a mixture of 102 CFU/mL
viable and 102 CFU/mL non-viable cells. All of the samples were pre-treated with 10 mM
LA, followed by PMA. Then, the genomic DNA was isolated, and qPCR was amplified, as
mentioned above.

2.8. Statistical Analysis

Statistical analysis was calculated using the IBM SPSS Statistics 23 software package
(IBM Corporation, Armonk, NY, USA). The analysis of variance was performed with
ANOVA at 95% significance (p = 0.05). For qPCR analysis, the average results obtained
from two different experiments with triplicates are shown, and the results were compared
with ANOVA. The counts obtained after plating were log-transformed, and then the average
results and standard deviation were calculated. All of the experiments were performed
twice with duplicates or triplicates, and the samples were analyzed within 24 h.

3. Results
3.1. Effect of LA and PMA Treatments on qPCR Amplification from Viable and Non-Viable
Bacterial Cell Suspensions

First, the effect of the PMA treatment on real-time PCR-based detection of culturable
and heat-treated E. coli ATCC 8739 was evaluated, and the results are shown in Figure 1.
Viable bacterial cell suspensions were treated or untreated with PMA prior to DNA isolation
and qPCR. The delta CtALIVE-PMA for the viable suspensions is 0.375, a lower value than
2, which proved that PMA did not inhibit the DNA amplification from alive E. coli cells.
Using suspensions with non-viable cells, treated or untreated with propidium monoazide,
the threshold values (Ct) for non-viable were closer; therefore, the delta CtNON-VIABLE-PMA
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in this case is 1.025. This result suggests that the viability dye did not efficiently penetrate
the outer membrane of E. coli and cell wall, and most of the DNA from the dead cells was
amplified after DNA isolation. Although the PMA treatment has no adverse effect on the
detection of viable E. coli, in the case of non-viable bacteria, the high dose of PMA (50 µM)
had a low penetration effect. It is considered that a signal reduction higher than 4 for dead
cells indicates that 94% of the DNA from these bacteria was removed, and the percentage
increases to 99.6% for a value of 8 [36].
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Figure 1. The effect of PMA treatment and LA-PMA treatments on delta dCt for viable and non-viable
cell suspensions.

Second, the sublethal effect of low concentrations of LA (5–30 mM) on E. coli ATCC
8739 cells was evaluated. The permeabilizer function of lactic acid has been known for a
long time and explains its antimicrobial effect while supporting its use in decontamination
procedures [34]. The viability of E. coli cultures that were grown in media with lactic acid
up to 20 mM was negligibly affected, while a ~30% decrease in viability was noted in media
with 30 mM of LA.

Following previous results relating to the sublethal effect of lactic acid in concentra-
tions up to 20 mM, suspensions of live and heat-killed E. coli ATCC 8739 were exposed to
different concentrations of LA (5 to 20 mM) and PMA. Control probes were only treated
with PMA, followed by photolysis and DNA amplification. Moreover, control probes
only treated with LA proved that this compound does not influence DNA amplification.
The delta Ct (dCt) was defined as the difference in the mean Ct values of LA-treated and
non-treated probes and reflected the signal reduction level. Increasing concentrations of
LA do not significantly influence the delta Ct for viable cells (dCtVIABLE), and values lower
than 2 were obtained (Figure 1). This proves that viable cells efficiently excluded PMA with
or without LA pre-treatment. However, in the case of non-viable 10 mM LA pre-treated
cells, the CtNON-VIABLE, LA-PMA signal was 14.5 times higher than the CtNON-VIABLE, PMA
obtained without lactic acid incubation. The signal reduction reached the greatest value
(dCtNON-VIABLE = 14.5) at a lactic acid concentration of 10 mM before gradually decreasing
at higher LA concentrations. Additionally, cells exposed for 30 min to 5 mM and 15 mM
lactic acid increased propidium monoazide penetration, and the values for dCtNON-VIABLE
were 10.415 and 8.090, respectively (Figure 1).

3.2. Limit of Detection for LA-PMA qPCR Assay in a Background of Dead Bacteria

Different works have proved that large quantities of free DNA or DNA from dead
cells might interfere with DNA extraction and subsequent qPCR detection from viable
cells [8,10,37,38]. Therefore, E. coli suspensions with defined ratios of viable (100%, 50%,
10%, 1%, and 0.1%) and non-viable cells were prepared. Half of these suspensions were
treated with 10 mM LA and PMA, while the other half were only with PMA, and then the
DNA was amplified via real-time PCR with specific primers for the uivA gene. As expected,
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the highest Ct value was noted for LA-PMA-treated samples with 100% heat-killed cells.
A plot of the natural logarithm of DNA percentage versus Ct values showed a linear
correlation with a coefficient of regression (R2) of 0.9537 (Figure 2b) for LA-PMA treated
samples and 0.7922 (Figure 2a) for samples exposed to PMA. The improved LA-PMA qPCR
assay yielded a good quantification prediction of the viable fraction in dead–alive cell
mixtures with higher than 1% viable cells. However, a significant deviation from linearity
was noticed in samples with less than 0.1% viable cells.
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Figure 2. The effect of PMA (a) and 10 mM LA-PMA (b) treatments on the detection of viable cells in
defined ratios of viable (100%, 50%, 10%, and 1%) and dead cells. The average value of the linear
coefficients of regression (R2) obtained from two independent experiments in triplicate are indicated.

3.3. Detection of E. coli ATCC 8739 via LA-PMA-qPCR Assay in Artificially Inoculated Milk

To evaluate E. coli ATCC 8793 detection using LA-PMA-qPCR in food samples, milk
samples were artificially spiked with log 2 CFU/mL alive cells, dead cells, and a mix of
culturable and heat-killed cells. The standard curve in milk was prepared using 10-fold
dilutions of genomic DNA from log 7 CFU/mL E. coli culture. The artificially spiked
samples and samples for standard curve preparation were pre-treated with LA, followed
by PMA and subsequent DNA isolation and qPCR amplification. The correlation coefficient
(R2 = 0.9792) and the slope (−2.95) of the standard curve were automatically generated,
and they showed a good linear relationship between the values of each sample (Figure 3).

Foods 2024, 13, x FOR PEER REVIEW 7 of 11 
 

 

 

Figure 3. Standard curve for quantification of E. coli ATCC 8794 in artificially spiked milk using 10 

mM LA₋PMA assay. The average value of the linear coefficient of regression (R2) obtained in two 

independent experiments in triplicate is indicated. 

The average Ct values for alive and mixed alive–dead samples were 25.32 ± 0.30 and 

25.69 ± 0.07, respectively, proving that these samples contained log 2 CFU/mL viable bac-

terial cells. In milk samples inoculated with non-alive E. coli cells, the average Ct was 28.52 

± 0.55. 

4. Discussion 

Viable qPCR represents a valuable tool in the field of pathogen detection, offering 

rapid, sensitive, and specific detection of viable pathogens in diverse sample types. Its 

applications span various fields, including clinical diagnostics, food safety, environmental 

monitoring, and biodefense, contributing significantly to efforts aimed at controlling in-

fectious diseases and ensuring public health. In recent years, propidium monoazide has 

been widely used in combination with qPCR assays to limit false positive results in the 

detection of Escherichia coli from different food (e.g., milk, vegetables, and ground meat), 

environmental, and biological samples [7,15,39–42]. However, some practical limitations 

were found, and different strategies were proposed for overcoming some of these prob-

lems, including improving the dye penetration, extensive optimization procedures for 

complex samples, and changing the intercalation dye PMA with a palladium compound 

[18,19,43]. The above-named limitations led us to seek improved methods to detect and 

quantify microbes and reduce the false positive/negative results. 

To remedy the shortcoming of v-qPCR regarding the ability of PMA dye to penetrate 

the cells with impaired membrane integrity, a new practical approach based on using lac-

tic acid as an enhancer was proposed. Lactic acid is known as a potent outer membrane-

disintegrating agent that causes the release of lipopolysaccharides in Gram-negative bac-

teria [33,34]. The ability of LA to effectively penetrate the outer membrane of Gram-nega-

tive bacteria and act in synergy with antimicrobials has been reported [44]. Recently, the 

lactic acid cell-penetrating effect has been exploited in various biomedical applications, 

including the development of lactic acid-based drug delivery systems, gene delivery vec-

tors, and diagnostic probes [45]. Although the mechanisms are still poorly understood, 

the ability of lactic acid to enhance cellular uptake will improve the targeted delivery of 

therapeutic agents to specific cells and enhance the efficacy of treatments while minimiz-

ing off-target effects [44]. 

First, we evaluated the ability of LA to improve PMA penetration and, thus, the effi-

ciency of the v-qPCR assay to detect an alive fraction of Gram-negative E. coli ATCC 8739. 

Cell suspensions containing 100% viable bacteria and 100% heat-killed cells were treated 

or not with different concentrations of LA (5–20 mM), followed by PMA photolysis and 

DNA amplification. To quantify the signal reduction level, we calculated delta Ct (dCt) as 

a difference in the mean Ct values of LA-treated and non-treated probes. The mean CtVIABLE 

y = -2.9571x + 29.68

R² = 0.9792

0

5

10

15

20

25

30

35

0 1 2 3 4 5 6 7 8

C
t 

v
al

u
e

Log CFU/mL

Figure 3. Standard curve for quantification of E. coli ATCC 8794 in artificially spiked milk using
10 mM LA-PMA assay. The average value of the linear coefficient of regression (R2) obtained in two
independent experiments in triplicate is indicated.
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The average Ct values for alive and mixed alive–dead samples were 25.32 ± 0.30 and
25.69 ± 0.07, respectively, proving that these samples contained log 2 CFU/mL viable
bacterial cells. In milk samples inoculated with non-alive E. coli cells, the average Ct was
28.52 ± 0.55.

4. Discussion

Viable qPCR represents a valuable tool in the field of pathogen detection, offering rapid,
sensitive, and specific detection of viable pathogens in diverse sample types. Its applications
span various fields, including clinical diagnostics, food safety, environmental monitoring,
and biodefense, contributing significantly to efforts aimed at controlling infectious diseases
and ensuring public health. In recent years, propidium monoazide has been widely used in
combination with qPCR assays to limit false positive results in the detection of Escherichia
coli from different food (e.g., milk, vegetables, and ground meat), environmental, and
biological samples [7,15,39–42]. However, some practical limitations were found, and
different strategies were proposed for overcoming some of these problems, including
improving the dye penetration, extensive optimization procedures for complex samples,
and changing the intercalation dye PMA with a palladium compound [18,19,43]. The
above-named limitations led us to seek improved methods to detect and quantify microbes
and reduce the false positive/negative results.

To remedy the shortcoming of v-qPCR regarding the ability of PMA dye to pen-
etrate the cells with impaired membrane integrity, a new practical approach based on
using lactic acid as an enhancer was proposed. Lactic acid is known as a potent outer
membrane-disintegrating agent that causes the release of lipopolysaccharides in Gram-
negative bacteria [33,34]. The ability of LA to effectively penetrate the outer membrane
of Gram-negative bacteria and act in synergy with antimicrobials has been reported [44].
Recently, the lactic acid cell-penetrating effect has been exploited in various biomedical
applications, including the development of lactic acid-based drug delivery systems, gene
delivery vectors, and diagnostic probes [45]. Although the mechanisms are still poorly
understood, the ability of lactic acid to enhance cellular uptake will improve the targeted
delivery of therapeutic agents to specific cells and enhance the efficacy of treatments while
minimizing off-target effects [44].

First, we evaluated the ability of LA to improve PMA penetration and, thus, the
efficiency of the v-qPCR assay to detect an alive fraction of Gram-negative E. coli ATCC 8739.
Cell suspensions containing 100% viable bacteria and 100% heat-killed cells were treated
or not with different concentrations of LA (5–20 mM), followed by PMA photolysis and
DNA amplification. To quantify the signal reduction level, we calculated delta Ct (dCt) as a
difference in the mean Ct values of LA-treated and non-treated probes. The mean CtVIABLE
values for the DNA extracted from viable cells treated or not treated with LA were not
significantly different (p > 0.05); thus, the delta CtVIABLE values varied between −0.935 and
−1.875. This proved that PMA was not able to enter the viable cells and reduce the Ct
signal in both cases, with and without LA pre-treatment. However, the mean CtNON-VIABLE
values for DNA extracted from killed cells were significantly different (p < 0.05), except
for bacterial suspensions treated with 20 mM LA and PMA. Based on the dCtNON-VIABLE
values, the 10 mM LA pre-treatment had the best effect and improved PMA penetration
into heat-killed cells that suppressed the detection of dead cells. Both 5 mM LA and
15 mM LA pre-treatment improved E. coli ATCC 8739 PMA-qPCR detection, but the values
were lower compared to dCtNON-VIABLE = 14.5 obtained for the 10 mM LA pre-treatment.
Similar data were observed by Nkuipou-Kenfack et al., 2013, for the deoxycholate effect on
Salmonella typhimurium PMA-qPCR detection when PMA penetration decreased at higher
concentrations of DOC [22]. In another study concerning E. coli detection using SDS-PMA-
qPCR, the authors tested different SDS concentrations (0–1000 µg/mL) and reported that
the optimal concentration of SDS for enhancing PMA (40 µM) penetration into dead cells
was 100 µg/mL [27].
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Previous works have shown that the accuracy of PMA-qPCR detection could be
affected by the high background of dead cells [8,10,37,38]. To analyze the limit of detection
of the LA-PMA-qPCR assay’s defined ratios, culturable viable (100%, 50%, 10%, 1%, and
0.1%) and non-viable cells were prepared. When used for the detection of E. coli ATCC
8739 under culture conditions, LA-PMA-qPCR assay gave a good quantitative prediction
for viable cells in mixtures of alive–dead cells only when the fraction of viable bacteria was
equal to or higher than 1%. Other studies reported that the prediction of E. coli and Listeria
innocua viable cells detected using PMA-qPCR in alive–dead mixtures with less than 1%
viable cells was not feasible [21,22]. Testing the effect of PMA treatment on defined ratios
of viable (0–100%) and non-viable E. coli cells, Nocker et al., 2006, noted a linear correlation
R2 = 0.9742 after plotting the natural logarithm of normalized DNA concentrations and the
corresponding Ct values obtained from stx1 gene amplification [6]. In this case, the PMA-
qPCR assay was optimized, and cells were treated with PMA (50 µM) and exposed to light
for a longer period of time (120 s), which could explain the differences with other reported
data. However, in our experiments, the qPCR assay with the primer pair that targeted
the uivA gene (amplicon length 83 bp) generated a standard curve with R2 = 0.9912 and a
slope of −3.45, suggesting robust DNA amplification with these primers. Additionally, it is
possible that a longer amplicon of up to 200 bp could increase v-qPCR efficiency, as was
recently suggested by Van Holm, 2021 [19].

Finally, LA-PMA-qPCR was successfully applied to detect viable E. coli cells in ar-
tificially spiked milk. For UHT milk, the standard plating methods require different
enrichment media plus long detection/confirmation times (2 days) to target aerobic or
anaerobic viable contaminant bacteria. When it comes to analyzing food samples using
qPCR, the complexity of food matrices poses several challenges: the presence of PCR
inhibitors, variability in food composition, texture, and structure, the presence of enzymes
that degrade DNA, and so on [46–50]. In our experiments, the lowest detection limit was
log 2 CFU/mL for viable cells or mixtures with log 2 CFU/mL alive and log 2 CFU/mL
heat-killed bacteria. Similarly, Dong et al., 2019, reported a detection limit in spiked milk of
3 × 102 CFU/mL viable E. coli ATCC 25922 using DOC-PMA-qPCR [27]. Still, other studies
have suggested that fat and other components of opaque fluids, such as milk, could protect
cells from the effects of DOC and PMA [21,51].

Incorporating lactic acid into viability qPCR assays is relatively straightforward and
can be easily integrated into existing laboratory protocols. Moreover, lactic acid is readily
available, cost-effective, and compatible with standard laboratory equipment and reagents,
making it a practical choice for enhancing the performance of v-qPCR assays. However,
more studies are required to evaluate the ability of LA to improve PMA penetration using
different species of Gram-positive and Gram-negative bacteria.

5. Conclusions

Overall, the results of this study proved that the use of lactic acid in conjunction with
viability qPCR offers a powerful strategy for the accurate, sensitive, and specific detection
of viable Gram-negative pathogens in a culture and food matrix. Lactic acid (10 mM)
greatly enhanced membrane permeability to PMA for heat-killed E. coli cells compared to a
conventional PMA-qPCR assay (dCtNON-VIABLE = 14.5), thus improving v-qPCR efficiency
and the limit of detection in a mixture of dead and alive cells. Lactic acid has low toxicity
and is cheap; therefore, it is economically interesting for use in larger-scale applications
concerning pathogen detection in food matrices.

By leveraging lactic acid’s ability to enhance and facilitate DNA extraction from
viable cells, this approach contributes to advancing pathogen detection methodologies and
supporting efforts to safeguard public health and food safety.
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Abstract 
 
In the food industry, one of the biggest challenges is microbial contamination. Viability real-time PCR (v-qPCR) 
technology has made the detection and quantification of pathogens easier, and some issues remain with the accuracy of 
the results, especially in samples containing viable and non-viable cells. V-qPCR with propidium monoazide (PMA) 
and pre-treatment with permeability agents is one promising method to circumvent this issue. Therefore, the aim of the 
study was to improve the Salmonella spp. detection using a method with lactic acid (LA 5-10 mM) pre-treatment that 
permeabilized Gram-negative outer membrane. The signal reduction (dCt = 13.97) after 10 mM LA pre-treatment was 
similar with the reduction in Ct signal (dCt = 13.62) when only PMA treatment was applied to a suspension of non-
viable cells. In the case of viable cells, the LA pre-treatment improved the v-qPCR detection. These preliminary studies 
provide useful information on the use of lactic acid, which has proven to be an effective, cheap and low-toxic 
permeabilizing agent.         

 
Key words: lactic acid, PMA, v-qPCR, pathogen detection, food safety application. 
 
INTRODUCTION 
 
The pathogen Salmonella spp. can cause severe 
foodborne illness, so it is important to develop 
and improve detection technologies for this 
bacterium. The traditional detection approach 
based on cell enrichment (at least 104 cells per 
mL of Salmonella concentration) involves 
time-consuming steps to detect viable cells 
(Lee et al., 2015). In order to improve the 
Salmonella monitoring in food, this pathogenic 
microorganism must be detected quickly, 
accurately, quantitatively, and more efficiently, 
given short shelf life of food matrixes 
(Vichaibun & Kanchanaphum, 2020). 
Molecular techniques are increasingly 
acknowledged as beneficial substitutes of 
traditional microbiological methods based on 
their speed, sensitivity, and specificity. But 
DNA from both dead and living bacteria can be 
amplified using real-time PCR (qPCR) or 
polymerase chain reaction (PCR) (Masters et 
al., 1994; Wolffs et al., 2005; Li et al., 2013; 
Barbau-Piednoir et al., 2014). Therefore, 

viability qPCR (v-qPCR) is a promising 
method based on pre-treatment with 
photochromic dyes that bind to the DNA of 
dead or damaged cells, making it possible to 
specifically identify DNA only from living 
cells (Qin et al., 2020). The basic premise of 
the v-qPCR assay is that all alive 
microorganisms must have an intact cell 
membrane or be resistant to biological 
reagents, regardless of their metabolic state. 
Otherwise, these reagents enter the cells and 
will interact with DNA that can no longer be 
used as a template in qPCR experiments due to 
the photochemical reaction resulting from 
exposure to high-intensity light beam (Codony 
et al., 2023). Since these dyes only enter 
damaged or dead cells, the process depends on 
the integrity of the bacterial cells (Nocker et al., 
2006). Ethidium monoazide (EMA) was 
initially shown to be selective in detecting 
living cells (Nogva et al., 2003; Rudi et al., 
2005; Rudi et al., 2005). Later, propidium 
monoazide (PMA) has been proved to be more 
selective than ethidium monoazide (EMA) for 
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alive bacteria detection and quantification, due 
to the molecule's higher charge (Nocker et al., 
2006; ElizaquÃvel et al., 2012; Thilakarathna 
et al., 2022). Several studies have demonstrated 
the effectiveness of v-qPCR in detecting and 
quantifying different microbial species, 
including foodborne pathogens. It has been 
noted that the v-qPCR method may have some 
practical limitations, even with improvements 
made to the assay, such as changes in the qPCR 
protocol, working time, or dye concentration 
used (Fittipaldi et al., 2012; Nkuipou-Kenfack 
et al., 2013). The complexity of the matrix 
(food, medical or environmental) which can 
block the signal from dead cells, leading to an 
overestimation of the number of live cells in 
samples, is one of the biggest obstacles. 
Another issue is related to the ability of some 
bacterial strains to avoid dye uptake. Therefore, 
Salmonella enterica serovar typhimurium 
ATCC 53648 and Listeria monocytogenes 
ATCC 49594 strains were identified by 
Nkuipou-Kenfack et al. (2013) using sodium 
deoxycholate permeabilizer (DOC) 0.01-0.3% 
(w/v) as pre-treatment, then treating cells with 
10 μM PMA, for 5-30 minutes, at different 
temperature values (0°C, 20°C and 40°C). It 
was observed that only the detection of the 
Salmonella strain successfully benefited from 
DOC, as there was a signal drop more than 10. 
Furthermore, the investigation showed a strong 
correlation between the length and temperature 
of dye incubation and the effectiveness of PMA 
treatment (Nkuipou-Kenfack et al., 2013). 
Organic solvents such as acetone, methanol, 
and detergents have been proved to 
permeabilize bacterial cells (Jamur  & Oliver, 
2010). In another experiment, a multiplex 
PMA-qPCR assay with sarcosyl pre-treatment 
was successfully applied to detect Legionella 
pneumophila, S. typhimurium, and S. aureus 
from water samples (Li et al., 2015). The aim 
of the study was to test a new type of cell 
permeabilizer, which would allow the 
photoactive dye PMA to enter the Salmonella 
spp. cells more easily and thus improve the 
accuracy of the v-qPCR assay. Lactic acid 
(LA), the material suggested in this study, has 
the primary benefit of having far less toxicity 
when compared to the other permeabilizers 
used. It is also less expensive and simpler to 
handle.  

MATERIALS AND METHODS 
 
Bacterial strain and culture conditions 
Salmonella typhimurium ATCC 14028 strain 
from the Microorganisms Collection of the 
Laboratory of Applied Microbiology - Faculty 
of Biotechnology, was cultured for 24 h, at 
37°C, on 20-25 mL Tryptone Soy Broth (TSB) 
medium (Neogen, USA). To measure the 
optical density at 600 nm (OD 600 nm) and to 
calculate the microbial load of the inoculum, an 
UV-1800 spectrophotometer (ChromTech, 
USA) was used. At the same time, decimal 
dilutions in sterile distilled water (10-1-10-8) 
were prepared to determine the number of 
colonies plated onto Tryptone Soy Agar (TSA) 
growth medium (Scharlau, Spain), expressed as 
CFU/mL. 
Inactivation of bacterial cells by heat 
treatment 
An amount of 10 mL of inoculum containing 
108 bacterial cells/mL was incubated in glass 
tubes for 45 min at 80°C in a water bath 
(Memmert, Germany) to inactivate the cells. To 
test the loss of viability one milliliter of 
suspension was plated onto TSA medium for 
24 h at 37°C.  
Testing the effect of lactic acid (10-20 mM) 
on microbial vitality 
A 30% (v/v) L-(+)-lactic acid stock solution 
(Sigma, USA) was used to prepare 10 to 20 
mM LA solutions, pH=5-5.5. To test the 
sublethal effect of lactic acid on bacteria, two 
replicates of Salmonella spp. inoculum (3 mL) 
were combined with 3 mL of lactic acid 
solution at various concentrations between 10 
to 20 mM. The control was represented by the 
mixture of 3 mL inoculum and 3 mL sterile 
distilled water. After 24 h at 37°C, the optical 
density was checked. 
Testing the synergistic effect lactic acid - 
antibiotic CIP1 
The Kirby-Bauer method was used to test the 
synergistic effect produced by the 
permeabilizer and antibiotic - ciprofloxacin 1 
mcg - CIP1 (Sigma, USA). The antibiotic disks 
were soaked into permeabilizer solutions (LA 
5-20 mM, EDTA 10 mM) and placed on the 
surface of the TSA medium inoculated with 
bacterial strain. After 24 h at 37°C incubation, 
the diameter of lysis zone was measured. 
 

Pre-treatment with lactic acid (5 and 10 
mM) 
Aliquots (400 μL/each) of heat-killed cells and 
others with living cells (400 μL/each) were 
created in order to examine the qPCR signal 
reduction. They were subjected to bacterial 
outer membrane permeabilization treatment 
using 5 mM and 10 mM lactic acid and 
incubated under stirring conditions (150 rpm), 
for 30 min. at room temperature, before PMA 
treatment.  
 
PMA treatment, photolysis and cell washing 
step 
To prepare a stock solution of 20 mM PMA, 1 
mg of PMA (Biotium, Hayward, CA, USA) 
was dissolved in 98 μL of sterile distilled 
water. The stock solution was kept at -20oC, in 
the dark. PMA was used according to the 
manufacturer's instructions, in a 50 μM 
working concentration. Therefore, 1 μL of 
PMA stock was added into 400 μL aliquots for 
10 minutes, and tubes were incubated at room 
temperature, 150 rpm, in the dark. A 1000-W 
halogen light source (Omnilux, Germany) was 
used to expose the sample tubes to light. It was 
positioned 20 cm away. The tubes were kept on 
ice during the photolysis process to prevent 
overheating and sporadic mixing. Following 
five minutes in the light, the cells were 
harvested using centrifugation at 12,000 rpm 
for two minutes. To ensure that any remaining 
traces of PMA solution would not impede the 
extraction of free DNA, the cells were twice 
washed with sterile distilled water. To isolate 
the DNA, the pellet was again suspended in 
200 μL of distilled water. Control sample sets 
(400 μL aliquots with alive and others with 
heat-killed cells) were not treated with LA for 
set I, not treated with PMA for set II and 
without both LA and PMA treatment for set III. 
 
DNA extraction and qPCR amplification 
In this step, the Quick-DNA Fungal/Bacterial 
Miniprep kit (Zymo Research, Germany) was 
used according to the manufacturer's 
instructions. Primer set Sc-8-F (5'–
ATCGTGATACAGAACGCCG-3') and Sc-8-
R (5'-TCTTCGTCATCCACCCAGA-3') was 
previously reported that target Salmonella spp. 
strains and the amplicon size is 83 bp (Yu et 
al., 2016). The qPCR assay was performed 

using a final volume of 25 μL/sample 
consisting of 12.5 μL Maxima SYBR 
Green/ROX qPCR Master mix (ThermoFisher, 
USA), 1 μL target DNA (up to 500 ng/reaction) 
0.5 μL each forward and reverse primer (final 
concentration 0.3 μM/each) and 10.5 μL PCR-
grade water. In order to quantify the microbes, 
quantitative PCR was carried out with the 
Rotor-Gene 6000 5plex HRM (Qiagen-Corbett 
Life Science, Australia). The three stages of the 
melting program were, depending on the 
product size (83 bp), denaturation at 95oC for 
10 min., followed by 40 cycles of 15 s 
denaturation at 95oC, 30 s annealing at 60oC, 
and 20 s elongation at 72oC. Each time, a PCR-
grade water solution (1 μL) was used in place 
of a DNA template as a negative control for the 
amplification process. 
For signal reduction analysis after PMA and 
LA-PMA treatments, delta Ct (dCtPMA) for 
live and dead cells was calculated as shown:  
 
dCtALIVE-PMA = CtALIVE, PMA - CtALIVE, nonPMA 
dCtNON-VIABLE-PMA = CtNON-VIABLE, PMA - CtNON-

VIABLE, nonPMA 
dCtALIVE-LA-PMA = CtALIVE, LA-PMA - CtALIVE, PMA 
dCtNON-VIABLE-LA-PMA = CtNON-VIABLE, LA-PMA - 
CtNON-VIABLE, PMA 
 
Statistical analysis 
The software IBM SPSS Statistics 23 was used 
for the statistical analysis. ANOVA was used 
for the analysis of variance at 95% significance 
(P = 0.05). For the qPCR analysis the average 
findings from two distinct tests with duplicates 
were analyzed. After plating, the counts were 
log converted, and the average and standard 
deviation were computed. Every experiment 
was run twice, with duplicates or triplicates. 
 
RESULTS AND DISCUSSIONS  
 
The sublethal effect of lactic acid on the 
strain Salmonella typhimurium ATCC 14028 
The experiment was performed to determine 
the highest concentration of lactic acid at which 
the bacterial strains grow normally without 
being inhibited. Alakomi et al. (2000) have 
proved the direct correlation between the 
permeabilization potential of the lactic acid and 
its concentration (Alakomi et al., 2000). 
However, if the acidity of the substance ends 
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alive bacteria detection and quantification, due 
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2006; ElizaquÃvel et al., 2012; Thilakarathna 
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including foodborne pathogens. It has been 
noted that the v-qPCR method may have some 
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made to the assay, such as changes in the qPCR 
protocol, working time, or dye concentration 
used (Fittipaldi et al., 2012; Nkuipou-Kenfack 
et al., 2013). The complexity of the matrix 
(food, medical or environmental) which can 
block the signal from dead cells, leading to an 
overestimation of the number of live cells in 
samples, is one of the biggest obstacles. 
Another issue is related to the ability of some 
bacterial strains to avoid dye uptake. Therefore, 
Salmonella enterica serovar typhimurium 
ATCC 53648 and Listeria monocytogenes 
ATCC 49594 strains were identified by 
Nkuipou-Kenfack et al. (2013) using sodium 
deoxycholate permeabilizer (DOC) 0.01-0.3% 
(w/v) as pre-treatment, then treating cells with 
10 μM PMA, for 5-30 minutes, at different 
temperature values (0°C, 20°C and 40°C). It 
was observed that only the detection of the 
Salmonella strain successfully benefited from 
DOC, as there was a signal drop more than 10. 
Furthermore, the investigation showed a strong 
correlation between the length and temperature 
of dye incubation and the effectiveness of PMA 
treatment (Nkuipou-Kenfack et al., 2013). 
Organic solvents such as acetone, methanol, 
and detergents have been proved to 
permeabilize bacterial cells (Jamur  & Oliver, 
2010). In another experiment, a multiplex 
PMA-qPCR assay with sarcosyl pre-treatment 
was successfully applied to detect Legionella 
pneumophila, S. typhimurium, and S. aureus 
from water samples (Li et al., 2015). The aim 
of the study was to test a new type of cell 
permeabilizer, which would allow the 
photoactive dye PMA to enter the Salmonella 
spp. cells more easily and thus improve the 
accuracy of the v-qPCR assay. Lactic acid 
(LA), the material suggested in this study, has 
the primary benefit of having far less toxicity 
when compared to the other permeabilizers 
used. It is also less expensive and simpler to 
handle.  
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from the Microorganisms Collection of the 
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37°C, on 20-25 mL Tryptone Soy Broth (TSB) 
medium (Neogen, USA). To measure the 
optical density at 600 nm (OD 600 nm) and to 
calculate the microbial load of the inoculum, an 
UV-1800 spectrophotometer (ChromTech, 
USA) was used. At the same time, decimal 
dilutions in sterile distilled water (10-1-10-8) 
were prepared to determine the number of 
colonies plated onto Tryptone Soy Agar (TSA) 
growth medium (Scharlau, Spain), expressed as 
CFU/mL. 
Inactivation of bacterial cells by heat 
treatment 
An amount of 10 mL of inoculum containing 
108 bacterial cells/mL was incubated in glass 
tubes for 45 min at 80°C in a water bath 
(Memmert, Germany) to inactivate the cells. To 
test the loss of viability one milliliter of 
suspension was plated onto TSA medium for 
24 h at 37°C.  
Testing the effect of lactic acid (10-20 mM) 
on microbial vitality 
A 30% (v/v) L-(+)-lactic acid stock solution 
(Sigma, USA) was used to prepare 10 to 20 
mM LA solutions, pH=5-5.5. To test the 
sublethal effect of lactic acid on bacteria, two 
replicates of Salmonella spp. inoculum (3 mL) 
were combined with 3 mL of lactic acid 
solution at various concentrations between 10 
to 20 mM. The control was represented by the 
mixture of 3 mL inoculum and 3 mL sterile 
distilled water. After 24 h at 37°C, the optical 
density was checked. 
Testing the synergistic effect lactic acid - 
antibiotic CIP1 
The Kirby-Bauer method was used to test the 
synergistic effect produced by the 
permeabilizer and antibiotic - ciprofloxacin 1 
mcg - CIP1 (Sigma, USA). The antibiotic disks 
were soaked into permeabilizer solutions (LA 
5-20 mM, EDTA 10 mM) and placed on the 
surface of the TSA medium inoculated with 
bacterial strain. After 24 h at 37°C incubation, 
the diameter of lysis zone was measured. 
 

Pre-treatment with lactic acid (5 and 10 
mM) 
Aliquots (400 μL/each) of heat-killed cells and 
others with living cells (400 μL/each) were 
created in order to examine the qPCR signal 
reduction. They were subjected to bacterial 
outer membrane permeabilization treatment 
using 5 mM and 10 mM lactic acid and 
incubated under stirring conditions (150 rpm), 
for 30 min. at room temperature, before PMA 
treatment.  
 
PMA treatment, photolysis and cell washing 
step 
To prepare a stock solution of 20 mM PMA, 1 
mg of PMA (Biotium, Hayward, CA, USA) 
was dissolved in 98 μL of sterile distilled 
water. The stock solution was kept at -20oC, in 
the dark. PMA was used according to the 
manufacturer's instructions, in a 50 μM 
working concentration. Therefore, 1 μL of 
PMA stock was added into 400 μL aliquots for 
10 minutes, and tubes were incubated at room 
temperature, 150 rpm, in the dark. A 1000-W 
halogen light source (Omnilux, Germany) was 
used to expose the sample tubes to light. It was 
positioned 20 cm away. The tubes were kept on 
ice during the photolysis process to prevent 
overheating and sporadic mixing. Following 
five minutes in the light, the cells were 
harvested using centrifugation at 12,000 rpm 
for two minutes. To ensure that any remaining 
traces of PMA solution would not impede the 
extraction of free DNA, the cells were twice 
washed with sterile distilled water. To isolate 
the DNA, the pellet was again suspended in 
200 μL of distilled water. Control sample sets 
(400 μL aliquots with alive and others with 
heat-killed cells) were not treated with LA for 
set I, not treated with PMA for set II and 
without both LA and PMA treatment for set III. 
 
DNA extraction and qPCR amplification 
In this step, the Quick-DNA Fungal/Bacterial 
Miniprep kit (Zymo Research, Germany) was 
used according to the manufacturer's 
instructions. Primer set Sc-8-F (5'–
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melting program were, depending on the 
product size (83 bp), denaturation at 95oC for 
10 min., followed by 40 cycles of 15 s 
denaturation at 95oC, 30 s annealing at 60oC, 
and 20 s elongation at 72oC. Each time, a PCR-
grade water solution (1 μL) was used in place 
of a DNA template as a negative control for the 
amplification process. 
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LA-PMA treatments, delta Ct (dCtPMA) for 
live and dead cells was calculated as shown:  
 
dCtALIVE-PMA = CtALIVE, PMA - CtALIVE, nonPMA 
dCtNON-VIABLE-PMA = CtNON-VIABLE, PMA - CtNON-

VIABLE, nonPMA 
dCtALIVE-LA-PMA = CtALIVE, LA-PMA - CtALIVE, PMA 
dCtNON-VIABLE-LA-PMA = CtNON-VIABLE, LA-PMA - 
CtNON-VIABLE, PMA 
 
Statistical analysis 
The software IBM SPSS Statistics 23 was used 
for the statistical analysis. ANOVA was used 
for the analysis of variance at 95% significance 
(P = 0.05). For the qPCR analysis the average 
findings from two distinct tests with duplicates 
were analyzed. After plating, the counts were 
log converted, and the average and standard 
deviation were computed. Every experiment 
was run twice, with duplicates or triplicates. 
 
RESULTS AND DISCUSSIONS  
 
The sublethal effect of lactic acid on the 
strain Salmonella typhimurium ATCC 14028 
The experiment was performed to determine 
the highest concentration of lactic acid at which 
the bacterial strains grow normally without 
being inhibited. Alakomi et al. (2000) have 
proved the direct correlation between the 
permeabilization potential of the lactic acid and 
its concentration (Alakomi et al., 2000). 
However, if the acidity of the substance ends 
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up damaging cell viability, then pre-treatment 
can create false negative results, which is not 
desirable. The results are shown in Figure 1 
and proved that lactic acid concentration up to 
10 mM do not significantly decrease the 
microbial viability. 
 

 
Figure 1. The sublethal effect of lactic acid (LA) on the 

growth of Salmonella typhimurium ATCC 14028 in 
tryptic soy broth (TSB) 

 
The synergistic effect lactic acid - antibiotic 
on the strain Salmonella typhimurium ATCC 
14028 
It is well known that Gram-negative bacteria 
are inherently harder to kill with antibiotics 
than Gram-positive bacteria as Gram-negative 
microbes have an outer membrane that is 
difficult to be penetrated by antibiotic 
molecules. Therefore, we tested the outer 
membrane-disrupting and synergistic effect of 
different concentrations of LA (5-20 mM) and 
antibiotic ciprofloxacin (CIP1). The results 
about additive effect antibiotic - permeabilizer, 
tested by Kirby-Bauer method are shown in 
Figure 2. Combination antibiotic and different 
concentrations of lactic acid and EDTA up to 
10 mM were more effective and produced a 
higher lysis zone compared to ciprofloxacin, 
where the diameter of the lysis zone was 
22±2.82 mm. The most effective was 
combination between CIP1 and LA 5 mM that 
produced a clear zone of 28±2.83 mm 
(P>0.05), proving the potential of lactic acid to 
be used as an antibiotic synergist in therapy. 
The chelating agent EDTA is a well known 
described synergist with a reported ability to 
potentiate antibiotics, therefore was used as a 

positive control in our experiments (Wesseling 
& Martin, 2022).  
 
The effect of PMA treatment on qPCR 
amplification of Salmonella typhimurium 
ATCC 14028 
First, we compared the qPCR results obtained 
with aliquots of 100% alive and others with 
heat-killed cells, without LA and PMA 
treatment (Table 1). 
 

 
Figure 2. The synergistic effect antibiotic (CIP1) and 

permeabilizer (acid lactic LA 5-20 mM, EDTA 10 mM) 
on Salmonella typhimurium ATCC 14028 

 
Table 1. Mean threshold values after different treatments 
with lactic acid (LA) and propidium monoazide (PMA) 

applied to Salmonella spp. suspensions of viable and 
non-viable cells 

Treatment Ct viable Ct non-viable 
- 9.99±0.10 11.41±0.24 

LA 5 mM ND 10.78±0.09 
LA 10 mM 10.48±0.34 10.34±0.02 

PMA 50 μM 13.41±0.28 25.04±0.26 
dCt viable dCt non-viable 

3.42 13.62 
ND- not determined 
 
The mean threshold values (Ct) for non-viable 
and viable control samples were closer, 
11.41±0.24 and 9.99±0.10, respectively. The 
results were not significantly different 
(P>0.05), proving that DNA from heat-killed 
cells were amplified (false positive result). 
Similar, control samples with 100% non-viable 
bacteria treated only with LA (5 mM, 10 mM) 
had mean Ct values of 10.78±0.09 and 
10.34±0.02, respectively. At the same time, LA 
do not influence the DNA amplification from 
viable cells, mean threshold value for 10 mM 
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LA-treated cells being 10.48±0.34 compared to 
9.99±0.10 for non-LA treated samples (Table 
1). Another set of control samples were treated 
only with PMA, followed by photolysis and 
DNA amplification. Mean Ct values were 
significantly different (P>0.05), 25.04±0.26 for 
heat-killed and 13.41±0.28 for viable cells. 
These results proved that PMA efficiently 
penetrated the dead cells of Salmonella spp. 
and most of the DNA was not amplified after 
DNA isolation. The difference in the mean Ct 
values of PMA-treated and non-treated probes 
(dCtNON-VIABLE-PMA) with non-viable cells is 
13.62 suggesting a high qPCR signal reduction. 
It is considered that a signal reduction higher 
than 8 for non-viable cells indicates that 99.6% 
of DNA from these bacteria was removed 
(https://biotium.com/free-sample/). However, 
the DNA amplification from living cells was 
slightly influenced by the PMA treatment, as Ct 
values of PMA treated and untreated samples 
were similar and dCtVIABLE-PMA = 3.42 (Table 
1). In another study with Salmonella enterica 
serovar typhimurium ATCC 53648 the signal 
reduction after 10 μM PMA treatment was 
related to the exposure time (5-30 min). The 
longest exposure time tested (30 minutes) 
produced the strongest signal reduction, with a 
difference of approximately 11 cycles between 
Ct values obtained from PMA-treated viable 
and non-viable samples (Nkuipou-Kenfack et 
al., 2013). In our experiment the difference 
between mean values obtained from PMA-
treated viable and non-viable samples was 
11.63 cycles, proving that PMA enter to all 
non-viable cells and inhibited the DNA 
amplification.   
The effect of LA and PMA treatment on 
qPCR amplification of Salmonella 
typhimurium ATCC 14028 
To assess the impact of LA and PMA treatment 
on qPCR assay results, the “viable dCt” and 
“nonviable dCt” indices were calculated. The 
qPCR signal reductions after 5mM and 10 mM 
LA pre-treatment, followed by PMA treatment 
were analyzed (Figure 3). Delta Ct values are 
the difference between LA-PMA treated and 
LA-treated samples, for both viable and non-
viable cells. Both PMA and LA-PMA 
treatments had non-viable dCt values greater 
than 8, demonstrating that PMA efficiently 

penetrated the dead cells of Salmonella spp. 
and inhibited DNA amplification. No 
significant differences between dCt non-viable 
for different treatments with 5 mM and 10 mM 
LA-PMA and PMA (P>0.05) were noted. 
Moreover, viable dCt value after 10 mM LA-
PMA treatment was lower (2.325) than dCt 
viable after propidium monoazide application 
(3.425), suggesting that LA might improve the 
PMA-qPCR assay. For living cells threshold 
values in samples without PMA and samples 
treated with PMA should be similar and 
dCtVIABLE-PMA less than 3. Nkuipou-Kenfack et 
al. (2013) showed that co-incubation of cells 
with PMA and deoxycholate improved the 
qPCR detection for non-viable gram-negative 
bacteria Salmonella enterica serovar 
typhimurium ATCC 53648. Using 0.1% DOC 
the PMA-qPCR detection of non-viable cells 
improved with ~ 2 cycles compared to PMA-
qPCR. DOC concentrations up to 0.3% do not 
influence the qPCR signal from viable cells 
(Nkuipou-Kenfack et al., 2013). The difference 
between this result and our work might be 
related to the strain used and experiment 
design. It has to be pointed out that in our study 
cell suspensions were not co-incubated with 
permeabilizer and PMA as in the previous 
study. The specificity of the qPCR 
amplification with Sc-8-F/R primer set was 
verified. Based on the dissociation curves 
result, non-specific products were not 
produced.   
 

 
Figure 3. The signal reduction detected by qPCR after 
LA and PMA treatments applied to Salmonella spp. 

suspensions of viable and non-viable cells 
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9.99±0.10 for non-LA treated samples (Table 
1). Another set of control samples were treated 
only with PMA, followed by photolysis and 
DNA amplification. Mean Ct values were 
significantly different (P>0.05), 25.04±0.26 for 
heat-killed and 13.41±0.28 for viable cells. 
These results proved that PMA efficiently 
penetrated the dead cells of Salmonella spp. 
and most of the DNA was not amplified after 
DNA isolation. The difference in the mean Ct 
values of PMA-treated and non-treated probes 
(dCtNON-VIABLE-PMA) with non-viable cells is 
13.62 suggesting a high qPCR signal reduction. 
It is considered that a signal reduction higher 
than 8 for non-viable cells indicates that 99.6% 
of DNA from these bacteria was removed 
(https://biotium.com/free-sample/). However, 
the DNA amplification from living cells was 
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values of PMA treated and untreated samples 
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difference of approximately 11 cycles between 
Ct values obtained from PMA-treated viable 
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non-viable cells and inhibited the DNA 
amplification.   
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CONCLUSIONS 
 
This study aimed to contribute to the efforts to 
improve v-qPCR efficiency testing lactic acid, 
a new type of permeabilizing agent. The 
sublethal concentration of lactic acid enhanced 
the detection of viable Gram-negative bacteria 
(dCtVIABLE-LA-PMA = 2.32). However, the signal 
reduction (dCtNON-VIABLE-LA-PMA = 13.97) after 
10 mM LA pre-treatment was similar with the 
reduction in Ct signal (dCtNON-VIABLE-PMA = 
13.62) when only PMA treatment was applied 
to a suspension of non-viable cells. These 
preliminary studies provide useful information 
on the use of lactic acid, which has proven to 
be an effective, cheap and low-toxic enhancer 
for v-qPCR assay.         
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Abstract 
 

The study assessed the knowledge, attitude and practices (KAPs) towards COVID-19 among rural farmers in Osun 
state, Nigeria. Multi-stage sampling procedure was employed to select 270 rural farmers in three agricultural 
development zones. Structured interview schedule was used to elicit information on respondents’ socioeconomic 
characteristics, knowledge, attitude and practice of COVID-19 preventive measures. The overall level of knowledge 
was found to be moderate in all the four domains investigated: transmission (62.6%); knowledge of symptoms (68.2%); 
knowledge of prevention (55.9%) and knowledge of the disease itself (72.6%). Majority (69.6%) of the rural farmers 
had a poor attitude, towards COVID-19. Majority (75.6%) of the rural farmers’ compliance with COVID-19 preventive 
measures was moderate Regression analysis results revealed that years of schooling and farm market distance were 
significantly related to KAP [F (26.243) = 4.55; p<0.01]. The study concluded that majority of the farmers were at the 
moderate level of KAP, and thus advocated the need for more effective intervention in the area of knowledge and 
practice of preventive measures among the farming populations in the event of any emergent epidemic. 
 
Key words: attitude, COVID-19, Knowledge, practices, preventive measures. 
 
INTRODUCTION 
 
The Corona Virus Disease 2019, also known as  
“COVID-19” is a respiratory disease that is 
caused by a novel corona virus and was first 
detected in December 2019 in Wuhan, China as 
Severe Acute Respiratory Syndrome 
Coronavirus-2 (SARS-COV-2) (Mărcuță et al., 
2020; Das et al.,  2021). The rapid spread of the 
disease across over 198 countries made the 
World Health Organisation (WHO) to declare it 
as a global pandemic on 12th March, 2020 as 
more than half a million cases were already 
reported with over 23,000 deaths (Erfani et al., 
2020).  
The first confirmed case of COVID-19 
pandemic in Nigeria was announced on 27th of 
February, 2020 when an Italian citizen who 
flew into the country through Lagos state tested 
positive for the virus. On 9th of March, 2020, a 
second case of the virus was reported 
in Ewekoro, Ogun State, when a Nigerian 
citizen who had contact with the Italian citizen 
also tested positive. Nearly one year later, 

precisely as at 8th of February, 2021, the 
number of confirmed cases jumped to 140,391 
out of which 114,635 patients were discharged 
after testing negative to the virus and 1,673 
deaths were recorded (Aborisade, 2021). As at 
7th June 2021, the number of cases confirmed 
by laboratories was 166,767 with 163,096 
recoveries and 2,117 deaths (Bamiwuye et al., 
2021). The current picture of the spread of the 
COVID-19 pandemic as at January 27, 2023, 
presented 261,473 confirmed cases, 3147 
deaths and 254,953 recoveries since the 
outbreak of the pandemic in 2019 (Nigeria 
Centre for Disease Control - NCDC, 2023)   
Nearly all nations of the world including 
Nigeria adopted certain measures to contain the 
spread of the disease. Such measures included 
partial or total lockdown and restriction of 
movements and these led to the closure of 
several public places, halting of public 
transportation, isolation and management of 
infected persons (Aborisade, 2021). The 
Federal Government of Nigeria enforced an 
initial 2-week lockdown on March 30, 2020, 
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Abstract
Background Probiotics have recently been applied in aquaculture as eco-friendly alternatives to antibiotics 
to improve fish health, simultaneously with the increase of production parameters. The present study aimed to 
investigate the functional potential of lactic acid bacteria (LAB) isolated from the gut of Tilapia (Oreochromis niloticus) 
originating from the aquaculture farm of Oceanologic Research Center in Ivory Coast.

Results Twelve LAB strains were identified by 16 S rDNA gene sequence homology analysis belonging to two genera 
Pediococcus (P. acidilactici and P. pentosaceus) and Lactobacillus (L. plantarum) with a predominance of P. acidilactici. 
Several aspects including functional, storage, and safety characteristics were taken into consideration in the selection 
process of the native LAB isolates as potential probiotics. All LAB isolates showed high antagonistic activity against 
bacterial pathogens like Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Proteus mirabilis, and 
Staphylococcus aureus. In addition, the LAB isolates exhibited different degrees of cell surface hydrophobicity in the 
presence of hexane, xylene, and chloroform as solvents and a good ability to form biofilm. The strong antioxidant 
activity expressed through the DPPH scavenging capacity of LAB intact cells and their cell-free supernatants was 
detected. LAB strains survived between 34.18% and 49.9% when exposed to low pH (1.5) and pepsin for 3 h. In 
presence of 0.3% bile salts, the growth rate ranged from 0.92 to 21.46%. Antibiotic susceptibility pattern of LAB 
isolates showed sensitivity or intermediate resistance to amoxicillin, cephalothin, chloramphenicol, imipenem, 
kanamycin, penicillin, rifampicin, streptomycin, tetracycline and resistance to oxacillin, gentamicin, and ciprofloxacin. 
No significant difference in antibiotic susceptibility pattern was observed between P. acidilactici and P. pentosaceus 
strains. The non-hemolytic activity was detected. Following the analysis of the enzyme profile, the ability of LAB 
isolates to produce either lipase or β-galactosidase or both enzymes was highlighted. Furthermore, the efficacy of 
cryoprotective agents was proved to be isolate-dependent, with LAB isolates having a high affinity for D-sorbitol and 
sucrose.

Conclusion The explored LAB strains inhibited the growth of pathogens and survived after exposure to simulated 
gastrointestinal tract conditions. The safety and preservative properties are desirable attributes of these new probiotic 
strains hence recommended for future food and feed applications.
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Background
In West Africa, intensive and semi-intensive systems of 
aquaculture farming remain the most common among 
fish farmers [1, 2]. Bamba et al. [3]; Gabriel et al. [4] 
and Crentsil and Ukpong [5] reported a massive use of 
agro-industrial by-products of plant origin (wheat bran, 
corn bran, rice bran, low rice flour) at a lower cost as 
feed for fish farming on most fish farms in sub-Saharan 
Africa. However, these agro-industrial by-products have 
a low protein, nutritional and immune contribution [6]. 
Furthermore, an inadequate application of antibiotics 
to boost fish production could lead to adverse disorders 
such as an imbalance in the gut microbiota, poison-
ing, immunity reduction as well as predisposition to the 
development of diseases [7–9]. Moreover, using antibiot-
ics could be a potential risk to the health of consumers 
since the vast majority of antibiotics used are the same 
used to treat human infections [9]. Currently, probiotics 
are intensively promoted as healthy alternatives for sus-
tainable aquaculture [10–14].

According to the World Health Organization (WHO) 
and the Food and Agriculture Organization (2014), pro-
biotics were defined as “live microorganisms that, when 
administered in adequate amounts, confer a health ben-
efit on the host” [15, 16]. Lactic acid bacteria (mainly 
Lactobacillus sp., Bifidobacterium sp. and Pediococcus 
sp.) [17–20], Bacillus sp. [20, 21] and a few yeasts (mainly 
Saccharomyces boulardii and S. cerevisiae) [22–24] are 
intensively studied as probiotics to improve aquatic life 
health and performance of fish. However, it was found 
that the probiotic bacteria isolated from other hosts 
used in aquaculture do not colonize efficiently the fish 
gut as the native (indigenous) probiotics [25–27]. In 
their study, Boutin et al. [26] reported that native pro-
biotic strains are a better choice than exogenous probi-
otics which could cause the homeostatic disturbance of 
the fish microbiota. Recently, research has focused more 
on host-associated microorganisms as a source of pro-
biotics, due to the fact that the health beneficial effects 
could be species-specific, as well as that they adapt much 
more easily to the aquatic environment (e.g. salinity, tem-
perature) [28–34]. Microorganisms with potential use 
as probiotics have been isolated from the gastrointesti-
nal tract of Atlantic cod (Gadus morhua) [31], common 
carp [32], giant freshwater prawn (Macrobrachium rosen-
bergii) [33], rainbow trout (Oncorhynchus mykiss) [34], 
Nile Tilapia (Oreochromis niloticus) [29, 30, 35], Medi-
terranean trout (Salmo macrostigma) [36]. The choice 
of inappropriate microbes could have been the cause of 
the negative results observed in probiotic research [27, 

37–39]. Different functionality, safety, and storage criteria 
have been established to investigate the microbial strains 
with probiotic potential, thus allowing the screening of 
the most promising strains [27, 37–39]. Generally, the 
criteria for the selection of probiotics are highlighted as 
antibacterial activity, antibiotic susceptibility, simulation 
of gastrointestinal conditions [40–46] biofilm-forming 
ability [47–50], hemolytic activity [51], hydrophobicity 
[52], antioxidant activity [53, 54], and enzymes produc-
tion [36, 55, 56].

Currently, many commercial probiotics which contain 
one or more live microorganisms are introduced in fish 
farming industries mainly to improve the growth perfor-
mance and boost the health of fish [57–60]. According to 
the study of Nimrat and Vuthiphandchai [57], none of the 
12 commercial probiotics used in marine shrimp culture 
in Thailand did offer correct informations about the com-
position or number of micro-organisms or qualitative 
extracellular enzymes described on the labels. Further-
more, none of the commercial probiotics could inhibit 
the growth of the shrimp pathogen V. harveyi [57].

Several studies have proven some beneficial effects 
linked to the administration of native probiotics on fish 
species, including high feed conversion efficiency, supply 
of nutrients and enzymatic input to digestion, increased 
growth performance and stimulation of the immune 
system [61–72]. overall suggesting that native probiot-
ics could be relevant alternatives to antibiotics to con-
trol emerging fish diseases, increase stress resistance 
and improve water quality [61–72]. Fish production may 
therefore be improved by using indigenous probiotics for 
the sustainable development of African aquaculture [73].

Thus, the current study aimed to investigate the lac-
tic acid bacterial (LAB) strains isolated from the gut of 
Tilapia (Oreochromis niloticus) as potential probiotics, 
by addressing their functional properties (antibacterial 
activity, biofilm-forming ability, simulation of gastro-
intestinal conditions, hydrophobicity, antioxidant, and 
enzymatic activities), safety (antibiotic sensibility and 
hemolytic activity) and storage (freeze-drying survival).

Results
Molecular identification of LAB isolates
The LAB strains included in the study (Table  1) were 
isolated from the intestine of Tilapia (Oreochromis 
niloticus) originating from the aquaculture farm of the 
Oceanologic Research Center in Ivory Coast. The full-
length 16  S rDNA genes of all the LAB isolates were 
sequenced to identify them at the species level. A BLAST 
search of the 16  S rDNA gene sequences obtained was 

Keywords Tilapia fish, Pediococcus acidilactici, Pediococcus pentosaceus, Lactobacillus plantarum, Probiotics, 
Aquaculture
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performed at NCBI and revealed high similarity values 
to many bacterial 16  S rDNA sequences deposited in 
the NCBI database. LAB strains identified belonged to 
two genera Pediococcus and Lactobacillus. The partial 
16  S rDNA gene sequences of nine LAB strains (LB45, 
LB98, LB100, LB137, LB143, LB156, LB166, LB187, and 
LB194) were identified as P. acidilactici (showed 96.38 
− 98.21% homology to the GenBank sequences). The 
other two LAB strains (LB82 and LB195) were identi-
fied as P. pentosaceus (97.43-99% homology to GenBank 
sequences). The LB96 strain had 97.66% homology with 
the known Lactobacillus plantarum sequences. The par-
tial 16 S rDNA sequences of LAB strains were deposited 
in the NCBI database (the accession numbers are listed 
in Table 1).

The phylogenetic tree revealed the existence of several 
groups of LAB species (Fig.  1). Thus, the L. plantarum 
LB96 (ON141905) was related to Lactobacillus planta-
rum TMPC 3M613 strain (OM757925), supporting a 
bootstrap value of 88%. P. pentosaceus LB82 (ON141904) 
and LB195 (ON141903) were related to P. pentosaceus FB 
145 strain (MF945626) with a bootstrap score of 40%. P. 
acidilactici strains (LB45, LB98, LB100, LB137, LB143, 
LB156, LB166, LB187, LB194) were related to different P. 
acidilactici strains.

Functional properties of LAB isolates
Antibacterial activity of the cell-free supernatants (CFS) from 
the LAB strains
Antibacterial activity against pathogenic bacteria was 
considered an important criterion for the selection of 
probiotics. In this research, the antibacterial activity 
of cell-free supernatants (CFS) from the LAB isolates 
was assessed against five pathogens including E. coli, K. 
pneumoniae, P. mirabilis, P. aeruginosa, and S. aureus 
using agar well diffusion method. The value of the inhi-
bition zone diameter expressed in mm is summarized 
in Table 2. The LAB isolates showed statistically signifi-
cant (p < 0.05) inhibition rates regardless of the pathogen. 

Our results showed that the CFSs obtained from all LAB 
strains exhibited good antibacterial activity against tested 
pathogenic bacteria. Moreover, CFS from the LB143 
strain seems to exert the highest inhibition effect against 
S. aureus, P. mirabilis, and K. pneumoniae. A similar 
inhibitory activity against P. aeruginosa and E. coli was 
observed for CFS from LB195.

Ability to form a biofilm
All LAB isolates had a high capacity to form a biofilm. 
The absorbance values were higher than 0.5, ranging 
from 0.928 ± 00 (LB96) to 3.211 ± 0.01 (LB143). The sta-
tistical analyses showed a significant difference (p < 0.05) 
between the isolates (Table 3).

Hydrophobicity
The hydrophobicity test was carried out in the presence 
of hexane, xylene, and chloroform as solvents. The results 
revealed that hydrophobicity rates were 1.53 ± 0.1 and 
16.30 ± 0.4% in the presence of hexane for isolates LB195 
and LB156, respectively. In the presence of xylene as the 
solvent, isolate LB137 manifested the highest hydro-
phobicity (51.10 ± 0.8%), while the lowest was observed 
at isolate LB82 (1.17 ± 0.8%). The use of chloroform as 
solvent showed hydrophobicity values that ranged from 
9.4 ± 0.14% (LB96) to 87.2 ± 0.14% (LB166). Further-
more, statistical analyses showed a significant differ-
ence (p < 0.05) between isolates for the same solvent and 
between different solvents (Table 3).

Antioxidant activity
In general, antioxidant activity levels were statisti-
cally significant (p < 0.05) for both supernatants and 
LAB intact cells. Overall, the antioxidant activity lev-
els observed in the supernatants were higher than 
those in the intact cells (Table  3). However, for isolates 
LB96, LB137, and LB195 antioxidant activity values 
were highest in intact cells than in the supernatant with 
87.28 ± 0.40, 70.40 ± 0.57%, and 57.19 ± 0.27%, respectively 
(Table 3). For each sample (supernatant and intact cells), 
statistical analyses showed a significant (p < 0.05) differ-
ence between the isolates.

Tolerance to bile salts and resistance to pepsin and acid pH of 
LAB isolates
A critical step toward the selection of probiotic strains 
was to survive conditions that mimic the gastrointestinal 
tract. The LAB isolates bile salts tolerance, as well as the 
resistance in the presence of pepsin and acid pH evolu-
tion tests are shown in Fig.  2. Generally, an adaptation 
of all LAB isolates was observed after 4 h of exposure to 
bile salts characterized by cell growth, while exposition 
after 3  h to 0.3% pepsin and acid pH (1.5) was marked 
with a decrease in bacterial load. Based on growth 

Table 1 LAB strains accession number
Strains Accession number
Pediococcus acidilactici LB100 ON141894

P. acidilactici LB98 ON141895

P. acidilactici LB187 ON141896

P. acidilactici LB194 ON141897

P. acidilactici LB166 ON141898

P. acidilactici LB156 ON141899

P. acidilactici LB143 ON141900

P. acidilactici LB45 ON141901

P. acidilactici LB137 ON141902

P. pentosaceus LB195 ON141903

P. pentosaceus LB82 ON141904

Lactobacillus plantarum LB96 ON141905
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rates, three profiles were observed. The most significant 
growth (p < 0.05) was observed for isolate LB 194, with a 
growth rate of 27.33%, followed by isolates LB45, LB82, 
LB98, LB100, and LB166 (growth rate between 15.36 and 

16.88%). The least growth rates were observed in isolates 
LB 143 and LB 195 (0.92 and 1.06%). The growth rates 
showed a significant difference (p < 0.05) between the 
three profiles.

Fig. 1 The phylogenetic tree showing the relative position of LAB isolates as inferred by the neighbour-joining method with 16 S rDNA gene sequences
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Despite the overall decrease in bacterial load, the level 
of resistance to pepsin and acid pH (1.5) was reflected by 
a survival rate ranging from 34.18 to 49.9%. The highest 
survival rate was obtained for the LB166 isolate which 
was significantly different (p < 0.05), while the lowest rate 
was observed in the LB96 isolate.

Each value represents the mean value ± standard devia-
tion (SD) (n = 3). Bars with different lower-case letters 
denoted significantly different (p < 0.05).

In vitro investigation of enzymatic activities of LAB 
isolates.

To detect amylase, protease, lipase, and β-galactosidase 
activities the LAB isolates were inoculated into selective 
media for each enzyme. Our results revealed that the nine 
LAB strains tested were positive for lipases (pink-orange 

colony under UV 352  nm) and β-galactosidase (green 
colony) (Table  4). LB 143 did not exhibit lipase activity, 
while LB 137 and LB 156 did not exhibit β-galactosidase 
activity. No activity was detected for the amylases, cellu-
lases, and proteases, respectively (Table 4).

Safety properties of LAB isolates
Antibiotic susceptibility
The antibiotic susceptibility of the LAB isolates was 
tested using the antibiotic disc diffusion method on MRS 
agar plates. A total of 12 antibiotics were included in the 
assay: gentamicin, chloramphenicol, kanamycin, strep-
tomycin, tetracycline as inhibitors of protein synthesis, 
amoxicillin, cephalothin, oxacillin, penicillin, imipenem 
as inhibitors of cell wall synthesis, ciprofloxacin as inhibi-
tors of DNA replication and rifampicin as inhibitors of 
nucleic acids synthesis. All LAB isolates showed varia-
tions in antibiotic susceptibility to 9 out of the 12 antibi-
otics and also showed multidrug resistance for oxacillin, 
gentamicin, and ciprofloxacin (Table  5). No significant 
difference in antibiotic susceptibility profile was observed 
between P. acidilactici and P. pentosaceus strains.

Hemolytic activity
Probiotic strains must be risk-free (γ-hemolysis), which 
makes them safe for consumption [15, 37]. In our study, 
all LAB strains showed γ-hemolysis activity (without 
clearing zones around the colonies on blood agar plates) 
(Fig. 3), thus ensuring the safety to be used as potential 
probiotics.

Table 2 Antibacterial activity of LAB strains against pathogenic 
microorganisms
Isolates P. aeru-

ginosa 
ATCC 
27853

E. coli
ATCC 
25922

 S. 
aureus
ATCC 
25913

P. 
mirabilis
JCM 
1669

 K.
pneumoniae
ATCC 43816

LB45 + + + + + + + + + +

LB82 + + + + + + + + + + +

LB96 + + + + + + + + + +

LB98 + + + + + + + + + + +

LB100 + + + + + + + + + +

LB137 + + + + + + + + + + +

LB143 + + + + + + + + + + + + +

LB156 + + + + + + + + + + +

LB166 + + + + + + + + + +

LB187 + + + + + + + + + + +

LB194 + + + + + + + + + +

LB195 + + + + + + + + + + + +
(+): 1–5 mm ; (+ +): 6–17 mm ; (+ + +): 18–29 mm

Table 3 Ability to form a biofilm (AFB), antioxidant activity (AA), and hydrophobicity (H) of LAB isolates
Isolates AFB Antioxidant activity (AA) (%) Hydrophobicity (H) (%)

Supernatants Intact cells Hexane Xylene Chloroform
LB 45 1.425 ± 0.04a 90.23 ± 0.32a 36.74 ± 0.05b 10.94 ± 0.01a 7.23 ± 0.1b 15.85 ± 0.32c

LB 82 2.886 ± 0.002b 51.92 ± 0.03a 49.95 ± 1.34a 9.96 ± 0.6a 1.17 ± 0.8b 51.9 ± 0c

LB 96 0.928 ± 0c 61.18 ± 0.25b 87.28 ± 0.40a 12.92 ± 1a 10.83 ± 0.3ab 9.4 ± 0.14b

LB 98 2.843 ± 0.06b 74.29 ± 0.12a 50.34 ± 0.03b 9.40 ± 0.2a 3.48 ± 0.4b 11.05 ± 0.17ac

LB 100 2.722 ± 0.03b 84.06 ± 0.08a 39.52 ± 0.73b 11.82 ± 2.1a 8.87 ± 0.6b 20.58 ± 0.29c

LB 137 1.616 ± 0.05d 67.86 ± 0.08b 70.40 ± 0.57a 7.38 ± 1.3a 51.10 ± 0.8b 10.49 ± 0.06c

LB 143 3.211 ± 0.01e 75.57 ± 0.81a 73.28 ± 0.38a 9.05 ± 0.4a 4.97 ± 0.2b 22.78 ± 0.07b

LB 156 1.489 ± 0d 64.52 ± 0.03a 44.19 ± 0.26b 16.30 ± 0.4a 8.31 ± 0.02b 20.47 ± 0c

LB 166 3.048 ± 0e 63.85 ± 5.4a 54.96 ± 1.36a 15.55 ± 0.01a 6.99 ± 0.03b 87.2 ± 0.14c

LB 187 1.362 ± 0.06d 57.84 ± 1.18a 34.06 ± 0.08b 11.52 ± 0.8a 7.62 ± 0.5b 23.18 ± 0.25c

LB 194 2.710 ± 0.007b 76.60 ± 0.85a 54.02 ± 0.02b 11.13 ± 0.3a 20.84 ± 1.2b 22.68 ± 0.9bc

LB 195 3.046 ± 0.01e 50.64 ± 0.05b 57.19 ± 0.27a 1.53 ± 0.1a 4.21 ± 0.6b 73.54 ± 0.85c

(-) Negative to hemolytic activity; Values expressed as mean ± standard deviation for three independent measurements.

AFB: Mean values with the same letter in a column were not significantly different (p > 0.05)

AA: Mean values with the same letter in a line were not significantly different (p > 0.05)

H: Mean values with the same letter in a line were not significantly different (p > 0.05)
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Storage and preservation of LAB isolates: freeze-drying 
procedures
Preservation of the viability of LAB strains during freeze-
drying is a critical challenge. Three cryoprotectants 
(D-sorbitol, D-glucose, and sucrose) were tested for their 
ability to protect the LAB cells during freeze drying, 
while sterile deionized water served as the negative con-
trol. The survival rate of freeze-dried LAB isolates is pre-
sented in Fig. 4. A strain-dependent relationship existed 
between the cryoprotectant’s effectiveness. The isolates 
LB143 and LB98 had over 62% survival rate with all 
tested cryoprotectants, with maximum of 83.77 ± 0.44% 

and 87.97 ± 5.13% when sucrose was used as a cryopro-
tectant. On the contrary, the LB187 isolate had less than 
10% survival rate with all cryoprotectants. LB143, LB96, 
LB137, and LB195 isolates demonstrated a high survival 
rate, from 53.50 ± 0.33% to 74.52 ± 9.64 with D-sorbitol 
(2%), whereas in the case of the LB82 and LB143 strains, 
glucose 2% (w/v) led to survival of 56.60 ± 0.18%, and 
66.44 ± 0.14% respectively. Statistical analyses revealed 
a significant difference (p < 0.05) in the survival rates of 
different cryoprotectants between isolates. The boxplot 
presented in Fig.  5 shows that the D-sorbitol (41.48%) 
offered better protection of the LAB isolates during 
freeze-drying compared with sucrose (34.17%) and glu-
cose (21.78%).

Hierarchical ascending classification (HAC)
The HAC carried out showed that all the LAB isolates 
had the same characteristics (Fig. 6). Three groups were 
generated, the first group included isolates LB 82, LB166, 
and LB 195. The second group included isolates LB194; 
LB187; LB156 and LB100. The last group consisted of iso-
lates LB143; LB137; LB98; LB96, and LB45.

Discussion
Today, aquaculture in the Ivory Coast has not yet reached 
a viable economic dimension, despite immense physical, 
hydrological (150 000 ha of lagoons, 350,000 ha of lakes, 
numerous shallows, etc.), climatic, and human resources 
[1]. The development of Ivorian aquaculture is hampered 
by several factors, the most significant of which are the 

Table 4 Hydrolytic enzyme profile of the LAB isolates
Isolates Enzymatic activities

Amylolytic Cellulolytic Li-
po-
lytic

Pro-
teo-
lytic

β-galactosidase

LB 45 - - + - +

LB 82 - - + - +

LB 96 - - + - +

LB 98 - - + - +

LB 100 - - + - +

LB 137 - - + - -

LB 143 - - - - +

LB 156 - - + - -

LB 166 - - + - +

LB 187 - - + - +

LB 194 - - + - +

LB 195 - - + - +
(+) and (-) indicate the presence and absence of the enzymatic activities

Fig. 2 Growth rate and survival rate of LAB isolates in the presence of 0.3% bile salts and 0.3% pepsin and pH 1.5 respectively
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availability of high-quality feed at exorbitant prices, a lack 
of technical skills, and the poor quality and quantity of 
fish [1]. Thus, the use of functional food (food enriched 
with probiotics) seems to be an ecological, economical, 
and sustainable solution.

Several aspects, including functional characteristics 
(antibacterial activity, biofilm-forming ability, simulation 
of gastrointestinal conditions, hydrophobicity, antioxi-
dant activity), safety characteristics (molecular identifi-
cation, antibiotic sensibility, and hemolytic activity), and 
storage (freeze-drying survival), have been taken into 
consideration in the selection process of LAB isolates as 
potential native probiotics.

Careful selection remains the main tool to obtain high 
quality probiotics. Proper strain identification at the spe-
cies level is one key criterion to classify a microbial iso-
late as probiotics, especially for the microorganisms to 
be used in the food chain [74–76]. In this context, the 
well-known amplification and sequencing of the 16  S 
ribosomal DNA region are reliable tools to identify spe-
cies at the expense of classical methods [74, 75]. In the 
present study, 12 LAB strains isolated from the intestine 
of Tilapia (Oreochromis niloticus) were identified by 16 S 
rDNA gene sequence homology analysis and belonged to 
P. acidilactici (9 strains), P. pentosaceus (2 strains), and 
L. plantarum (1 strain). The list of probiotics includes 
mainly members of the genera Lactobacillus and Bifido-
bacterium [35, 61, 71], but species belonging to the genus 
Pediococcus, particularly P. acidilactici and P. pentosa-
ceus, have been investigated many times, indicating that 
newly isolated strains may play a key role in the new gen-
eration of functional ingredients [19, 77–80].Ta
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Fig. 3 Hemolysis activity of LAB strains and S. aureus ATCC 25,913 (posi-
tive control)

 



Page 8 of 15Coulibaly et al. BMC Microbiology          (2023) 23:152 

Some bacterial pathogens, such as Escherichia sp., 
Klebsiella sp., Staphylococcus sp., Proteus sp., and Pseu-
domonas sp., were isolated from fish and can indicate 
multiple sources of contamination [81–83]. All LAB iso-
lates showed strong growth inhibition of all reference 
pathogens: P. aeruginosa, E. coli, S. aureus, P. mirabilis, 
and K. pneumoniae. These results are in agreement with 

previous studies where Lactobacillus and Pediococcus 
strains exhibited a broad spectrum of antagonistic activ-
ity against fish pathogens [19, 77, 84, 85].

In terms of probiotics, biofilm formation offered a more 
rapid capacity for metabolite production and resistance 
to hostile environments [47–50]. In our study, all the iso-
lates showed a good ability to form biofilm. Lamari et al. 
[86] selected several LAB strains with the ability to form 
biofilm and high adherence to polystyrene microplates 
and hydrocarbon. This characteristic was important for 

Fig. 6 Cluster dendrogram of LAB species

 

Fig. 5 Affinity of LAB isolates for protective agents

 

Fig. 4 Viability rate of LAB isolates in the presence of different protective agents at end of freeze-drying Each value represented the mean value ± stan-
dard deviation (SD) (n = 3). Bars with different lower-case letters denoted significantly different (p < 0.05)
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bacteria’s ability to adhere to an abiotic surface, which 
could be a potential indicator for LAB to colonize the gut 
and further antagonize the pathogens [86].

Cell surface hydrophobicity is another property con-
sidered important for the probiotics’ overall adhesion 
capacity to various types of surfaces. The hydrophobicity 
of LAB isolates selected in the presence of three differ-
ent solvents revealed that values depended on the solvent 
used. Overall, the hydrophobicity values of LAB isolates 
with chloroform were higher than those with other sol-
vents. The values vary between 1.53% (LB 195) and 
16.30% (LB 166) for hexane, 3.48% (LB 98) and 51.10% 
(LB 137) for xylene, and 9.4% (LB 96) and 87.2% (LB 166) 
for chloroform. Yasmin et al. [51] reported high hydro-
phobicity values for Bifidobacterium strains for xylene; 
in this work, the highest hydrophobicity values were 
obtained in the case of chloroform. The results are con-
firmed in another study on L. fermentum URLP18 and 
L. lactis URLA2 strains, which showed high aggregation 
capacities and high affinity towards xylene, followed by 
chloroform [84].

Free radical-scavenging ability, as a criterion for pro-
biotics, had been studied by several authors [53, 54]. 
These authors reported that extracellular liquid, intracel-
lular liquid, and intact cells had free radical-scavenging 
properties. In our study, CFS and intact cells were inves-
tigated. Remarkably, the CFS of the nine LAB strains 
exhibited higher DPPH scavenging activities than the 
intact cells, as follows: LB45 (90.23%); LB82 (51.92%); 
LB98 (74.29%); LB100 (84.06%); LB143 (75.57%); LB156 
(64.52%); LB166 (63.85%); LB187 (57.84%); and LB194 
(76.60%). Yasmin et al. [51] reported that the Bifidobac-
terium exhibited strong antioxidant activity in cell-free 
supernatant, whose values varied between 80.72% and 
87.72%.

Several studies reported the ability of probiotic micro-
organisms to produce extracellular enzymes improv-
ing the nutrient digestibility, growth performances, and 
health status of fish [13, 36, 55, 56]. For instance, Iorizzo 
et al. [36] showed that the LABs isolated from the intesti-
nal tract of the Mediterranean trout (Salmo macrostigma) 
are producers of extracellular enzymes that help absorb 
the nutrients in the fish intestine. Our results showed 
the ability of 9 out of 12 LAB isolates to synthesize both 
β-galactosidase and lipases. No other enzymatic activ-
ity (amylases, cellulases, and proteases) was detected. 
This finding was in contrast with the results reported by 
Muñoz-Atienza et al. [42], in which the majority of the 
LAB strains did not shown lipolytic activity (with few 
exceptions). On the other hand, the LAB strains isolated 
from the intestine of freshwater fish species exhibited 
amylase, lipase, and protease activities [84]. Similarly, 
Marchwiska and Gwiazdowska [87] reported that differ-
ent Lactobacillus and Pediococcus isolated from swine 

faeces for feed additive composition had protease and 
amylase activities, but no lipase activity. Bacillus species 
have already been known as enzyme producers, being 
one of the reasons for their use in aquaculture as probiot-
ics enhancing feed digestibility, digestive enzyme activi-
ties, and growth performance [21].

Furthermore, antibiotic susceptibility is a prerequi-
site from a safety standpoint because probiotic bacteria 
might transfer antibiotic-resistance genes either directly 
or indirectly to pathogenic bacteria. This approach 
requires evidence that the LAB strain does not show 
resistance to antibiotics used in human and veterinary 
medicine. In our study, all LAB isolates were susceptible 
or intermediately resistant to 9 antibiotics and resistant 
to 3 antibiotics out of the 12 antibiotics used. LAB iso-
lates showed resistance to oxacillin, gentamycin, and 
ciprofloxacin. Our result was important because LAB 
isolates showed sensitivity to penicillin, ampicillin, and 
chloramphenicol, among the most commonly used anti-
biotics in aquaculture. The results obtained were not 
consistent with those documented by Diguță et al. [78], 
which indicated that two Pediococcus strains (L3 and L5) 
isolated from the Kombucha consortium were found to 
be resistant to amoxicillin, streptomycin, kanamycin, and 
tetracycline. Furthermore, antibiotic sensitivity is a vari-
able and strain-dependent property. In the context of 
probiotic LAB selection, drug-resistant probiotic bacte-
ria are serious health threats. Increasing and abusive use 
of antibiotics has given rise to resistant bacteria through 
the transfer of resistance plasmids between bacteria [7–9, 
88–90]. The resistance to an antibiotic may be accompa-
nied by resistance to one or more other antibiotics, even 
if the bacteria have no contact with these antibiotics. 
Bacterial strains with transferable antibiotic resistance 
genes should not be used in animal feeds, fermentation, 
or probiotic foods for human consumption, accord-
ing to the European Food Safety Authority (EFSA) [91]. 
Given the increase of drug-resistant probiotics has been 
recently developed the online ProbResist database, which 
centralizes reports of probiotic bacteria that have been 
demonstrated experimentally to be resistant to antibiot-
ics [92].

The examination of hemolytic activity is strongly rec-
ommended by the EFSA as long as the isolated bacteria 
are intended for use in food products, even if they have 
“generally recognized as safe” (GRAS) or “quality pre-
sumption of safety” (QPS) status. In this study, all the 
isolates exhibited no hemolytic activity (γ-hemolysis), 
indicating that they are non-pathogenic and considered 
safe for animal or human probiotic applications. Similar 
results were previously obtained with two Pediococcus 
strains isolated from Kombucha (L3 and L5) [78]. Yas-
min et al. [51] shown that eight Bifidobacterium strains 
isolated from raw camel milk did not exhibit hemolytic 
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activity. Lack of hemolytic activity is significant during 
the selection of probiotic strains when it comes to pro-
biotic safety because such strains are non-virulent, and 
the lack of hemolysin assures that virulence will not arise 
among bacterial strains [15].

The ability of LAB strains to effectively function in the 
gastrointestinal tract (including bile salts tolerance and 
low gastric pH resistance) is the most important criterion 
for their selection as probiotics. Probiotic bacteria must 
first make it through the stomach, where the pH can be 
as low as 1.5 to 2 before reaching the intestinal tract [93, 
94]. In our study, the resistance tests of these bacteria 
at low pH levels (ranging from 1 to 3) revealed that all 
strains are resistant at pH 1.5 for 3 h, while most strains 
lose viability in 1 h at pH 1.5. The resistance at 0.3% pep-
sin and low pH (1.5) was characterized by a high level 
of cell viability. The survival rates of the 12 LAB isolates 
ranged from 34.8 to 49.9%. Chemlal-Kerrhaz et al. [39] 
showed that two isolates of LAB from the Nile Tilapia 
(Oreochromis niloticus) tolerated a concentration of 0.3% 
bile salts for 4 h and pH 2 for 3 h.

In addition, all strains tolerated the concentration of 
0.3% bile salts for 4  h. The growth rate of the 12 LAB 
isolates varied between 0.92 and 21.46%. The results 
obtained were lower than in previous studies which 
reported high survival abilities of different Pediococcus 
strains [78] and L. fermentum URLP18 isolated from C. 
mrigala [84] in the presence of high bile salts concentra-
tion (until 2%). Our study showed a similar outcome; all 
isolates tolerated a concentration of 0.3% bile salts for 4 h 
and exhibited resistance at pH 1.5, however with differ-
ent intensities.

Freeze-drying, as a LAB conditioning technique, is rec-
ognized to cause severe damage to organisms, particu-
larly at the membrane level as well as to their proteins, 
but the addition of cryoprotective agents may mitigate 
injury or inactivation by increasing cell survival during 
freeze-drying [78, 95]. In this study, three cryoprotective 
agents were assessed for their influence on the LAB iso-
lates’ viability rate at the end of the freeze-drying process. 
Our results indicate that the LAB isolates showed an 
important affinity for D-sorbitol and sucrose. This trend 
has been observed by Diguță et al. [78], where sucrose 
was responsible for the best viability rate of P. acidilac-
tici and P. pentosaceus at the end of freeze-drying. Con-
sidering the strain-dependent variation in response to 
the stress conditions during the freeze-drying process, 
cryoprotectant agents must be investigated to choose 
them for conditioning of LAB strains with high efficiency 
on cell viability and economically feasible, before being 
included in functional foods or feeds.

Conclusion
Based on 16  S rDNA gene sequencing, 12 LAB strains 
isolated from the intestine of Tilapia (Oreochromis niloti-
cus) were identified as belonging to P. acidilactici, P. pen-
tosaceus, and L. plantarum species with a predominance 
of P. acidilactici. All LAB isolates showed a high anti-
bacterial activity as well as a strong antioxidant activity. 
Additionally, they showed no hemolytic activity, a typical 
pattern of antibiotic susceptibility, and a good ability to 
form a biofilm, respectively. All LAB isolates exhibited 
either lipase or β-galactosidase or both enzymes pro-
duction. Some LAB strains showed good survival rates 
in the simulated gastrointestinal conditions. Condition-
ing of LAB strains by freeze-drying using D-sorbitol or 
sucrose as cryoprotectant agents could be used to for-
mulate probiotic products in powdered form. According 
to these results, P. acidilactici LB137 and P. pentosaceus 
LB195 present promising probiotic properties and could 
be applied as health promoters for fish. Further in vivo 
studies might use these strains in monoculture or co-cul-
ture to obtain enriched/supplemented food for fish farm-
ing, ultimately ensuring that healthier fish will be part of 
a healthier human diet.

Materials and methods
Bacterial strains and culture conditions
Twelve LAB strains were isolated from the intestine of 
Tilapia (Oreochromis niloticus) originating from the 
aquaculture farm of Oceanologic Research Center in 
Ivory Coast. Five pathogenic bacteria including P. mira-
bilis JCM1669 (University Nangui Abrogoua of Ivory 
Coast), P. aeruginosa ATCC 27853, E. coli ATCC 25922, 
K. pneumoniae ATCC 43816, and S. aureus ATCC 25913 
(American Type Culture Collection (ATCC), Manas-
sas, VA, USA) were used as indicator strains. LAB 
strains were routinely grown in MRS (De Man, Rogosa, 
and Sharpe) broth or agar (Oxoid Limited, Hampshire, 
United Kingdom) for 24–48 h at 37 °C under microaero-
philic conditions (5% CO2). The reference pathogenic 
bacteria were grown in tryptic soy broth (TSB) or agar 
(TSA) (Scharlab S.L., Barcelona, Spain) for 18–24  h at 
37 °C under aerobic conditions. All strains were stored at 
− 20  °C in an adequate culture medium containing 30% 
(v/v) glycerol (Scharlab S.L., Barcelona, Spain) and sub-
cultured twice before being used in assays.

Identification of LAB strains
LAB strains were grown in MRS broth for 48 h at 37 °C. 
Cells were harvested by centrifugation at 5000 x g for 
10 min. Genomic DNA extraction was performed using 
a ZR Fungal/Bacterial DNA kit (Zymo Research, Irvine, 
CA, USA), according to the manufacturer’s instructions. 
The DNA concentration and purity were verified with 
a SpectraMax® QuickDrop™ (Molecular Devices, San 
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Jose, CA, USA). LAB strains were identified by analysis 
of 16 S rDNA amplified with the universal primers 27 F 
(AGAGTTTGATCMTGGCTCAG) and 1492R (TACG-
GYTACCTTGTTACGACTT) (Biolegio B.V. Nijmegen, 
The Netherlands). The reaction mixture consisted of 
50  µl of 10X DreamTaq Green Buffer (contains 20 mM 
MgCl2), 0.5 µM of each primer, 0.2 mM dNTPs, 0.025 
U of DreamTaq DNA Polymerase (Thermo Fisher Sci-
entific, Baltics, UAB, Vilnius, Lithuania), and 10 ng of 
bacterial DNA. The amplification program cycles started 
with an initial denaturation at 95 °C for 3 min, followed 
by 35 cycles (94 °C for 1 min, 55 °C for 1 min, 72 °C for 
1 min), and a final extension step at 72 °C for 7 min. The 
amplification reactions of the 16  S rDNA region were 
performed using a thermal cycler (MultiGene Ther-
mal Cycler Labnet International, Inc., Edison, NJ, USA). 
The PCR products were detected by agarose gel elec-
trophoresis (2% (w/v) agarose, 90  V, 60  min), and visu-
alized using a GelDoc-It Imaging System (Analytik Jena, 
Upland, CA, USA). Sequencing was performed in both 
directions with the universal primers 27 F and 1492R by 
Cellular and Molecular Immunological Application, Hol-
land (CEMIA, Greece). The partially obtained nucleotide 
sequences were aligned with multiple available homolo-
gous sequences in the National Center for Biotechnol-
ogy Information (NCBI) GenBank databases (http://
www.ncbi.nlm.nih.gov, accessed on 29 November 2021) 
to identify at the species level based on high similarity. 
The phylogenetic tree was constructed via the neighbour-
joining method [96] using MEGA (Molecular Evolution 
Genetic Analysis) software, version X [97].

Functional characterization LAB isolates
Antibacterial activity of LAB isolates
Antagonistic activities of the LAB isolates were recorded 
against five pathogens indicators (E. coli ATCC 25922, K. 
pneumoniae ATCC 43816, P. aeruginosa ATCC 27853, P. 
mirabilis JCM1669, and S. aureus ATCC 25913) by the 
agar well diffusion method described by Balouiri et al. 
[98] with some modifications. The LAB isolates were cul-
tured in MRS broth at 37 °C for 48 h. and centrifuged at 
10,000 x g at 4 °C, for 5 min. Cell-free supernatants (CFS) 
were obtained by filtration using sterile 0.22 μm Millipore 
filters (VWR International, Rosny-sous-Bois, France). 
1mL of the overnight pathogen culture (adjusted OD600 

nm to 0.2 ± 0.05, representing approximately 107− 108 cfu/
ml) was added to a sterile Petri dish (90  mm), overlaid 
with approximately 20 mL of TSA cooled to 45  °C, and 
gently homogenized until solidification. Wells with a 
diameter of 6 mm have been punched aseptically with a 
sterile tip, filled with 100 µl of CFS tested, and incubated 
at 37 °C for 24 h. A clear zone of 1 mm or more around 
each well was considered positive inhibition, which dem-
onstrated the antibacterial activity of the CFS.

Ability to form a biofilm
The LAB isolates were grown in MRS broth at 37 °C for 
48  h and bacterial load was adjusted to the same opti-
cal density OD600 nm of 0.2 ± 0.05. Bacterial cells were 
centrifuged at 4000 rpm for 10 min and the pellets were 
washed three times with NaCl solution (0.9%) and dried 
at 50  °C for 30 min. The bacterial biofilms were stained 
with 1 ml of 0.1% crystal violet (Sigma Aldrich, Saint 
Louis, MO, USA) for 20 min and washed with the NaCl 
solution until the liquid was clear. The dye was eluted 
with ethanol (96%). The quantification was performed by 
measuring absorbance value (OD) at the 595  nm wave-
length spectrophotometer (BioBase, Jinan, Shandong, 
China). The ability to form a biofilm was considered posi-
tive for OD ≥ 0.5.

Tolerance of LAB isolates to bile salts
The bile salts tolerance test of the LAB isolates was per-
formed according to the method described by Diguță 
et al. [78] with some modifications. Test tubes contain-
ing MRS broth were supplemented with 0.3% bile salts 
(Oxoid Limited, Hampshire, United Kingdom), inocu-
lated with each LAB isolate (adjusted to the OD600 nm at 
0.2 ± 0.05), and incubated at 37 °C, for 4 h. The cell viabil-
ity was tested by the plate count method at 0 h and after 
4  h of incubation. Tolerance toward bile salts was esti-
mated bygrowthrate =

(
logCFUNi
logCFUNt

)
× 100 , where Ni and 

Nt mean the viable cells (CFU/ml) at 0 h and after 4 h of 
incubation.

Resistance of LAB isolates to pepsin and acid pH
The ability of LAB isolates to survive the presence of pep-
sin and acid pH was done using the method described 
by Diguță et al. [78]. After overnight culture, LAB cells 
were centrifuged at 2000 x g for 10 min and pellets were 
suspended and washed twice with sterile physiologi-
cal saline (0.9% NaCl). The pellets were suspended in 
phosphate-buffered saline (PBS) solution (VWR Inter-
national, Rosny-sous-Bois, France) previously supple-
mented with 0.3% pepsin (Sigma-Aldrich, Saint Louis, 
MO, USA) and pH was adjusted to 1.5 with 1  N HCl. 
The cell viability was tested by the plate count method 
at 0  h and after 3  h of incubation. The percentage (%) 
survival of LAB isolates was calculated by the following 
formula: %viability =

(
logUFCNt
logUFCNi

)
× 100, where Ni and 

Nt mean the viable cells (CFU/ml) at 0 h and after 3 h of 
incubation.

Evaluation of LAB isolates hydrophobicity
Overnight LAB cultures were centrifuged at 12000 x 
g for 5  min at 4  °C. The cell pellets were washed twice 
using PBS solution (pH 7.2) and adjusted to the optical 
density of 1 ± 0.05 at 650 nm wavelength (H0). To deter-
mine the cell surface hydrophobicity, three solvents 

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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were used: hexane (VWR International, Rosny-sous-
Bois, France), xylene (Bernd Kraft GmbH, Duisburg, 
Germany), and chloroform (Bernd Kraft GmbH, Duis-
burg, Germany). The mixture of 2.4 ml of cell suspen-
sion with 0.4 mL of solvent was vigorously vortexed for 
2 min. After the phase stabilization and separation period 
of 30 min at room temperature, the aqueous phase was 
carefully recovered and the optical density was measured 
at 650  nm wavelength (H1). The hydrophobicity val-
ues were calculated according to the following formula: 
H% =

(H0−H1
H0

)
× 100.

DPPH Free Radical Scavenging ability
After the LAB cells were incubated at 37  °C in MRS 
broth overnight, the cells were harvested by centrifu-
gation at 12000 x g for 5  min at 4  °C. The supernatant 
samples were collected and cell pellets were washed 
twice with PBS solution and suspended in the same solu-
tion to adjust to OD600 nm 0.2 ± 0.05 and served as intact 
cells. The 1-diphenyl-2-picrylhydrazyl (DPPH) scaveng-
ing activity was determined by the method described by 
Brand-Williams et al. [99]. A volume of 2 ml of DPPH 
(Alfa Aesar, Kandel, Germany) (100 µM in methanol) was 
added to 1 ml of the cell suspension or 1 ml of the super-
natant, the mixtures were mixed vigorously and incu-
bated at laboratory temperature in the dark for 30 min. In 
the case of the intact cell, the absorbance of the resulting 
solution was measured in triplicate at 517 nm wavelength 
after centrifugation at 12,000 x g, for 5 min. The deion-
ized water was used as the negative control. The presence 
of antioxidant activity is shown by the change in color of 
the mixture from purple to yellow. The scavenging ability 
was defined as: %AA =

(
ODDPPH−ODsample

ODDPPH

)
× 100.

Plate screening of enzymes producing LAB isolates
LAB isolates were inoculated in spots on the surface of 
culture media distributed in Petri dishes. Amylase activity 
was evaluated on MRS Agar medium supplemented with 
1% of soluble starch (VWR International, Rosny-sous-
Bois, France). After incubation at 37  °C for 4 days, the 
positive reaction was indicated by a clear zone surround-
ing LAB isolates by adding Iodine-potassium iodide solu-
tion (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). 
Cellulase activity was tested on MRS Agar supplemented 
with 1% carboxymethylcellulose (Sigma-Aldrich, Merck, 
Darmstadt, Germany). The zone of clearance was visual-
ized after staining with 0.1% Congo red solution (Sigma-
Aldrich, Merck, Darmstadt, Germany) and washing the 
plate with 1 M NaCl. Lipase activity was determined on 
MRS Agar medium supplemented with 0.25 mL olive 
oil, 0.01% CaCl2xH2O, and 0.0001% (w/v) rhodamine B 
(Alfa Aesar, Kandel, Germany). Positive reactions were 
observed by pink-orange colony under UV 350  nm. 
Protease activity was detected on skim milk (1%) agar 

medium (PanReac AppliChem, Darmstadt, Germany). 
After the incubation period, the LAB isolates showing a 
clear zone of the degradation of casein were read as posi-
tive for protease production. The β-galactosidase activity 
was determined on MRS agar containing 20 µl of X-Gal 
(20 mg/ml in DMSO) (PanReac AppliChem, Darmstadt, 
Germany). The green color colonies were regarded as 
bacteria producing β-galactosidase enzyme.

Safety characterization of the LAB isolates
Antibiotic susceptibility
The LAB strains were tested for antibiotic suscepti-
bilities by the disc diffusion method described by CLSI 
[100]. Twelve (12) antibiotics belonging to 8 classes of 
antibiotics were used, namely Beta-lactams (Penicillin: 
PEN 6 µg; Amoxicillin: AML 10 µg; Oxacillin: OX 5 µg), 
Cephalosporins (Cephalothin: CN 30  µg), Aminoglyco-
sides (Gentamicin: GM 10  µg; Kanamycin: KAN 1  mg; 
Streptomycin: STR 500  µg), Quinolones (Ciprofloxacin: 
CIP 5  µg), Cyclines (Tetracycline: TE 30  µg), Rifampi-
cin (Rifampicin: RAM 30 µg), Carbapenems (Imipenem: 
IPM 10  µg), Phenicols (Chloramphenicol: C 30  µg). All 
antibiotics were provided by Oxoid Limited (Hampshire, 
United Kingdom). A volume of 100 µl of LAB fresh cul-
tures (adjusted to the OD600 nm at 0.2 ± 0.05) was inocu-
lated into MRS agar plates and dried. Antibiotic discs 
were placed on the MRS plates agar and incubated at 
37  °C, for 48  h. The diameter of the zone of inhibition 
was measured and classified as sensitive (S); intermedi-
ate resistant (IR); or resistant (R) in agreement with the 
Clinical and Laboratory Standards Institute CLSI [100].

Hemolytic activity of LABs
An aliquot of each LAB culture (5µL) was applied onto 
Columbia Agar plates containing 5% (w/v) sheep blood 
(Oxoid Limited, Hampshire, United Kingdom) and 
cultured at 37  °C, for 48  h. The hemolytic activity was 
assessed by β-hemolysis (the clear halo around colo-
nies), α-hemolysis (the green halo around colonies), or 
γ-hemolysis (no halo around colonies). Here, S. aureus 
ATCC 25913 (β-hemolytic) was used as a positive control 
strain.

Storage and preservation of LAB isolates: freeze-drying 
procedures
The LAB cultures left in MRS broth overnight were cen-
trifuged at 4000 x g for 10 min at 4 °C. The pellets were 
washed twice using saline solution (0.9% NaCl) and sus-
pended in 2 ml of cryoprotectant solutions. Three cryo-
protectants (at a final concentration of 2%) were tested: 
D-sorbitol (Sigma-Aldrich, Saint Louis, MO, USA), 
D-glucose, and sucrose (PanReac AppliChem, Darmstadt, 
Germany). After freezing at -20 °C overnight, cell suspen-
sions (prepared as described above) were freeze-dried in 
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a chamber-type freeze-dryer (FreeZone6, LABCONCO, 
6 L Benchtop Freeze Dry System, Kansas, MO, USA) at 
− 55 °C and 0.3 mbar, for 4 h. The cell viability was tested 
before and after the freeze-drying procedure by the plate 
count method. Distilled water was used as a control. The 
survival rate of LAB strains was calculated as:

%viability =
(

logCFUN
logCFUN0

)
× 100 , where N0 and N mean 

the viable cells (CFU/ml) before and after freeze drying, 
respectively.

Statistical analysis
All the experiments were carried out in triplicate and the 
results were expressed as the mean ± standard deviation. 
The calculations, figures, and boxplots were performed 
using Excel 2016. For the comparison of the means of 
the studied parameters, one-way analysis of variance 
(ANOVA) and Tukey’s test were performed with the 
XLStat software (Version 2016). For p < 0.05, the means 
were considered significant. XLSTAT software was used 
to create a dendrogram to group LAB species with simi-
lar characteristics.
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Abstract: Winemaking in Romania has a long-lasting history and traditions and its viticulture
dates back centuries. The present work is focused on the development of wine yeast isolation and
selection performed in different Romanian winemaking regions during past decades, presenting the
advanement of the methods and techniques employed, correlated with the impact on wine quality
improvement. Apart from the historical side of such work, the findings will reveal how scientific
advancement in the country was correlated with worldwide research in the topic and influenced
local wines’ typicity. To create an overall picture of the local specificities, the work refers to local
grape varieties and the characteristics of the obtained wines by the use of local yeasts as compared to
commercial ones. Numerous autochthonous strains of Saccharomyces were isolated from Romanian
vineyards, of which several demonstrated strong oenological characteristics. Meanwhile, different
non-Saccharomyces yeast strains were also isolated and are nowadays receiving the attention of
researchers seeking to develop new wines according to wine market tendencies and to support wine’s
national identity.

Keywords: Romania; winemaking; autochthonous yeasts; non-Saccharomyces yeast; terroir

1. Introduction

Winemaking in Romania has a long-lasting history and traditions and its viticulture
dates back centuries [1]. With the EU accession in 2007, Romania started a journey with
the final goal of putting Romania on the international high-quality wines map. Access
to pre- and post-accession funds increased investment in wine making technology, the
replacement of low-quality vines, and the replanting vineyards with improved genetic
sources [2].

According to OIV (International Organization of Vine and Wine) 2022 statistics [3],
Romania is nowadays the sixth largest wine producer in Europe and the thirteenth largest
wine producer in the world ranking. The total wine production was estimated at around
4.45 million hl in 2021, increasing from around 3.63 million hl in 2015.

Meanwhile, the total area cultivated with vines decreased from 253.203 ha (1995) to
191.459 ha (2015). Since 2015, when Romania legally declared that wine is considered a
food product [4], the area cultivated with vines has still shown some fluctuation, but it
remained relatively balanced until 2021, when the number reached 188.891 ha [5].

The delimitation of Romanian viticultural areas was established by the National
Office of Vine and Wine Products and is based on the climatic conditions determining the
qualitative potential of the grapes and wines, the relief conditions, the applied technologies,
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the level of the obtained productions, and the qualitative characteristics of the resulting
products [6]. Therefore, the Romanian viticultural space consists of 37 vineyards which
comprise, in total, 120 viticultural centers and 46 independent viticultural centers, grouped
in 8 regions and 3 viticultural areas, as presented in Table 1 and shown in Figure 1.

Table 1. The Romanian viticultural space.

Viticultural Area Viticultural Region Vineyards Denominations

Central area, inside the
Carpathian arch The Transylvanian plateau Târnave, Alba, Sebes, -Apold, Lechint,a, Aiud

Peri-Carpathian hills

The hills of Moldova
Cotnari, Hus, i, Ias, i, Dealu Bujorului, Ives, ti, Nicores, ti,
Panciu, Odobes, ti, Cotes, ti, Zeletin, Covurlui,
Colinele Tutovei

The hills of Muntenia and Oltenia
Dealu Mare, Sâmbures, ti, S, tefănes, ti, Drăgăs, ani,
Dealurile Craiovei, Dealurile Buzăului, Podgoria
Severinului, Plaiurile Drancei

Banat 6 independent centers

Cris, ana and Maramures,
Diosig, Minis, -Măderat, Valea lui Mihai,
Podgoria Silvaniei

Danube Pontic area

The Dobrogea hills Murfatlar, Sarica-Niculitel, Istria-Babadag

The Danube terraces Ostrov, Greaca

Region of sands and other favorable
lands in the South of the country Calafat, Sadova-Corabia, Podgoria Dacilor
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The trend in Romanian winemaking is to maintain an uprising path in terms of total
wine production volume, while also increasing the diversity of local wine types. These goals
can be achieved starting from the use of local grape varieties, as well as via the isolation,
selection, and then the use of autochthonous yeasts in the production of Romanian wines.

In recent decades, winemakers could choose from a wide variety of commercial yeasts
provided by several well-known companies; these are yeasts that display a wide range of
special characteristics, adapted to specific needs [7]. In line with the evolution of consumers’
preferences and even with climate changes that bring about a higher-than-previous sugar
concentration, finding yeasts with special traits was and is a continuous project [8].

Vineyard yeast biodiversity characterization and wine yeast selection are not new
entries in wine-making research, but considering the history of wine, these approach
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can be considerred as young. In the history of winemaking, the use of selected starter
cultures did not become widespread practice until the 1970s, and the vast majority of the
industrial yeasts belong to Saccharomyces cerevisiae; however, currently, it is recongnized
that non-Saccharomyces species may also be relevant for alcoholic fermentation [9]. It is
generally recognized that the current set of the commercial S. cerevisiae strains or derived
hybrids is not sufficient to provide new technological or organoleptic properties in wine;
therefore, new strains are desired, if not essential [10]. Hybrid genomes of Saccharomyces
cerevisiae/Saccharomyces kudriavzevii yeast strains used for wine making in France (Alsace),
Germany, and Hungary have been characterized by the use of microsatellite markers [11].
Autochthonous strains represent alternative genetic resources by which the industry can
overcome current challenges. The preservation of spontaneous microflora is essential to
obtain the typical flavor and aroma of wines deriving from different grape varieties [12].
Meanwhile, the last two decades, practices of organic vine growing influenced fungi (yeast
and molds) biodiversity. This was clearly proven in France, in the Bourgogne region, with
respect to the Chardonnay variety [13]. In recent years, on the European level, researchers
from different groups and countries have focused on yeast selection and biodiversity issues.
Ecological and geographic studies have highlighted that unique strains are associated
with particular grape varieties in specific geographical locations [14]. An example of such
initiatives was provided by the European project, WILDWINE Project (EU contract 315065),
focused on the selection of wild microorganism in five worldwide- recognized wine regions:
Nemea and Crete (Greece), Piedmont (Italy), Bordeaux (France), and Priorat (Spain) [15].
In Italy, a wide range of vineyards were examined, covering most of the wine’s Italian
regions: in the northwest, in the Piedmont region and Monferrato vineyards concerning
Barbera grapes [16]; the Barbera variety was also studied in the “Nizza” Barbera d’Asti
DOC zone [17]. In Sicily, a wide study was conducted on hundreds of isolates and the
superiority of the local strains over the commercial strains was proved [18]. Another focus
was on Montepulciano d’Abruzzo “Colline Teramane” premium wine DOCG, produced in
Teramo province; the presence of atypical S. cerevisiae strains only in a particular vineyard
in a restricted area suggests the role of local selective pressure in the origin of distinctive
Saccharomyces yeast populations [19]. In Spain, several groups conducted similar work,
and screening results were reported for wine regions such as Douro, Extremadura, Galicia,
La Mancha and Uclés, Ribera del Duero, Rioja, Sherry area, and Valencia [20]. Moreover,
in the DOQ Priorat region, isolation was performed on varieties such as Grenache and
Carignan [21]; in the northwest, in the Galicia region, biodiversity was studied, comparing
organic and conventional culture [22]. Relatively recently, isolates from three appellations
of Spanish origin were checked for fingerprinting of interdelta polymorphism; ancient
vineyards managed with organic practices showed intermediate to low levels of strain
diversity, indicating the existence of stable populations of S. cerevisiae strains [23]. In another
European area, in the Greek island of Kefalonia, in the Mavrodafni wine region, at the end
of the alcoholic fermentation, indigenous yeasts were isolated; selected strains are already
in industrial use [24]. In the European eastern neighborhood, in Georgia, a traditional
winemaking country, long-term biodiversity studies were conducted in the Dagestan region
using various isolation techniques and various substrates [25].

The present work is focused on the development of wine yeast isolation and selection
performed in different Romanian winemaking regions during recent decades, presenting
the advance of the employed methods and techniques, correlated with the impact on wine
quality improvement. Apart from the historical side of the importance of such work, our
findings will reveal how scientific advancement in the country is correlated to worldwide
research in the topic.

2. Materials and Methods

The current review is based on the available scientific articles that record research
regarding the isolation and selection of local wine yeasts from different Romanian vineyards.
Most of the sources approached are indexed in different international databases, such as
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Google Scholar, ScienceDirect, Web of Knowledge-Clarivate, and CABI. However, the
available records in the international databases start from 2005, while records in some
native language (Romanian), available in different national libraries, go as far as the
beginning of the century, in 1915 [26]. In addition, to create an overall picture of the local
specificities, scientific reports were also used in relation to local grape varieties (Fetească
regală, Fetească albă, Crâmpos, ie, Băbească neagră, Fetească neagră, Grasă de Cotnari,
Cadarcă, Tămâioasă românească, etc.) and the characteristics of the wines obtained by the
use of local yeasts compared to the commercial ones.

3. Results and Discussion

This review took into account the reported work on wine yeast isolation and selection
activities performed in the wine-growing areas of Romania from 1915 to the present.

From the chronological point of view, according to Brîndus, e et al. [26], the first re-
port, from 1915, comes from the doctoral thesis of Nit,escu M.A. [27]. He made an ample
physiological characterization of yeast isolated from different regions and local grape va-
rieties, such as Cotnari (Grasă, Fetească albă), Ias, i (Fetească neagră), Pietroasele (Grasă),
Drăgăs, ani (Tămâioasă românească, Negru moale, Negru vârtos, Crâmpos, ie), and Odobes, ti
(Tămâioasă românească). This study, conducted in Paris, was positively appreciated by
Ribéreau Gayon and Peynaud in 1960, according to the same source [26]. Following this
study, in the 1920s–1930s, Dr. Russ and his team (Dr. Moldovan and Dr. Mavromati)
founded the national school of wine microbiology and the first Romanian wine yeast
collection. In the years 1945–1965, different researchers focused on local wine yeast selec-
tion [28–34]. Beginning in the 1970s, isolation and selection work has increased, and the
results are detailed below.

In terms of the vineyard region, yeast isolation and selection work was reported in
several areas, covering most of the Romanian winemaking regions. For instance, in the
Transylvanian plateau, Dănoaie [35] and Stamate et al. [36] focused on the yeast biodiversity
in Târnave vineyard, while Oprean [37] studied several Sibiu wine-growing areas. In
Moldova, such experiments were conducted by Sandu-Ville et al. [38,39], followed by
Viziteu et al. [40] in Cotnari vineyard, by Vasile et al. [41] and by Nechita et al. [42] in the
Ias, i-Copou vineyard, as well as by Găgeanu et al. [43] in Dealurile Bujorului vineyard. In
the hills of Muntenia, the research started in Valea Călugărească center by Kontek and
Kontek [44,45], followed by Matei Rădoi et al. [46] and Brîndus, e et al. [47,48], and in the
Buzău vineyard by Bărbulescu et al. [49]. In the Oltenia hills in Tambures, ti, Banu Mărăcine,
Drăgăs, ani, and Târgu Jiu, studies were conducted by Dragomir Tutulescu and Popa [50],
while Beleniuc [51] isolated wine yeast from the Murfatlar vineyard in the Dobrogea hills.

3.1. Employed Techniques of Yeast Isolation, Identification and Selection

Different approaches were taken into account during the isolation work, starting
from grape washing water [42,43,45,47,52], continuing with the juice from fresh crushed
grapes [40,46,52] or must in different fermenting stages: respectively, at the beginning,
middle, and end of fermentation [42,48,53]. The employed microbiological media were
the classical ones, meaning Sabouraud medium or Yeast Extract Peptone Dextrose (YEPD)
supplemented with chloramphenicol. Bărbulescu et al. also made use of a specific medium
for yeast isolation (malt extract–peptone yeast extract agar), then another specific medium
(yeast extract–malt extract sucrose agar) for the maintenance of the culture [49].

The selection work followed typical steps, i.e., respectively, by monitoring the parame-
ters of the fermentations and the characteristics of the obtained wines. Classically, there
were employed tests such as ethanol tolerance [7,42] or the refermentation capacity of the
strains [42]. Of the yeasts tested by Nechita et al. from Ias, i-Copou, five strains proved to be
tolerant of high concentrations of ethanol of about 14–15% [42]. Regarding their capacity to
restart the stagnated fermentation at 11.5% ethanol and 70 g/L sugars, the strains managed
to bring the fermentation to an end and produce dry wines. Dragomir, Tutulescu, and Popa
used the standard methods accepted by OIV to isolate, identify, and described their strains’
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biological, physical, and oenological characteristics from the Oltenia area [50,54]. In the
end, most of the authors reported the results of the physicochemical and organoleptical
characteristics of the obtained wines after using the selected strains. Following this path,
Vasile et al. isolated 86 local yeast strains from the Ias, i-Copou vineyard, followed by a
final selection for the best fermentative characteristics and wine profiles [41,55]. In terms of
the killer profile of the isolated yeast, only one report was identified in the databases, in
which Matei and Găgeanu reported a killer positive strain isolated in Dealurile Bujorului
county [56].

Less conventional methods were used in the characterization and wine yeast selection.
For instance, Antoce and Nămolos, anu employed a calorimetric method using a multiplex
batch micro-calorimeter (isothermal, conduction type) for the rapid yeast testing for ethanol
tolerance in order to select strains that were useful for winemaking [57]. They demonstrated
that the method could eliminate labor-intensive cell counting, as well as its high sensitivity
and the possibility of measuring cultures grown in intense-colored or high-turbidity media,
such as red wine. In addition, this method offers the benefit of simultaneously monitoring
a large number of samples in a 48–72-h experiment.

The identification work, hand in hand with yeast biodiversity studies, had a slow
evolution in terms of the employed techniques in past decades. Such work rquires
know-how and specific tools, and the predominant methods were based on classical
morpho-physiological tests, according to Barnett et al. [58,59], Krieger-van Rij [60], and
Delfini [61]. Most authors reported studies on the macroscopic features of the colonies,
pseudo-mycelium formation, and sporulation on a specific medium [43,44,46,47,52]. Tests
such as fermentation and assimilation of different carbohydrates, nitrogen utilization, the
use of ethanol as the sole carbon source, and arbutin split were taken into account [37,47,52].
Several authors were using rapid biochemical tests; that is, API galleries [40,46].

Some teams made use of MALDI-TOF mass spectrometry, especially that of
Bărbulescu et al., wherein the isolated strains were prepared for the analysis after the
extraction of peptides with formic acid, ethanol, and acetonitrile [49]. A similar approach
was taken by Corbu and Csutak when studying yeast biodiversity in different traditional
fermented foods, including wine [62]. For a more accurate physiological identification
of the tested strains, phenotypic phylogeny analyses were also performed using Biolog
Microbial ID System according to the manufacturers’ specifications [63].

The molecular approach came later on in the country, when PCR-ITS RFLP techniques
were employed by Gaspar et al. [64] in Sebes, vineyard (Apold-Blaj centre), followed by
Găgeanu et al. [43] in Dealurile Bujorului vineyard, and Dumitrache et al. [53] in Pietroasa
center (Dealu Mare vineyard); these results were also coupled with sequencing data. These
teams performed conventional DNA extraction, followed by PCR amplification with ITS 1
and ITS 4 primers, continuing with Hinf I, HaeIII, and HhaI digestion [43], or AluI and
TaqI [64], and comparing the obtained profiles with the existent databases.

The first PCR-RAPD approach was taken by Oprean, when different Saccharomyces
and non-Saccharomyces strains, isolated from Sebes, -Apold vineyard, were identified [65].
Relatively recently, apart from using the ITS-RFLP technique of the ITS1-5.8S rDNA-
ITS2 region, taking advantage of the restriction enzymes such as Hinf I, HaeIII, CfoI, and
MspI, Corbu and Csutak have also employed the RAPD method for the identification of
yeast involved in wine spontaneous fermentation [62,63]. In their case, the intraspecific
biodiversity (genetic relatedness) of the isolates was detected by analyzing the RAPD
profile obtained for each strain and by calculating the similarity index using the Jaccard
coefficient (Sij). Similarly, the interspecific biodiversity of the microbial communities from
spontaneous fermented products was determined by comparing their profile to the RAPD
profile of their co-fermenters; in the end, the dendograms were generated by PyElph, using
the UPGAMA (unweighted pair group method with arithmetic mean) method.
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3.2. Yeast Biodiversity and Identification Results

The wine yeast studies in Romania followed two different patterns. Most of the authors
have isolated and selected different strains, followed by identification only for the strains
proving special and/or demonstrating specific winemaking profiles and characteristics.
Systematic studies were started only in later 1970s by Kontek et al. (1975–1977). Later on,
a few studies took into account the study of the vineyard or fermented grape must yeast
biodiversity as a whole [46,62].

A first ample biodiversity report study was performed by Kontek in 1977 [66], in Dealu
Mare vineyard (Valea Călugărească centre), adopting the classification proposed by Lodder
and Kreger-van Rij [67]. Among 244 isolates, the predominant genus was Saccharomyces,
with the following species and var.: S. ellipsoideus (dominant), S. bayanus, S. carlsbergensis,
S. cerevisiae, S. exiguous, S. heterogenicus, S. florentinus, S. fructuum, S. italicus, S. oviformis,
S. rosei, S. steinerii, S. uvarum, and S. logos. In terms of non-Saccharomyces (NS) species,
they reported Candida mycoderma, Candida peliculosa, Kloeckera apicullata, Kloeckera africana,
Torulopsis stellata, Pichia membranaefaciens, and Rhodotorula mucilaginosa.

Later on, Matei Rădoi et al. performed a similar study in the Valea Călugărească center,
Dealu Mare vineyard, comparing the data obtained by Kontek team in the 1970s in a double
approach: classical morphophysiological study; and by API 20C AUX—Biomerieux [46]. The
isolation was performed during 2007–2009 on Cabernet Sauvignon, Merlot, Fetească Neagră,
and Pinot Noir varieties. A change in the yeast species profiles was noticed throughout the
decades; specifically, the 1970s as compared to the 2000s. Among 262 isolates, the dominant
species isolated in the vineyard belonged to the NS species, such as C. famata, K. apiculata, and
Debaryomyces hansenii. One year later, a similar study was published in the same area [47], in
which the dominant NS species were C. utilis, K. apiculata, R. mucilaginosa, and D. hansenii,
with the employed method and the results being very close among the two teams. Other
reported isolates belonged to Candida lusitaniae, C. stellata, C. utilis, C. magnoliae, C. pelliculosa,
Pichia anomala, P. jadinii, Torulaspora delbrueckii, and Hanseniaspora uvarum (Table 2).

Multiple NS species were identified from the Cotnari vineyard by Viziteu et al., namely,
C. mycoderma, Hansenula anomala, H. uvarum, Kluyveromyces spp., P. membranafaciens, and
T. stellata [40].

Vasile et al. selected three S. ellipsoideus strains and determined their influence on the
must of three grape varieties from Ias, i-Copou, namely, Fetească albă, Sauvignon blanc, and
Chardonnay [41,55]. Other Sacharomyces spp. were reported by Găgeanu et al. in Dealurile
Bujorului county (Table 3), such as S. bayanus, for instance [43].

The strains isolated and tested in Oltenia county by Dragomir Tutulescu and Popa in
2009–2010 were identified as K. apiculata, P. membranafaciens, Rhodotorula glutinis, S. ellip-
soideus (the most abundant during must fermentation), and S. oviformis, but they also found
few representatives of S. rosei, Candida vinaria, and Metschnikowia reukaufii [50,54].

In 2014, Oprean identified in Sebes, -Apold county, by molecular tools, S. ellipsoideus and
S. oviformis, as well as NS yeasts such as Candida vini and K. apiculata [65]. Similarly, in Blaj
centre, Stamate et al. reported as dominant, among 139 isolates, the species of S. cerevisiae
var. ellipsoideus, K. apiculata, S. oviformis, and S. bayanus during must fermentation, while
K. apiculata, C. mycoderma, and T. stellata were abundant on the grapes [36].

A general image on the Saccharomyces spp. isolated and selected in Romania is pre-
sented in Table 3. The main identified Saccharomyces species and varieties belong to
S. bayanus, S. cerevisiae, S. chevalieri, S. ellipsoideus, S. florentinus, S. oviformis (synonym
S. cerevisiae), or S. uvarum.



Fermentation 2023, 9, 407 7 of 18

Table 2. The non-Saccharomyces (NS) yeasts isolated from various winemaking areas in Romania.

Genus Species Centre/Vineyard References

Candida

C. colliculosa
Valea Călugărească, Dealu Mare [46,47]

Recas, [68]

C. famata Valea Călugărească, Dealu Mare [46,47]

C. lusitaniae Valea Călugărească, Dealu Mare [46,47]

C. magnoliae
Valea Călugărească, Dealu Mare [46,47]

Recas, [68]

C. mycoderma
Cernavodă, Murfatlar [52]

Cotnari vineyard [40]

C. pelliculosa Valea Călugărească, Dealu Mare [46,47]

C. sphaerica Valea Călugărească, Dealu Mare [46,47]

C. tropicalis Recas, [68]

C. utilis Valea Călugărească, Dealu Mare [46,47]

C. vini Drăgăs, ani, Tambures, ti [50]

Clavispora C. lusitaniae Valea Călugărească, Dealu Mare [47]

Debaryomyces D. hansenii Valea Călugărească, Dealu Mare [46,47]

Dekkera D. anomala Pietroasa vineyard [53]

Geotrichum G. penicillatum Valea Călugărească, Dealu Mare [47]

Hanseniaspora H. uvarum Recas, [68]

Hansenula H. anomala
Cernavodă, Murfatlar [52]

Cotnari vineyard [40]

Kloeckera K. apiculata

Cernavodă, Murfatlar [52]

Valea Călugărească, Dealu Mare [46,47]

Drăgăs, ani [33]

Recas, [68]

Lachancea L. kluyveri Cotnari vineyard [40]

Metschnikowia M. pulcherrima
Drăgăs, ani [50]

Pietroasa vineyard [53]

Pichia

P. angusta Recas, [68]

P. anomala Valea Călugărească, Dealu Mare [46,47]

P. fermentans
Cernavodă, Murfatlar [52]

Recas, [68]

P. jadinii Valea Călugărească, Dealu Mare [46,47]

P. kudriavzevii Ilfov area [63]

P. membranaefaciens
Drăgăs, ani, Tambures, ti [50]

Cotnari vineyard [40]

P. ohmeri Valea Călugărească, Dealu Mare [47]

Rhodotorula

R. glutinis
Valea Călugărească, Dealu Mare [46,47]

Recas, [68]

R. minuta Valea Călugărească, Dealu Mare [46,47]

R. mucilaginosa

Cernavodă, Murfatlar [52]

Valea Călugărească, Dealu Mare [47]

Recas, [68]

Torulaspora T. delbrueckii Valea Călugărească, Dealu Mare [46,47]



Fermentation 2023, 9, 407 8 of 18

Table 2. Cont.

Genus Species Centre/Vineyard References

Torulopsis T. stellata
Cernavodă, Murfatlar [52]

Cotnari vineyard [40]

Zygosaccharomyces
Z. bailii Cotnari vineyard [40]

Z. rouxii Cotnari vineyard [40]

Table 3. The Saccharomyces species and varieties isolated from various winemaking areas in Romania.

Species Centre/Vineyard References

S. bayanus

Cernavodă, Murfatlar [52]

Dealurile Bujorului [43]

Cotnari vineyard [40]

S. cerevisiae

Buzău vineyard [49]

Pietroasa vineyard [53]

Recas, [68]

Valea Călugărească, Dealu Mare [46]

Cotnari vineyard [40]

S. chevalieri Cotnari vineyard [40]

S. ellipsoideus

Cernavodă, Murfatlar [52]

Dealurile Bujorului [43]

Ias, i-Copou vineyard [41]

Cotnari vineyard [40]

S. florentinus Cotnari vineyard [40]

S. oviformis (synonym S. cerevisiae)

Cernavodă, Murfatlar [52]

Dealurile Bujorului [43]

Cotnari vineyard [40]

S. uvarum Cotnari vineyard [40]

3.3. Selected Yeast Properties and the Final Characteristics of Local Wines

From the available records, a wide range of grape varieties were tested, of which nine
are registered as local varieties (Table 4), while the wines’ characteristics (Table 5) were
assessed for both red wines and white wines, though more attention have been given to
the white wines.

In the case of white wines, the local selected yeasts were tested on local varieties
(Fetească albă, Fetească regală, Tămâioasă românească), as well as on international varieties
(Aligoté, Chardonnay, Sauvignon blanc, Pinot gris, Muscat ottonel).

Regarding Feteasca albă, this type of wine was obtained and tested in Dealu Bujoru-
lui, with 13.5% alcohol (v/v) and without residual sugar detected [69], and in Ias, i, with
11.6% alcohol (v/v) and 0.2 g/L sugars [55]. Colibaba et al. [70], Dobrei et al. [71], and
Bora et al. [69] obtained Fetească regală wine from Ias, i, Minis, -Măderat, and Dealu Bujoru-
lui, with an average alcohol content of 13.7% (v/v). The residual sugar content was very
different—from 1.9 g/L (Dealu Bujorului) and 3.9 g/L (Minis, -Măderat) to 6.63 g/L (Ias, i).

Aligoté wines showed some differences in terms of ethanol content from one location
to another, but also within the same location. Thus, the Aligoté obtained in Dealu Bujorului
had a content of 13.1% ethanol (v/v) with no residual sugars detected [69], while those
obtained in Ias, i had, respectively, 10.08% ethanol (v/v) with 0.72 g/L sugars [70], and
11.33% ethanol without a mention of the residual sugars [72].
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Colibaba et al. [73] and Bora et al. [69] also obtained Italian Riesling wines with around
11% ethanol, but the first author obtained a dry wine with 0.77 g/L residual sugar, while
the second author obtained a sweet wine with 72 g/L residual sugar.

Table 4. Wine grape varieties from Romanian vineyards fermented with selected autochthonous yeast.

Grape Varieties Vine Regions References

Aligoté

Ias, i [72]

Ias, i [70]

Dealu Bujorului [69]

Băbească gri Dealu Bujorului [69]

Cabernet sauvignon
Dealu Mare [73]

Minis, -Măderat [71]
Dobra (Satu Mare) [74]

Cadarcă Minis, -Măderat [74]

Chardonnay Ias, i [55]

Feteasca albă Dealu Bujorului [69]
Ias, i [55]

Feteasca neagră
Minis, -Măderat [74]

Panciu [75]
Rates, ti (Satu Mare) and Aliman (Constant,a) [74]

Fetească regală
Dealu Bujorului [69]

Ias, i [70]
Minis, -Măderat [71]

Frâncus, ă Ias, i [70]

Grasa de Cotnari Ias, i [70]

Italian riesling Dealu Bujorului [69]
Ias, i [70]

Merlot Aliman (Constant,a) [74]

Muscat ottonel
Dealu Bujorului [69]

Ias, i [70,76,77]

Neuburger Ias, i [70]

Pinot gris Ias, i [70]
Minis, -Măderat [71]

Pinot noir Rates, ti (Satu Mare) [74]

Rose traminer Ias, i [70]

Sarba Dealu Bujorului [69]

Sauvignon Dealu Mare [78]

Sauvignon blanc Dealu Bujorului [69]
Ias, i [55,70]

Tamaioasă românească Ias, i [70]

Traminer Minis, -Măderat [71]

Muscat Ottonel wines were obtained in two Moldova areas, one from Dealu Bujorului
and three from Ias, i. The wine obtained in Dealu Bujorului was a sweet wine, with 11%
ethanol and 30.7 g/L residual sugar [69]. Colibaba et al. [70] and Vararu et al. [76] obtained
dry wines from Ias, i, with less than 2 g/L sugar and 12.2%, respectively, and 13.6% ethanol.
The glycerol content of Vararu et al. wine was almost 13 g/L. Focea et al. obtained a
sparkling wine with 10.3% ethanol, but without mentioning the sugar content [77].
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As for Pinot gris, two wines with an increased ethanol content of about 14% were
obtained in Ias, i [70] and in Minis, -Măderat [71]. Vis, an et al. [78] obtained three Sauvignon
semi-dry wines from Dealu Mare, with an average of 12.5% ethanol, 11 g/L sugar, and
about 8–10 g/L glycerol. Vasile et al. [55] and Colibaba et al. [70] each made a dry Sauvignon
blanc from Ias, i, with 11.2–11.9% ethanol and approx. 1 g/L sugar; wine from 2010 had a
content of 7.4 g/L glycerol. The Sauvignon blanc obtained from Dealu Bujorului [69] was
semi-dry, with 12 g/L sugar and higher ethanol content of 14.4%.

On red wines’ side, Cabernet sauvignon was tested in Dealu Mare [73], Minis, -Măderat [71],
and in Dobra, Dealurile Silvaniei [74]. This type of wine had an alcohol content between 12%
and 15% (v/v); the highest value was obtained in Minis, -Măderat. The residual sugar content
was 3.8 g/L in the 2012 study, 10.05 g/L in the 2015 study, and not specified in the 2018 study.
Vis, an et al. also emphasized that the glycerol content was 9 g/L [73], which contributes to the
wine’s texture and body [79]. Manolache et al. [74,75] and Dobrei et al. [71] obtained and tested
Feteasca neagră wine, with an average of 13.49% ethanol (v/v) and 3.48–3.9 g/L residual sugar.

Table 5. Wines obtained in Romanian winemaking areas after fermentation with local yeast and their
physicochemical properties.

Grape Varieties Vine Region Alcohol Vol.
(%)

Residual Sugars
(g/L)

Total Acidity
(g/L)

Volatile Acidity
(g/L) References

Aligoté

Ias, i 11.33 * 6.72 0.35 [72]

Dealu Bujorului 13.1 nd 5.5 0.37 [69]

Ias, i 10.08 0.72 9.14 0.33 [70]

Băbească gri Dealu Bujorului 13.2 12.7 5.9 0.38 [69]

Cabernet
Sauvignon Dealu Mare 13.1 3.8 4.3 0.7 [73]

Cadarcă

Minis, -Măderat 15 10.05 5.5 0.43 [71]

Dobra (Satu Mare) 12 * 5.42 0.47 [74]

Minis, -Măderat 13.25 2.44 5.55 0.32 [71]

Chardonnay Ias, i 12.4 nd 5.9 0.29 [55]

Fetească albă
Dealu Bujorului 13.5 nd 4 0.39 [69]

Ias, i 11.6 0.2 5.6 0.28 [55]

Fetească neagră

Minis, -Măderat 13.97 3.48 5.93 0.42 [71]

Panciu 13.5 3.9 5.32 0.88 [75]

Rates, ti (Satu Mare) 13.06 * 5.98 0.57 [74]

Aliman (Constant,a) 13.43 * 5.41 0.73 [74]

Fetească regală

Dealu Bujorului 13.8 1.9 5.3 0.42 [69]

Ias, i 13.94 6.63 6.92 0.43 [70]

Minis, -Măderat 13.39 3.9 5.7 0.53 [71]

Frâncus, ă Ias, i 11.87 0.63 8.54 0.41 [70]

Grasa de Cotnari Ias, i 11.6 1.7 8.55 0.25 [70]

Italian Riesling
Dealu Bujorului 11 72 4.9 0.61 [69]

Ias, i 11.83 0.77 7.07 0.29 [70]

Merlot Aliman (Ostrov) 14.14 * 5.25 0.65 [57]

Muscat ottonel

Dealu Bujorului 11 30.7 4.4 0.54 [69]

Ias, i 12.2 1.34 6.43 0.33 [70]

Ias, i 13.6 1.67 6.4 0.35 [76]

Sparkling Muscat
ottonel Ias, i 10.3 * 6.2 0.33 [77]

Neuburger Ias, i 12.44 10.63 7.71 0.45 [70]
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Table 5. Cont.

Grape Varieties Vine Region Alcohol Vol.
(%)

Residual
Sugars (g/L)

Total Acidity
(g/L)

Volatile
Acidity (g/L) References

Pinot gris
Ias, i 14.49 4.81 6.68 0.33 [70]

Minis, -Măderat 13.39 2.04 5.93 0.47 [71]

Pinot noir Rates, ti (Dealurile Silvaniei) 13.47 * 6.01 0.53 [74]

Rose Traminer Ias, i 14.1 1.67 6.73 0.25 [70]

S, arba Dealu Bujorului 14.1 23 5.8 0.54 [69]

Sauvignon Dealu Mare

12.2 10 5.8 0.3

[78]13 12 5.4 0.4

12.5 12 5.2 0.4

Sauvignon blanc

Dealu Bujorului 14.35 12 5.2 0.57 [69]

Ias, i 11.24 1.1 5.94 0.29 [70]

Ias, i 11.9 0.9 5.95 0.2 [55]

Tămâioasă
românească Ias, i 11.63 15.47 6.93 0.31 [70]

Traminer Minis, -Măderat 12.3 50 5.9 0.47 [71]

*: the authors did not mention the residual sugar content in the respective wines; nd: not detected.

Special wines were also obtained in Dealu Mare, Valea Călugărească center by Kontek
and Kontek (1976); specifically, Jerez type wines, made of pellicular autochthonous yeast
isolates belonging to S. bayanus species. These wines reached 15–16% alcohol, a maximum
of 4 g H2SO4/L acidity, and the most appreciated were the ones with residual sugar of
16–17 g/L. The same authors also reported a cryophilic yeast, identified by classical tools
as S. carslbergensis, initially isolated from must fermenting at 5 ◦C; this strain led to rapid
wine clarification and produced low volatile content and high glycerol content. Similarly,
for the cryophilic property, Tudose et al. selected a S. ellipsoideus strain in Ias, i-Copou centre,
which was also resistant to high sulphur hydrogen content [80].

For high-quality sparkling wines, isolates of S. oviformis and S. carlsbergensis were
selected in Blaj county during the 1980s [35]; they were capable of complete sugar consump-
tion, while not stimulating the malolactic fermentation and not producing high volatility.

In the 1980s–1990s, generally, special attention was given to high-alcohol, low-foaming,
and high-glycerol wine yeast strains, e.g., in Valea Călugărească center [81] and Ias, i
county [82].

Starting with the 2000s, attention was more focused on the aromatic profile of wines
made of local grape varieties and local yeast, while less attention was given to the high
alcoholic strength. For instance, Lit,ă et al. reported different local strains of S. cerevisiae var.
ellipsoideus as appropriate candidates for dry white wines made of local varieties, such as
Fetească albă and Fetească regală [83]. Moreover, in 2017, Lengyel and Panaitescu reported
a local yeast isolated from Gârbova area (Sebes, -Apold vineyard), which was capable of
improving the terpene flavor compounds content in Muscat ottonel wines [84]. A deeper
study and methodology was reported by Vararu et al. after analyzing the aromatic profile
of Muscat ottonel variety fermented with commercial and local yeast from Copou Ias, i
centre [76]; a visual and easy to understand foot-printing was also performed, based on a
multiple variable analysis, which established differences in the fermentative volatilome.

3.4. New Selection Directions in the Terroir Concept Context

The conventional practice of producing wines on an industrial scale with the use of
Saccharomyces species involves controlled fermentation from all points of view. The wines
thus obtained can be denominated according to the geographical indication (GI) if certain
legislative requirements are followed. However, for an even greater specificity, a possible
direction might be the use of local yeasts from each geographical region, in addition to
using grapes harvested from those areas.
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On another note, one way to obtain local wines is the spontaneous fermentation of
grapes, but there are multiple disadvantages. The obtained wines may have different
characteristics from one vintage to another, depending on many environmental variables,
such as climate (temperature, precipitation, sunlight, wind), biology (microbiota, flora,
and fauna), relief (topographic coordinates, geomorphology), and geology (soil types,
irrigation, fertilization), as well as human implications, namely, traditions, culture, applied
technology, agronomic practices, and legislation [8,85,86]. All these are involved in the
concept of terroir.

Knight et al. consider the possibility of the existence of the concept of “microbial
terroir”, which implies that the microbial consortia in a certain wine-growing area are
specific to that certain area and are producing flavors typical of the area [85]. Their
experiments showed that the organoleptic properties of wine are given by S. cerevisiae
indigenous strains and their origin, which may sustain the microbial aspect of terroir;
in addition, the biodiversity of the yeast in the vineyards is affected by the micro and
macroclimatic conditions of the vine varieties and the geographical location of the vineyard,
a fact that would explain why the yeast consortia are different between two different
wine-growing regions [87].

A research direction that emerges from the above-mentioned data is the use of au-
tochthonous yeast in the wine industry in order to produce specific wines for certain
wine-growing areas. Spontaneous fermentation is an uncontrolled and complex biotech-
nological process, in which the alteration microorganisms could rapidly multiply and
reach too-high levels quickly, which may negatively impact the quality of the finished
products [88]; this, even if spontaneous fermentation is correlated with greater complexity,
greater wine body, and uncommon flavors [89–91], and it could improve the qualities of the
wine by creating unique regional fingerprints [92], it is a process to be avoided. Therefore,
one could combine spontaneous fermentation with indigenous yeasts with the safety of
controlled processes from the industrial environment [86]. This would imply the use of
selected local yeasts as new starter cultures in the winemaking industry, which would be
reflected in the specific fingerprint of the finished product [86,93].

The new selection directions regarding the local wine yeasts tend to follow different
paths, i.e., obtaining new wines with predetermined properties (high glycerol content,
low ethanol content, reduced acidity); creating new and specific technological flows for
obtaining certain types of wines, especially in order to avoid the production of certain
compounds (biogenic amines, volatile sulfur compounds) in the finished wines; obtaining
new wines of controlled origin and with a geographical indication; and completing the
oenological practices in the legal specifications.

Thus, the research could be divided into two different directions, namely, that with the
use of Saccharomyces yeasts, and that with the use of non-conventional (non-Saccharomyces)
yeasts, in different variations, such as simple cultures, co-fermentation, or in sequential
fermentation with Saccharomyces yeasts in different proportions. As described above,
already, several non-Saccharomyces (NS) local yeast were detected during the isolation work
and are stored in the owners’ collections. In this regard, the usefulness of unconventional
yeasts and the need to isolate and select such wine yeasts is further emphasized.

Considering the existence of numerous studies [94–98] which confirm that NS wine
yeasts are beneficial a very large proportion, and even essential to obtaining wines with
extraordinary organoleptic and sensory properties (Table 6), the selection of these yeast
species is desirable in the near future. Among the NS species, only Dekkera spp. was
reported as having only spoilage impact on wines. In Europe, numerous studies have been
registered that argue in favor of non-conventional yeasts for the fermentation of the grape
must. It is well-known that numerous NS yeast genera, including, but not limited to, the
ones mentioned in Table 6, possess desirable oenological properties, such as the production
of glycerol and other higher alcohols [99–101], the decreased ethanol content in the finished
wine [102], and also the production of extracellular enzymes [103–105], esters [101,106], or
polysaccharides [107].
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Table 6. Biotechnological role of some non-Saccharomyces yeasts.

Genus Relevant Species Initial Technological
Significance Real Biotechnological Role References

Hanseniaspora/
Kloeckera

H. uvarum/
H. apiculata

Contamination
/Spoilage

Higher alcohols, acetate, and ethyl
esters production [90,108]

Candida
C. stellata Contamination Glycerol production, fructophily [109]

C. zemplinina/
Starmerella bacillaris Contamination Glycerol, succinic acid production; decrease of

alcohol content [94,98]

Metschnikowia M. pulcherrima Contamination Esters, terpenes, and thiols production, increase
in aroma complexity [91,98,107]

Pichia
P. anomala Contamination

/Spoilage
Increased production of volatile compounds,

killer against Dekkera/Brettanomyces [110]

P. kluyveri 3-mercaptohexan-1-ol and
3-mercaptohexan-1-ol acetate production [111]

Lachancea/
Kluyveromyces L. thermotolerans Contamination Glycerol overproduction, reduction of

volatile acidity [112]

Torulaspora T. delbrueckii Spoilage Succinic acid, polysaccharides production [113]

Dekkera/
Brettanomyces D. bruxellensis Spoilage Spoilage [8,100]

Schizosaccharomyces S. pombe Spoilage Malolactic deacidification; propanol and
pyruvic acid production [98,114]

Taking into account all the properties and real biotechnological roles of these NS yeasts
in the production of wine, a new path for their use in grape must fermentation is open,
which will avoid the production of certain chemical compounds in the final wines instead
of desirable compounds such as esters and glycerol. However, due to the fact that NS yeasts
are not able to finish the alcoholic fermentation (they are less efficient in the production of
ethanol), the technology should be accmpanied by a sequential inoculation of the grape
must [91]. Thus, the NS yeast may be inoculated at the beginning of the fermentation, and,
after the fermented must reaches a content of approximatively 10% ethanol, a Saccharomyces
yeast will be added. In this way, the fermentation will be concluded by the Saccharomyces
species, while the NS species will produce the necessary metabolites to positively influence
the aroma of the wine. A similar alternative involves the simultaneous inoculation of the
two types of yeast. Finally, mixed or sequential fermentations with Saccharomyces and NS
allow the developtment of local wines with a low alcohol content [91].

4. Conclusions

From a historical point of view, the first wine yeast selection work in Romania started
in 1915 as part of the international research process started by French teams at the time,
and the first local wine yeasts collection was delivered in years 1920s. After the 1970s and
until the 1990s, the selection work reached almost all Romanian winemaking regions. The
use of novel molecular identification and characterization tools followed the international
trend, reaching the country later on (after 2010). The advancement in the past ten years was
highly depentend on such techniques, and special selected yeast are nowadays in several
local collections. However, their inclusion in international collection was not found in any
report, and this is an aspect which should be taken into account in the near future.

Several autochthonous strains of Saccharomyces were isolated from Romanian vine-
yards, grapes, and musts, a part of which demonstrated oenological qualities that are
desirable for Romanian local wines.

Moreover, numerous NS yeast strains, belonging to a multitude of different genera,
have been isolated and identified from vineyards and wine research stations in Roma-
nia, but few Romanian authors have studied and published the use of local NS yeasts
in winemaking.
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The selection of local yeasts is of great interest for Romanian wine production due
to the fact that there is the possibility of expanding the diversity of wines on the market,
but also due to the high demand for local, unique products. Actually, it was reported
recently [115] that a large majority of Romanian people prefer to consume only local
wines. It is also worth mentioning the fact that a larger range of local yeasts used leads to
developing a wider range of local wines, which supports Romanian gastronomic identity,
culture, and tradition.
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Abstract: In recent years, research on yeasts as probiotics has gained more and more interest, which
will allow the development of “new” products in the probiotics market. In this context, seventeen
yeast strains isolated from Rabilé, a traditional beer produced in Burkina Faso, were assessed for their
probiotic attributes. The yeast identification was performed by molecular methods, including PCR-
RFLP and 5.8S-ITS region sequencing. Saccharomyces cerevisiae (14 strains) was the predominantly
identified species, followed by Pichia kudriavzevii (2 strains) and Rhodotorula mucilaginosa (1 strain).
Except for R. mucilaginosa, all yeast strains grew well at human temperature. The yeast strains showed
high resistance when they were exposed to simulated gastrointestinal conditions. Auto-aggregation
ability was between 70.20 ± 10.53% and 91.82 ± 1.96%, while co-aggregation with E. coli ranged
from 24.92 ± 3.96% to 80.68 ± 9.53% and with S. enterica serovar Typhimurium from 40.89 ± 8.18% to
74.06 ± 7.94%. Furthermore, the hydrophobicity of isolated strains toward n-hexane was in the range
from 43.17 ± 5.07% to 70.73 ± 2.42%. All yeast strains displayed high antioxidant capabilities, and the
strains did not show hemolysis halos, such that they can be considered safe. Additionally, S. cerevisiae
strains strongly inhibited the growth of foodborne pathogens. This is the first preliminary study to
identify and characterize the yeast strains isolated from Rabilé with interesting probiotic properties.

Keywords: yeasts; Rabilé; Burkina Faso; Saccharomyces; non-Saccharomyces; probiotic properties

1. Introduction

The current sustainability of food systems must be rethought in order to reduce hunger
and prevent food and disease vulnerabilities in some parts of the world, mostly in devel-
oping countries [1–3]. For this reason, local fermented foods have been put back in the
spotlight in Africa [3–8]. Several traditional fermented foods in Africa are obtained by the
mediation of microorganisms (mainly lactic acid bacteria (LAB) and yeasts), such as Rabilé
and Ben-saalga (Burkina Faso); Mawè (Benin); Gari, Fufu, and Kunu-zaki (Nigeria); kule
naoto and Amabere amaruranu (Kenya); and Amasi and Mahewu (South Africa) (reviewed
by Obafemi et al. [6]). According to FAO/WHO [9] and updates by Hill et al. [10], probiotics
are defined as live microorganisms that confer beneficial effects on the host when adminis-
tered in the proper amounts. Although several LAB species belonging to Lactobacillus and
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Bifidobacterium genera are the most studied and commercialized probiotics [11–16], yeast
biotechnology is well-known and is used in the manufacturing of fermented foods and
in starter/co-starter cultures in the development of new functional foods with high-value
nutraceuticals [17–23]. In the last few years, research on yeasts as potential probiotics with
valuable properties, which had previously been relatively neglected, has intensified to dis-
cover new “wild” yeast strains isolated from traditional fermented foods; such approaches
may revolutionize the probiotics market, which has been dominated mainly by lactic acid
bacteria [24–30]. Saccharomyces cerevisiae var. boulardii has been approved for commercial
use as a probiotic yeast [31,32]. Additionally, S. cerevisiae, the best-known species, has
been extensively studied for its valuable probiotic characteristics [33–35]. Currently, non-
Saccharomyces species have been studied for their potential probiotic attributes [33–39].
Ogunremi et al. [36] have isolated new yeast strains from some traditional cereal-based
fermented products from Nigeria, such as Candida tropicalis, Issatchenkia orientalis, Pichia
kudriavzevii, and Pichia kluyveri, and characterized them as starter cultures with multifunc-
tional potentials to produce cereal-based probiotic products. The probiotic properties of
yeasts isolated from whole-grain millet sourdoughs have been evaluated [39]. According
to the reviewed articles, the exploration of the probiotic potential of yeasts is based on the
usual in vitro testing of the main functional characteristics, namely, species identification,
safety requirements, the ability to survive the transition through the gastrointestinal tract
(body temperature, stomach pH, various digestive enzymes, and bile salts), the ability
to adhere to cell surfaces (hydrophobicity and self- and co-aggregation capacities), and
antimicrobial activity [40–43]. Different Saccharomyces and non-Saccharomyces strains other
than the commercially available Saccharomyces boulardii have been demonstrated to have
valuable probiotic properties that could improve both human and animal health (modulat-
ing metabolism and immunity and antimicrobial activity), enhance livestock feed digestion
and growth performance, and obtain functional foods/feeds, in addition to other novel
applications [21,24–29,34,44–46].

LAB and yeasts have been reported as the main microorganisms isolated from tradi-
tional beers [6,47–49]. Rabilé, a traditional fermented beer from Burkina Faso, is also used
as a condiment to supply protein in cereal-based foods [49]. To our knowledge, research on
the probiotic properties of yeasts isolated from Rabilé has not been carried out.

Hence, the goal of this research was to investigate in vitro the functional and probiotic
properties of yeast strains isolated from Rabilé as a basis for establishing the nutraceutical
value of Rabilé.

2. Materials and Methods
2.1. Microorganisms and Growth Conditions

For this study, 17 yeast strains isolated from Rabilé beer [49] were selected to evaluate
their probiotic properties. Strains were maintained by cultivation in yeast extract dextrose-
peptone broth (YPD) (containing 2% w/v dextrose, 2% w/v peptone, and 1% w/v yeast
extract) at 30 ◦C for 24 h and stored in the presence of 20% (v/v) glycerol at −20 ◦C.

Escherichia coli ATCC 8739, Listeria monocytogenes ATCC 7644, Salmonella enterica serovar
Typhimurium ATCC 14028, S. enteritidis ATCC 13076, and Staphylococcus aureus ATCC 33592
(provided by the American Type Culture Collection (ATCC) (Manassas, VA, USA) were
used as the reference pathogenic bacteria for the antimicrobial tests, while E. coli ATCC
8739 and S. enterica serovar Typhimurium ATCC 14028 were used in the co-aggregation
assays. Pathogenic bacteria were maintained by cultivation in tryptic soy broth (TSB) or
tryptic soy agar (TSA) (Scharlab, Barcelona, Spain) at 37 ◦C for 24 h.

2.2. Molecular Identification of Yeast Isolates
2.2.1. Amplification of the 5.8S-ITS Region and RFLP Analysis

The DNA extraction was performed with fresh yeast cultures using the Quick-DNA™
Fungal/Bacterial Miniprep Kit (Zymo Research, Irvine, CA, USA), according to the sup-
plier’s instructions, and the extracts were stored at −20 ◦C until use. The universal primers
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ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC-
3’) [50] were used to amplify the 5.8S-ITS region by PCR. All PCRs were carried out in 50 µL
of solution containing 5 µL of 10X DreamTaq Green Buffer supplemented with MgCl2,
2.5 µL of each 10 µM primer, 1 µL of 10 mmol dNTP, 0.25 µL of 1U DreamTaq polymerase
(Thermo Fisher Scientific, Baltics, UAB, Vilnius, Lithuania), and 10 ng·µL−1 fungal DNA.
PCR amplifications were performed in a MultiGene PCR System (MyCycler thermal cycler,
BIO-RAD, Hercules, USA) under the conditions described by Esteve-Zarzoso et al. [51].
Then, without further purification, each PCR product was digested separately with three
restriction enzymes—HaeIII, Hinf I, and HhaI (Thermo Fisher Scientific, Baltics, UAB, Vil-
nius, Lithuania)—at 37 ◦C for a minimum of 2 h, according to the supplier’s instructions.
PCR products and their restriction fragments were separated on 2% (w/v) agarose gel,
and their lengths were approximated by comparison with the known DNA size standards
(GeneRuler 100 bp Plus DNA Ladder; Thermo Fisher Scientific, Baltics, UAB, Vilnius,
Lithuania). The electrophoretic patterns were captured using the GelDoc-It Imaging System
(Analytik Jena, Upland, CA, USA). The RFLP patterns were compared with restriction
analyses performed by Esteve-Zarzoso et al. [51] and with those of the reference yeast
species freely available in the Yeast-id database (http://www.yeast-id.com, accessed on
29 November 2021). The similarity of restriction patterns was analyzed using Pearson’s
correlation coefficient r. The yeast strains were grouped using the unweighted pair group
method with arithmetic averages (UPGMA) [52].

2.2.2. Yeast Strain Identification by Sequencing

The 5.8-ITS sequences of some yeast isolates belonging to the different detected yeast
groups were sequenced by the Cellular and Molecular Immunological Application (CEMIA,
Greece) to confirm the identifications at the species level by ITS-RFLP. The sequenced
sequences were submitted using BLASTN tools (http://www.ncbi.nlm.nih.gov/BLAST/,
accessed on 14 February 2022) for alignment with different sequences available in the NCBI
database based on similarity percentages.

2.3. Growth Capacity at 37 ◦C

Quantities of 10 mL of YPD Broth in sterile tubes were inoculated with fresh yeast
cultures (adjusted to OD600 at 0.3 ± 0.05). After incubation at 37 ◦C for 24 h, the growth
rates of the yeast strains were recorded by measuring optical densities at 600 nm.

2.4. Survival of Simulated Gastrointestinal (GI) Digestion
2.4.1. Tolerance of Pepsin Presence and Acidic pH

The pepsin and pH 2.5 tolerance tests of the yeast strains were performed according
to Burns et al. [53]. Briefly, overnight yeast cultures grown in YPD broth were centrifuged
(4000× g, 5 min). Cell pellets were washed twice with sterile phosphate buffer (PB) (pH 7.0)
(0.5382% (w/v) NaH2PO4 and 1.6363% (w/v) Na2HPO4.7H2O) and resuspended in 10 mL
of sterile PB with low pH (2.5) and containing pepsin (0.3%). Then, the samples thus
prepared were incubated at 37 ◦C for 3 h in static conditions. Aliquots were taken at 0 h
(initial) and after 3 h (final) and diluted in sterile saline 0.85% solution. Survival rates were
assessed by the drop plate method on YPD Agar and were calculated using the following
formula:

SR% =
Log CFU/mL (final)

Log CFU/mL (initial)
× 100

2.4.2. Tolerance of Bile Salts

Bile salt tolerance of the yeast strains was determined following the method reported
by Pedersen et al. [54], with a few modifications. The YPD broth supplemented with bile
salts (0.3%) (HiMedia Laboratories, Pvt. Ltd., Maharashtra, India) was inoculated with
fresh yeast cultures and then incubated at 37 ◦C for 4 h. Aliquots were taken at 0 h (initial)
and after 4 h (final) and diluted in a sterile saline 0.85% solution. Survival rates were

http://www.yeast-id.com
http://www.ncbi.nlm.nih.gov/BLAST/
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assessed by the drop plate method on YPD Agar and were calculated using the following
formula:

SR% =
Log CFU/mL (final)

Log CFU/mL (initial)
× 100

2.5. Auto-Aggregation Ability

Auto-aggregation assays were performed according to Binetti et al. [55]. Briefly, the
fresh yeast cells were collected by centrifugation (4000× g, for 10 min) and washed twice
with 0.2 mol·L−1 PB solution (pH 7.2). The OD600 was adjusted to 1.0 ± 0.05. The cell
pellets were resuspended in 2 mL sterile PB by vortexing for 30 s, then incubated at 37 ◦C
for 24 h. Aliquots of these suspensions (1 mL) were carefully removed from the upper zone
to measure OD at 600 nm. Auto-aggregation ability was calculated as:

Auto − aggregation (%) = 1 − DO0

DOt
× 100

where OD0 and ODt are the optical densities at 0 h and after 24 h, respectively.

2.6. Co-Aggregation Activity

The co-aggregation assays were assessed using the method described by Kos et al. [56],
with some modifications. E. coli ATCC 8739 and S. enterica serovar Typhimurium ATCC
14028 were used as target bacteria. The cell suspensions were prepared as above. A quantity
of 2 mL of bacterial suspension was mixed with an equal volume of yeast suspension by
vortexing for 10 s and then incubated at 37 ◦C for 24 h. Unmixed yeast and bacterial
suspensions were used as controls, under the same conditions. After incubation, the
absorbances (ODs) of all suspensions were measured at 600 nm. The percentage of co-
aggregation was expressed as:

Co − aggregation (%) =
(ODyeast + ODpathogen)/2)− OD(yeast + pathogen)

(ODyeast + ODpathogen)/2
× 100

The percentages of auto-aggregation and co-aggregation were considered low (below
30%), intermediary (between 30% and 60%), or high (greater than 60%) [41].

2.7. Hydrophobicity

Cell surface hydrophobicity was determined according to the method of Alkalbani
et al. [42]. Overnight yeast cultures were centrifuged at 4000× g for 10 min. Cell pellets
were washed twice with 0.1 mol·L−1 PB solution (pH 7.0) and adjusted to the OD600 at
1.0 ± 0.05 (ODi). Quantities of 3 mL of cell suspensions were mixed well with 0.6 mL of n-
hexane (VWR International, Rosny-sous-Bois, France) by vortexing (10 s). After incubation
at 37 ◦C for 3 h, the aqueous phases were carefully recovered and OD600 nm values were
measured (ODf). Cell surface hydrophobicity (H%) was determined using the following
formula:

H% =
ODi − ODf

ODi
× 100

2.8. Hemolytic Activity

Hemolytic activity was conducted by spot-inoculating the yeast strains on Columbia
Agar with Sheep Blood Plus plates (Oxoid, UK). After inoculation, the plates were incubated
at 37 ◦C for 48 h according to the methodology used by Menezes et al. [57]. The occurrence of
a clear area (denoted as β-hemolysis) or a green-hued zone surrounding the yeast colonies
(denoted as α-hemolysis) was considered a positive result, which meant disqualification as
a probiotic [9]. Only the yeast strains that showed neither hemolysis halos nor green-hued
zones after growth on blood agar plates (denoted as γ-hemolysis) were considered safe
and used for the next studies [9].
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2.9. Antioxidant Activity

The antioxidant activities of the yeast strains were determined using the methodology
described by Chen et al. [58], with slight modifications. Briefly, the yeast cell suspensions
were prepared as above. Quantities of 500 µ L of cell suspension were mixed with 1 mL
of 1,1 diphenyl-2-picrylhydrazyl (DPPH) solution (0.2 mM in methanol) and vigorously
vortexed for 2 min. After incubation at room temperature in darkness for 30 min, the
supernatants were recovered by centrifugation (10,000× g, 5 min), and their absorbances
were measured at 517 nm. Deionized water was used in the control solution. The percentage
of DPPH radical scavenging was calculated as:

Ac (%) =
1 − OD(sample)

OD(control)
× 100

2.10. Antibacterial Activity

The antibacterial activities of the yeast strains were assessed by employing the cross-
streaking method described by Digut,ă et al. [33] against E. coli ATCC 8739, L. monocytogenes
ATCC 7644, S. enteritidis ATCC 13076, S. enterica serovar, Typhimurium ATCC 14028, and
S. aureus ATCC 33592. Fresh yeast cultures were first inoculated as 90 mm long streaks in
the middle of Petri dishes on YPD agar and grown at 37 ◦C for 48 h. Subsequently, each
indicator bacterium (overnight culture) was deposited by drawing a streak perpendicular
to the previously seeded yeast strains, very close to but without touching them, and again
incubated at 37 C for 24 h. The antibacterial activities of the yeast strains were recorded by
measuring the bacterial growth inhibition sizes in millimeters (mm) using a ruler.

2.11. Statistical Analyses

All assays were repeated in triplicate, and the results were recorded as the means
± standard deviations (SDs). Analysis of variance (ANOVA) was used to compare the
means of different variables, with the significance level at p = 0.05. The differences between
the means of the tests were evaluated by the Fisher HDS test. Additionally, principal
component analysis was performed to identify the correlations between the different
variables and to select the yeasts with valuable probiotic attributes.

3. Results
3.1. Molecular Identification of Yeast Strains

A total of 17 yeast strains isolated from Rabilé, a traditional fermented beer, were inves-
tigated in this study. The morphological, cultural, and physiological characteristics of these
yeast strains were determined, and the results were published elsewhere [49]. The yeast
identifications at the species level were conducted by molecular methods, including PCR-
RFLP and 5.8S-ITS region sequencing. According to the sizes of the PCR products, three
groups were identified: group I (850 bp), group II (620 bp), and group III (510 bp) (Table 1).
ITS-RFLP analysis confirmed the presence of three different groups (species). Fourteen
yeast isolates displayed RFLP patterns corresponding to Saccharomyces cerevisiae, two iso-
lates belonged to Pichia kudriavzevii, and one isolate belonged to Rhodotorula mucilaginosa
(Table 1).

The dendrogram obtained by the comparison and clustering of RFLP patterns of yeast
strains with the restriction enzymes Hinf I, HhaI, and HaeIII and the amplicon profiles
revealed the existence of the family relationships between the strains examined in this
study (Figure 1).
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Table 1. Molecular identification of yeast isolates by RFLP analysis of the 5.8S-ITS regions.

Yeast Isolates
PCR ProductSize

(bp)
Restriction Fragments (bp)

Identification
HinfI HhaI HaeIII

BB 1-2; BB 2-3; BB
3-2; BB 3-5; Bf 2-4;
Bf 2-6; Bf 2-7; Dr

1-2; Dr 1-5; Dd 3-4;
Fd 2-6; Fd 2-8; Ga

2-10; Ga 3-3

850 370 + 110 370 + 320 + 150 320 + 230 + 170 +
130

Saccharomyces
cerevisiae

BB 3-7; Dr 1-8 510 220 + 150 210 +180 + 70 380 + 90 Pichia kudriavzevii

BB 3-3 620 340 + 210 + 70 300 + 220 + 90 410 + 210 Rhodotorula
mucilaginosa
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restriction enzymes Hinf I, HhaI, and HaeIII with the PCR product profiles using Gel Compar Software,
Applied Maths, Sint-Martens-Latem, Belgium, and clustering the data using the UPGMA method.

The identifications at the species level obtained by ITS-RFLP analysis were confirmed
by sequencing of the 5.8-ITS sequence of one yeast strain from each group and validated by
high similarity percentages (from 99.35% to 100%) with respect to different ITS sequences
available in the NCBI databases. In addition, the sequences stored in the NCBI database can
be downloaded using the accession numbers OQ179952 (S. cerevisiae Ga 2-10), OQ179953
(R. mucilaginosa BB 3-3), and OQ179954 (P. kudriavzevii BB 3-7).
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3.2. Tolerance at 37 ◦C (Body Temperature)

The yeast strains were able to grow at 37 ◦C (body temperature), with OD600 nm
values ranging between 1.68 ± 0.11 (P. kudriavzevii Dr 1-8) and 4.27 ± 0.05 (S. cerevisiae BB
3-5) (Table 2). However, the R. mucilaginosa BB 3-3 strain did not grow very well at 37 ◦C,
which means that this strain may not be suitable for human probiotics (Table 2).

Table 2. Assessment of the capacities of yeast strains to grow at 37 ◦C and resist the simulated
gastrointestinal conditions.

Strains
At 37 ◦C Survival Rate (%)

DO600 nm 0.3% Pepsin and pH 2.5 0.3% Bile Salts

BB 3-7 2.58 ± 0.25 f 96.96 ± 1.27 abc 100.00 ± 0.00 a

Dr 1-8 1.68 ± 0.11 g 96.30 ± 1.42 abc 100.00 ± 00 a

BB 3-3 0.36 ± 0.01 h 91.55 ± 4.97 cdef 97.79 ± 1.07 b

BB 1-2 2.73 ± 0.17 f 99.98 ± 0.00 a 98.65 ± 1.29 ab

BB 2-3 3.32 ± 0.11 cd 95.41 ± 6.97 abcde 95.41 ± 2.74 c

BB 3-2 3.30 ± 0.05 d 88.46 ± 3.34 ef 99.25 ± 0.65 ab

BB 3-5 4.03 ± 0.10 ab 91.22 ± 1.92 cdef 99.36 ± 0.33 ab

Bf 2-4 3.69 ± 0.16 bc 86.01 ± 1.98 f 100.00 ± 0.00 a

Bf 2-6 2.87 ± 0.05 ef 93.24 ± 5.41 abcde 99.55 ± 0.56 ab

Bf 2-7 2.90 ± 0.04 ef 95.60 ± 3.41 abcd 95.56 ± 0.43 c

Dr 1-2 2.81 ± 0.12 f 96.77 ± 1.94 abc 98.73 ± 1.16 ab

Dr 1-5 2.25 ± 0.00 f 89.03 ± 9.45 def 99.53 ± 0.80 ab

Dd 3-4 3.19 ± 0.17 de 92.36 ± 7.08 bcdef 99.80 ± 0.33 ab

Fd 2-6 2.68 ± 0.03 f 97.82 ± 1.54 abc 99.51 ± 0.60 ab

Fd 2-8 3.36 ± 0.13 cd 98.69 ± 1.37 ab 100.00 ± 00 a

Ga 2-10 4.27 ± 0.05 a 96.59 ± 1.75 abc 100.00 ± 00 a

Ga 3-3 3.46 ± 0.08 cd 96.95 ± 3.75 abc 99.12 ± 1.51 ab

Means and standard deviations (SDs) of three determinations. Values with the same letters are not significantly
different at p = 0.05.

3.3. Survival of Simulated Gastrointestinal Conditions
3.3.1. Tolerance of Pepsin 0.3% and pH 2.5 at 37 ◦C

The effects of the simulated gastric conditions (0.3% pepsin and pH 2.5) on cell viability
are presented in Table 2. The survival rates of the yeast strains varied from 86.01 ± 1.98% to
99.98 ± 0.00%. The S. cerevisiae strain (Bf 2-4) showed the lowest rate, while the S. cerevisiae
strain (BB 1-2) showed the highest survival rate.

3.3.2. Bile Salt Tolerance

All of the yeast isolates tested were able to tolerate 0.3% bile salts. The S. cerevisiae BB
2-3 strain showed the lowest percentage (95.41 ± 2.74%). The P. kudriavzevii strains (BB 3-7
and Dr 1-8) and the S. cerevisiae strains (Bf 2-4, Fd 2-8, and Ga 2-10) showed the highest
survival percentages (100.00 ± 0.00%) (Table 2).

3.4. Auto-Aggregation, Co-Aggregation, and Hydrophobicity of Yeast Isolates

The results obtained for the auto-aggregation, co-aggregation, and hydrophobicity
activities of the 17 yeasts strains are displayed in Table 3. The cell surface hydrophobicity
and auto-aggregation capacities of probiotic candidates are considered important for the
overall ability to adhere to a hydrocarbon solvent and epithelial cells and intestinal mucosa,
these factors being relevant to the ability to colonize the GI tract. As shown in Table 3, the
auto-aggregation rate varied between 70.20 ± 10.53% and 91.82 ± 1.96% (p < 0.05) after
24 h of incubation.
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Table 3. Auto-aggregation (%) and co-aggregation with pathogens (%) and hydrophobicity (%) results
for the yeast strains.

Strains Auto-Aggregation (%) Co-Aggregation (%) Hydrophobicity (%)

E. coli S. enterica serovar
Typhimurium

BB 3-7 81.25 ± 1.83 ab 63.27 ±3.60 abc 74.06 ± 7.94 a 60.97 ± 2.20 abc

Dr 1-8 86.53 ± 4.82 a 65.04 ± 7.56 abc 67.44 ± 5.03 ab 68.84 ± 5.23 a

BB 3-3 89.40 ± 2.30 a 80.68 ± 9.53 a 70.83 ± 5.05 a 68.99 ± 5.37 a

BB 3-2 87.17 ± 2.86 a 65.37 ± 4.35 abc 69.38 ± 3.05 a 51.99 ± 4.61 bcde

BB 1-2 70.20 ± 10.53 b 50.15 ± 4.16 bcd 66.38 ± 5.50 abc 43.17 ± 5.07 e

BB 2-3 79.89 ± 7.08 ab 56.16 ± 5.56 bcd 57.9 ± 6.08 abcd 63.09 ± 5.18 ab

BB 3-5 85.43 ± 5.25 a 36.06 ± 3.45 de 45.71 ± 4.35 bcd 59.17 ± 4.88 abcd

Bf 2-4 84.38 ± 4.96 a 24.92 ± 3.96 e 40.89 ± 8.18 d 60.11 ± 3.06 abc

Bf 2-6 89.11 ± 2.40 a 49.91 ± 4.58 bcd 58.82 ± 6.70 abcd 67.97 ± 2.12 a

Bf 2-7 87.91 ± 3.47 a 54.39 ± 4.90 bcd 61.97 ± 2.71 abcd 67.00 ± 2.45 a

Dr 1-2 89.13 ± 3.55 a 72.74 ± 8.02 ab 68.76 ± 5.00 a 60.06 ± 2.52 abcd

Dr 1-5 81.48 ± 5.77 ab 38.82 ± 10.8 de 44.55 ± 7.09 cd 64.53 ± 4.90 a

Dd 3-4 87.55 ± 2.28 a 66.33 ± 5.56 abc 61.72 ± 5.19 abcd 48.23 ± 0.94 de

Fd 2-6 88.97 ± 1.54 a 43.83 ± 7.03 cde 59.74 ± 5.03 abcd 70.73 ± 2.42 a

Fd 2-8 88.93 ± 1.74 a 45.43 ± 13.15 cde 61.21 ± 9.99 abcd 65.11 ± 4.25 a

Ga 2-10 91.82 ± 1.96 a 66.58 ± 7.02 abc 72.78 ± 11.53 a 63.04 ± 3.47 ab

Ga 3-3 84.34 ± 2.27 a 65.49 ±4.6 abc 66.16 ± 5.29 abc 49.89 ± 3.41 cde

Means and standard deviations (SDs) of three determinations. Values with the same letters are not significantly
different at p = 0.05.

Furthermore, co-aggregation activities were evaluated to investigate the abilities of
the yeast strains to prevent the colonization of the intestine by pathogens. In our study,
the co-aggregation percentages of the yeast strains with E. coli ATCC 8739 ranged from
24.92 ± 3.96% to 80.68 ± 9.53% and with S. enterica serovar Typhimurium ATCC 14028 from
40.89 ± 8.18% to 74.06 ± 7.94%, with significant differences (p < 0.05) among the isolates
(Table 3).

The hydrophobicities of the yeast strains toward n-hexane varied considerably (Table 3),
with values in the range from 43.17 ± 5.07% to 70.73 ± 2.42% (p = 0.05). The highest hydropho-
bicity values were determined for the S. cerevisiae strain Fd 2-6 (70.73 ± 2.42%), R. mucilaginosa
BB 3-3 (68.99 ± 5.37%), and P. kudriavzevii Dr 1-8 (68.84 ± 5.23%), respectively.

3.5. Hemolytic Activity

According to FAO/WHO [9], the safety aspects of any probiotic candidate should be
considered, including specifications and lack of harmful activities. Probiotic organisms
should be GRAS-compliant. In our study, all yeast strains demonstrated γ-hemolysis
activity, which demonstrated their safety for use.

3.6. Antioxidant Activity

DPPH free radical scavenging is one of the methods most often used to evaluate the
antioxidant potential of probiotic candidates. The antioxidant activities of intact yeast cells
were in the range of 45% to 78% (Figure 2). Among all 17 isolates studied, P. kudriavzevii BB
3-7 exhibited the highest percentage of DPPH reduction, and S. cerevisiae strains Dr 1-5 and
Fd 2-6 exhibited the lowest values.
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3.7. Antibacterial Activities of the Yeast Strains

The antibacterial activities of the yeast strains were assessed against foodborne bacteria,
including Gram-positive bacteria (L. monocytogenes and S. aureus) and Gram-negative
bacteria (E. coli, S. enteritidis, and S. typhimurium). As stated in Table 4, S. cerevisiae strains
were the most effective in inhibiting the growth of all tested target pathogenic bacteria.
Among Saccharomyces strains, the Fd 2-6, Dd 3-4, Ga 2-10, BB 3-2, and Bf 2-6 strains
showed high antibacterial activity with large clear zones of inhibition ranging between
20.00 ± 0.00 mm and 30.00 ± 0.00 mm in size (Table 4). P. kudriavzevii strains (BB 3-7 and
Dr 1-8) showed low antibacterial activity, and the R. muciloginosa strain (BB 3-3) showed no
activity against pathogenic bacteria (Table 4).

Table 4. Antibacterial activities of the yeast strains (inhibitory zones in mm).

Strains E. coli ATCC 8739 S. aureus ATCC
33592

L. monocytogenes
ATCC 13932

S. enteritidis
ATCC 13076

S. typhimurium
ATCC 14028

Fd 2-6 23.66 ± 1.15 a 24.33 ± 0.57 a 26.66 ± 2.88 a 27.00 ± 2.64 a 24.66 ± 0.57 a

Dd 3-4 23.33 ± 2.88 a 21.33 ± 2.30 ab 20.33 ± 0.57 bc 26.00 ± 1.00 a 25.00 ± 1.00 a

Ga 2-10 21.66 ± 2.88 ab 21.66 ± 0.57 ab 20.00 ± 0.00 bc 24.33 ± 1.15 ab 20.33 ± 0.57 bc

BB 3-2 20.00 ± 0.00 ab 20.00 ± 0.00 abc 30.00 ± 0.00 a 25.00 ± 0.00 ab 25.00 ± 0.00 a

Bf 2-6 20.00 ± 0.00 ab 20.00 ± 0.00 abc 21.33 ± 1.15 b 24.66 ± 0.57 ab 21.33 ± 1.15 ab

Fd 2-8 19.33 ± 1.15 abc 20.00 ± 0.00 abc 15.00 ± 0.00 de 20.00 ± 0.00 cd 16.33 ± 1.52 def

Ga 3-3 19.33 ± 1.15 abc 19.33 ± 0.57 bcd 15.00 ± 0.00 de 18.66 ± 1.15 cd 16.33 ± 0.57 def

Bf 2-4 17.33 ± 2.30 bcd 20.00 ± 0.00 abc 20.00 ± 0.00 bc 21.33 ± 1.15 bc 17.66 ± 2.08 bcde

BB 1-2 15.00 ± 0.00 cd 16.66 ± 2.88 cde 17.33 ± 2.51 cd 20.00 ± 2.00 cd 17.33 ± 2.51 cde

Dr 1-2 15.00 ± 0.00 cd 16.66 ± 2.88 cde 20.00 ± 0.00 bc 17.33 ± 0.57 de 17.66 ± 0.57 bcde

BB 3-5 13.66 ± 1.52 de 14.33 ± 0.57 ef 16.00 ± 1.73 d 16.33 ± 0.57 de 14.33 ± 0.57 efg

BB 2-3 13.33 ± 2.08 de 14.33 ± 0.57 ef 12.00 ± 1.73 e 17.33 ± 1.15 de 13.33 ± 1.15 fg

Bf 2-7 13.00 ± 1.00 de 15.00 ± 0.00 def 16.66 ± 0.57 cd 17.66 ± 2.51 cd 18.33 ± 0.57 bcd

Dr 1-5 10.00 ± 0.00 e 11.00 ± 3.60 f 14.33 ± 1.15 de 13.66 ± 1.52 e 10.66 ± 1.15 g

BB 3-7 5.33 ± 0.57 f 6.33 ± 0.57 g 5.33 ± 0.57 f 5.33 ± 0.57 f 4.33 ± 1.52 h

Dr 1-8 4.00 ± 1.73 fg 5.00 ± 0.00 g 6.00 ± 1.00 f 5.00 ± 0.00 f 4.00 ± 1.73 h

BB 3-3 0.00 ± 0.00 g 0.00 ± 0.00 h 0.00 ± 0.00 g 0.00 ± 0.00 g 0.00 ± 0.00 i

Means and standard deviations (SDs) of three determinations. Values with the same letters are not significantly
different at p = 0.05.
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3.8. Selection of Yeasts with the Highest Probiotic Potential

A PCA was carried out on 17 yeast isolates and the variables of probiotic properties
were determined; this allowed the clustering of yeast strains according to their potential
probiotic properties.

The classification of strains according to their probiotic properties is presented in
Figure 3a. The hierarchical tree presented in Figure 3b shows eight clusters. Cluster 1
(BB 3-3 strain) was characterized by low values for the variable tests, including 0.3% bile
salts, tolerance at 37 ◦C, and no antibacterial activity. Cluster 2 (Dr 1-8 and BB 3-7 strains)
and cluster 3 (Dr 1-5) were characterized by low values of antibacterial activity and low
tolerance at 37 ◦C. Next, cluster 4 (Ga 2-10, Dr 1-2, Ga 3-3 Bf 2-7, Bf 2-6, BB 2-3, and Fd 2-8
strains), cluster 5 (BB 1-2 strain), and cluster 6 (BB 3-5 and Bf 2-4 strains) were characterized
by variables whose high values did not differ significantly from the means. Cluster 7 (Fd
2-6 strain) and cluster 8 (Dd 3-4 and BB 3-2 strains) were distinguished by high values for
the variable tests.
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4. Discussion

Yeasts have been intensively studied and exploited as starter cultures to produce
fermented foods [2–7,18–23]. Recently, Saccharomyces and non-Saccharomyces strains isolated
from African fermented foods have been studied and promoted as promising probiotics
with health benefits [4,8,35,36,47–49,54,59]. In our study, the molecular identification of
yeast strains isolated from Rabilé beer revealed the presence of three species—S. cerevisiae,
P. kudriavzevii, and R. mucilaginosa—and the predominance of S. cerevisiae. S. cerevisiae has
been reported as the predominant yeast isolated from fermented foods and beverages,
being known to enhance nutritional and organoleptic properties, as well as probiotic
properties [8,33–35,60,61]. Recently, P. kudriavzevii strains have been proposed as probiotic
candidates and have been found to enhance fermented African foods [36,59].

Further, the yeast strains were investigated to see whether they qualified as probiotics
based on several criteria mentioned in review papers [40–43]. To exert probiotic effects,
yeast strains should tolerate low pH levels and bile salts and also be adaptable to corporeal
temperature. All strains were subjected to acidic conditions (pH 2.5) and 0.3% pepsin at
a temperature of 37 ◦C—the relevant conditions for the stomach. Our yeast strains were
isolated from low-pH environments (Rabilé) [49] where they co-existed with LAB, which
could explain their tolerance of acidic conditions. Digut,ă et al. [33] reported the abilities
of M. pulcherrima OBT05, S. cerevisiae BB06, and T. delbrueckii MT07 to grow well in large
pH ranges (1.5–7.5). Similar studies confirmed the tolerance of low pH of yeast strains
isolated from different indigenous fermented foods [35,36,62]. Most natural or traditional
fermented foods, including African traditional alcoholic beverages, such as palm wines,
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and partially fermented, grain-based gruels and beverages are produced by yeasts or LAB,
as well as multi-strain mixtures [3,7,8,18,36].

In addition to low-pH tolerance, tolerance of bile salts is considered to be an essential
criterion for the evaluation of potential probiotics to exert influence in the GI tract beyond
the small intestine [42,53]. These bile salts have antimicrobial activities, and to reach the
intestinal tract in a viable form any ingested microorganism has to resist them, otherwise it
will be unable to withstand the presence of bile in the duodenum [40,42]. Our yeast strains
showed high survival rates in artificial gastric juice conditions (between 86.01 ± 1.98% and
99.98 ± 0.00%) and stronger tolerances at the 0.3% bile salt concentration (between 95.41
± 2.74% and 100.00 ± 0.00%), which are supported by previously reported results. In the
study by Ogunremi et al. [36], Issatchenkia orientalis, P. kluyveri, and P. kudriavzevii strains
showed tolerance of 2% bile salts. Additionally, Adisa et al. [39] reported that Kluveromyces
lactis and S. cerevisiae tolerated up to 2% bile salt concentrations.

A prerequisite for the persistence of yeast probiotics in the GI tract is their capacity
to adhere to the intestinal mucosa. In the current study, our yeast strains revealed high
percentages of auto-aggregation (>70%) after 24 h, confirming the results reported in other
research. Variable results were found by Fernandez-Pacheco et al. [62] after 30 min of
incubation (3.85–64.43%), with the best percentages determined for Hanseniaspora osmophila
and Candida pararugosa. Indeed, auto-aggregation increases the time yeast strains can spend
in the intestine and allows them to have a positive impact on health. Menezes et al. [57]
found variable results (66.0 ± 2.1% and 99.3 ± 0.6%), with the best auto-aggregation
percentages shown by the S. cerevisiae strain CCMA 0716. In their study, Fernandez-
Pacheco et al. [62] reported that percentages of auto-aggregation varied between 17%
and 62% after 30 min of incubation, with R. muciloginosa 32 showing the highest value.
Digut,ă et al. [33] reported the strongest auto-aggregation capacity of S. cerevisiae BB06
(92.08 ± 1.49%) after 24 h. According to these results, some researchers have reported that
the auto-aggregation of yeasts seems to be a strain-dependent property [36,57]. The high
percentages of auto-aggregation observed in yeasts may derive from the fact that yeast
cells are relatively large and heavy and precipitate relatively quickly [36,40–42]. Trunk
et al. [63] reported that the mechanism of bacterial auto-aggregation can involve simple
surface electrostatic effects due to charges on bacterial surfaces. Furthermore, the co-
aggregation abilities of yeasts can be considered as strategies to prevent the attachment and
subsequent colonization of pathogens. Our yeast strains were able to co-aggregate with
the tested bacterial pathogens, with the highest percentage obtained for R. mucilaginosa
BB 3-3 with E. coli and for P. kudriavzevii BB 3-7 with S. enterica serovar Typhimurium.
Ogunremi et al. [36] reported a high co-aggregation ability of P. kudriavzevii OG32 with
E. coli (71.57%). From the point of view of probiotic activity, the high hydrophobicity of
cell surfaces could be the reason why some strains have distinct health benefits and slower
elimination kinetics in the GI tract [42]. However, the varying degrees of adherence of our
yeast strains to n-hexane were observed in a range between 43% and 71%. Binetti et al. [55]
reported hydrophobicity values that ranged from 45.3% to 85.5% for yeasts isolated from
autochthone cheese. Ogunremi et al. [36] evaluated the hydrophobicities of I. orientalis,
P. kluyveri, and P. kudriavzevii strains isolated from cereal-based, traditional fermented food
products of Nigeria with respect to toluene and octane and found good hydrophobic affinity
to n-hexadecane (33.61–42.30%) in P. kudriavzevii strains. With xylene as a hydrocarbon,
Fernandez-Pacheco et al. [62] found hydrophobicity rates that ranged between 2.6% and
34.6%, with the highest value obtained for Meyerozyma caribbica 35. In general, the capability
of microorganisms to adhere to surfaces is a complex, multistep process that includes
hydrophobic forces, electrostatic interactions, and interactions between the physical and
chemical properties of the microbial surface and intestinal mucosa [29,42]. Cell surface
hydrophobicity and auto-aggregation capability are the main parameters of probiotic
candidates relevant to adherence to the intestinal epithelium of the host and the formation
of biofilms [40–42].
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The natural antioxidant capacities of yeast cells have been reported in several stud-
ies [29,33,58]. Chen et al. [58] reported a higher antioxidant capacity of intact yeast cells
than cell extracts. One explanation would be the high content of (1/3)-β-D- glucan and
other β-glucans found in the yeast cell wall and, additionally, antioxidant enzymes, such as
catalase, superoxide dismutase, and glutathione peroxidase. According to their percentages
of antioxidant activity, Gil-Rodríguez et al. [29] classified yeasts into five groups: very low
(< 20%), low (20–30%), good (30–40%), very good (40–50%), and excellent (> 50%). Based
on this grouping, the yeast isolates in the present study were classified into two levels:
three isolates (BB 3-3, Fd 2-6, and Dr 1-5) showed very good activity, and fourteen (Ga 2-10,
Ga 3-3, Bf 2-6, Dd 3-4, Fd 2-8, Dr 1-2, BB 3-2, BB 3-7, BB 3-5, BB 1-2, Bf 2-7, Bf 2-4, Dr 1-8,
and BB 2-3) showed excellent activity.

From a biotechnological point of view, antimicrobial activity is an essential criterion,
since yeast strains could be used in biological controls and food preservation and as
promising probiotic candidates with health benefits. Our research revealed that only
S.cerevisiae strains showed high antibacterial effects against bacterial pathogens, such as
E. coli, L. monocytogenes, S. aureus, S. enteritidis, and S. typhimurium. In another work,
Digut,ă et al. [33] demonstrated the high antibacterial activity of S. cerevisiae BB06 against
nine foodborne pathogenic bacteria, namely, Bacillus cereus, Enterococcus faecalis, E. coli,
L.monocytogenes, L. ivanovii, Proteus vulgaris, Pseudomonas aeruginosa, and S. aureus. The
antimicrobial activities of yeast against pathogens could be due to the competition for
nutrients and, simultaneously, the production of organic acids, hydrogen peroxide, and
diacetyl. In another study, Adisa et al. [39] reported the antimicrobial activities of S. cerevisiae
against Klebsiella spp. and of K. lactis against Pseudomonas spp. and Staphylococcus spp.
Fernandez-Pacheco et al. [62] also reported, among 20 yeast isolates, 1 yeast (Diutina rugosa 12)
that presented antimicrobial activity against Dekkera bruxellensis and Zygosaccharomyces spp.

According to the PCA analysis, S. cerevisiae strains (especially Fd 2-6, Dd 3-4, and BB
3-2 strains) were selected as having numerous valuable probiotic properties and could be
potential candidates for establishing the high nutraceutical value of Rabilé beer.

5. Conclusions

In this study, 17 yeast strains isolated from traditional Rabilé beer produced in Burk-
ina Faso were identified by molecular methods as S. cerevisiae (14 strains), P. kudriavzevii
(2 strains), and R. mucilaginosa (1 strain). Selecting a yeast strain with all the desired
probiotic attributes tested proved to be difficult. However, the strains evaluated in this
study have many of the essential and critical probiotic characteristics that recommend them
for probiotic use. These strains were able to grow at human body temperature (except
R. mucilaginosa) and survive in the gastrointestinal tract. Meanwhile, S. cerevisiae strains
showed strong antibacterial activities against the pathogens that were used. Additionally,
these strains exhibited high antioxidant properties. Furthermore, they showed high per-
centages of hydrophobicity and strong auto-aggregation abilities, as well as various degrees
of co-aggregation with E. coli and with S. enterica serovar Typhimurium. The tested yeast
strains revealed no hemolytic activities and can therefore be considered safe. However, the
probiotic potentials of R. mucilaginosa and P. kudriavzevii were lower than that of S. cerevisiae.
So, taking into account these in vitro probiotic qualities, yeast strains isolated from Rabilé
are promising strains and have the potential to be used as probiotic supplements. Further
investigation will be performed on molecular aspects, functional attributes (sensibility of
antibiotics, enzymatic profiling, and valuable metabolite profiling), and technological prop-
erties (preservation for extending the shelf life of final products). Additionally, our probiotic
yeast strains with proven multifunctional properties could be useful in the development of
functional foods which exhibit various health benefits.
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Abstract: Edible coatings and films have been researched for more than three decades due to their
ability to be incorporated with different functional ingredients or compounds as an option to maintain
the postharvest quality of fruits and vegetables. The aim of this study was to evaluate the effect
of three types of chitosan-based (CH) edible coatings obtained from medium and high molecular
weight chitosan, containing ascorbic or acetic acid and sea buckthorn or grape seed essential oils on
the physical–chemical and microbiological properties of organic strawberries and apple slices during
cold storage at 4 ◦C and 8 ◦C. Scanning electron microscope images showed both a smooth structure
and a fracture and pore structure on strawberry coatings and a dense and smooth structure on the
apple slices coatings. Further, the edible coatings managed to reduce the microbial load of yeasts and
molds of the coated strawberries during the storage period. Overall, the treatments preserved the
ascorbic acid, total polyphenol content, and antioxidant activity for all the tested samples compared
to the control sample, throughout the storage period. In addition, the water activity (aw) of the coated
samples presented lower values (0.96–0.98) than the control samples. The obtained results indicate
that the developed chitosan-based edible coatings could maintain the postharvest parameters of the
tested samples, also leading to their shelf-life prolongation.

Keywords: edible coatings; chitosan; shelf life; strawberries; apples

1. Introduction

Food products are vital for the survival of human beings and, over time, consumers
have become more demanding in terms of their quality. However, food products are
naturally perishable and can be degraded by environmental factors, such as fungal or
bacterial contamination [1,2]. Therefore, it is essential to protect them from spoilage
microorganisms in order to increase their shelf life and satisfy consumer demands [3].

Conventional food packaging materials are made from petroleum-based polymers
and have been used to protect food products and maintain their quality and sensorial
attributes [4,5]. Due to their flexibility, lightness, and transparency, these films have been
massively used, rendering the achievement of modified atmosphere packaging (MAP)
for commodities that are highly perishable [6,7]. Innovative packaging methods, such
as edible coatings, polymeric films, or modified atmosphere packaging, are used more
and more in order to maintain the quality of fresh-cut produce during the transport and
distribution phases [8]. When gas is flushed into the pack or the produce receives no
alteration of the atmosphere, along with the permeability properties of the employed
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packaging, this allows equilibrium MAP (EMAP) to be reached [6,9]. However, this has
led to a serious ecological problem because of their nonbiodegradability [10,11]. Their
complete replacement by biodegradable and sustainable packaging materials is currently
being studied and is desired by both the industry as well as the final consumers [12]. Edible
coatings and films are among the newly developed biodegradable packaging materials. EU
regulations EC 1935/2004 and EC 10/2011 comprise specific recommendations with regard
to the declaration of conformity that must accompany food commodities; these provide
guidelines on the use of packaging materials (active and intelligent), release of substances
considered food additives thereof (must be accredited), as well as materials used during
processing (i.e., direct or indirect contact with food along the production chain) [13,14]. The
main advantage of edible films and coatings compared to traditional synthetic packaging
is that they are safe for the environment and the consumer [15–17]. They consist of a thin
layer of a nontoxic, edible surface applied to the food product, with or without subsequent
removal, with the objective of extending the shelf life and quality of the product [7,18].

Edible coatings and films are produced from polymers derived exclusively from re-
newable resources and applied as a liquid form directly on the surface of food [19,20]. At
the compositional level, a material is used as the structural matrix of the edible coating
and bioactive compounds, nano-composites or natural extracts are added to improve the
functional properties of the coating [21]. Arguably, edible coatings pertaining a certain
thickness along with selective permeability may alter the inner atmosphere composition of
the package without gas filling/flushing, rendering them EMAP coatings and may avoid
further packaging [6,22]. Most recently, Jalali et al., 2020 developed an integrated mathe-
matical modelling as a guide for strawberry shelf-life prediction under realistic conditions
by taking into consideration the transpiration and respiration rate. The model simulated
the strawberries shelf life under open tray conditions and MAP conditions, taking into con-
sideration the temperature and humidity as test parameters and allowing the optimization
of the supply chain [23]. Each material is chosen according to the characteristics of the food
to be coated [24,25]. For example, studies show that fried food products can be coated with
cellulose-based edible films because they prevent oil absorption [26], meat products can be
treated with alginate edible films because of the delays of the lipid oxidation process [27]
or chitosan base edible films in order to preserve the color and prevent lipid oxidation [28].
Pectin-based edible films can be used on fruits and vegetables in order to maintain the
color, prevent weight loss, and reduce microbial growth [29]. Edible films and coatings
are defined as thin layers applied to foods to protect them, to extend their shelf life and
to improve certain qualitative properties such as the appearance. They are created from
edible and natural renewable sources (proteins, polysaccharides, lipids) and contain anti-
oxidants, anti-browning agents and colorants. Sometimes additives are added to improve
the efficiency of the coating; by themselves or in combination with additives, they can help
prevent drying out, immobilize microbes, or reduce access to oxygen [30–32]. Different
methods of application of coatings are used: spraying, brushing or electro-spraying [4].
Several polysaccharides, such as starch, alginate, chitosan, pullulan, pectin and carrageenan
are currently being used by the researchers to produce edible coatings [33].

Chitosan is a well-known biopolymer used for several years in different sectors of
the industry and is known for its antibacterial [34,35] and antifungal properties [36–38].
The main advantages when using chitosan as matrix for a packaging material, beside its
antimicrobial capabilities, is that it is biodegradable, thus being a sustainable choice for the
food industry [39,40]. Chitosan, a deacetylated derivative of chitin, is nowadays used as a
biodegradable food packaging material because of its great film-forming and good antimi-
crobial properties [41]. Other properties that make chitosan a good packaging material are
its ability to be cross-linked in order to avoid dissolution in acidic solutions, high porosity,
good hydrophilicity and big adhesion area [24]. In addition to these properties, chitosan
is mainly produced from see-food industrial waste, thus being a sustainable material and
that has excellent functional properties when combined with other materials. Chitosan can
be used as packaging film or as coating applied directly on the food product [41].
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For several years now, there has been a growing demand for fresh fruits and vegetables,
especially for minimally processed ones due to consumer needs for fresh, healthy snacks for
their busy lives. However, these foods are more vulnerable to damage and loss of market
quality [31,32]. For this reason, many methods are used to address these advantages and
allow freshly-cut products to have a longer shelf life than the 2–9 days assuming proper
temperatures are assured (cold storage) [42]. The use of edible coatings is one of them.
These consist of using a material for coating and adding natural antimicrobials to preserve
the quality and improve the shelf life of the food product. This method has already been
studied on different fruits and vegetables [3].

With more than thirty years of scientific insight gathered, currently, various studies are
conducted worldwide to address the need to improve the properties of edible coatings and
films to develop an alternative to synthetic polymers and hazardous chemicals [19,24,25].
Moreover, by knowing the composition of the food coating, the organoleptic properties and
the shelf life of the food can be improved. Edible coatings/films have become the subject of
many research topics in the food industry, especially on fruits, such as strawberries [43–45],
apples [46,47], cherries [48,49], kiwis [50], melons [51], and pears [52].

Strawberries are fruits that possess a very short shelf life because of their high
metabolic activity and water content and the susceptibility of being contaminated with
fungal strains, especially grey mold (Botrytis cinerea). Physical injuries can also occur in
different stages of the traceability chain because of their soft texture and lack of protective
rind [53]. The main postharvest technique used in the industry to extend the shelf life of
strawberries is refrigeration at temperatures of 0 ◦C [54]. With superior barrier attributes,
edible coatings are intended to prolong the shelf life and exhibit a significant effect as
postharvest treatment on fresh-cut fruit; by maintaining the physiological and physico-
chemical properties of the produce, they are considered to attain efficiency and functionality
towards the retention of postharvest quality [7]. In recent years, edible coatings have been
used to extend the shelf life of strawberries by delaying the textural changes, reducing the
respiration rate, and providing a gas permeability barrier, thus maintaining the sensorial
and nutritional values at higher levels [55]. Edible coatings made from soy or wheat gluten
with incorporated thymol and calcium chloride were applied on fresh strawberries in order
to analyze the improvements of physical–chemical and microbiological properties of the
coated samples. The tests were carried out over a 9-day period, and the appearance of the
samples remained unchanged. The firmness, ascorbic acid content, total soluble solids, and
total sugars were maintained over the storage period in comparison to the control sample.
The coated samples with thymol and soy protein or white gluten recorded higher chroma
hue angle values and the lowest values of anthocyanin content [53].

Four types of edible coatings made from low methoxyl pectin (LMP), carboxymethyl
cellulose (CMC), Persian gum (PG), and tragacanth gum (TG) were developed and applied
on fresh strawberries in order to test their shelf life improvement capacity. A physical–
chemical analysis, such as weight loss, ascorbic acid, total phenolics, and anthocyanins
content were evaluated over a period of 16 days of storage at 4 ◦C. The results show that
the coated samples presented better sensory attributes compared to the control samples.
The strawberry samples coated with the CMC solution had reduced decay and weight loss,
as well as better values of the physicochemical analysis [56].

The antifungal properties of chitosan/glycerol films were tested over E. coli, S. aureus,
and B. cereus using the disc-diffusion technique by Salvia-Trujillo et al. (2015) [47]. When
coated with a chitosan/glycerol 30% solution [55], the strawberry samples had an im-
proved shelf life, with excellent antibacterial and antifungal activity (1 week). Moreover, it
maintained the sensorial properties of the strawberries, with no alteration in appearance,
texture, and flavor [55].

Fresh-cut apples are also vulnerable to microbial and enzymatic spoilage because their
natural protective barrier is removed, and the internal tissue, which is an excellent source
of nutrients, is exposed to external factors [57]. Apples are usually resistant to microbial
decay because of the presence of phenolic and flavonoid compounds, such as catechins,
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phloridzins, tannins, and chlorogenic acid, on the apple peel [58]. There are several studies
that researched the effect of different chitosan edible films on apples or fresh-cut apples,
the results highlighting that the edible films managed to reduce the respiration rate [59,60],
the microbial load [57,59,61], and the weight loss [57,60,62].

The scope of this research paper was to evaluate the impact on the shelf life and
nutritional values of three newly developed chitosan-based edible coatings on strawberries
and apple slices. The chitosan-based edible coatings were obtained as follows: 2% medium
molecular weight chitosan and 1% acetic acid; 2% medium molecular weight chitosan
and 1% acetic acid; and 1% high molecular weight chitosan and 2% ascorbic acid. These
formulations were enriched with grape seed or sea buckthorn essential oils; these were
chosen over a previous study performed by the same authors in which the EOs were
analyzed for their antifungal properties [63].

2. Materials and Methods
2.1. Biological Material—Strawberries and Apples

Organic strawberries (Fragaria × ananassa) and apples (Malus domestica cv Florina) were
purchased from a local market in Bucharest (Romania) and transferred to the laboratory
within 2 h after purchase. The biological material was kept overnight at refrigerated
temperatures (4 ◦C) before the coatings were applied. The next day, the fruits were visually
inspected for decay or damage. Fruits free of physical injuries were selected for the further
treatment taking into account the similarity in shape, color, and size.

2.2. Materials

Medium molecular weight chitosan with a deacetylation degree of 75–85% (448877)
and high molecular weight chitosan with a >75% deacetylation degree (419419) were
purchased from Sigma-Aldrich (Burlington, MA, USA)and used as received. Ascorbic acid
(AC05150) and acetic acid (AC0344) were purchased from Scharlau (Spain), and Tween®

20 (Polysorbate) (97062-332) was purchased from VWR (Radnor, PA, USA) and used as
received. Grape seed essential oil was purchased from Herbavit (Bucharest, Romania), and
sea buckthorn essential oil was purchased from Hofigal (Bucharest, Romania) and used
as received. Folin–Ciocalteu reagent (F9252), xylene (214736), sodium bicarbonate (S6014),
sodium acetate (S8750), 2,2-diphenyl-1-picrylhydrazyl (DPPH) (247642), and potassium
chloride (P3911) were purchased from Merck (Darmstadt, Germany).

2.3. Preparation and Characterization of Chitosan Coatings

Edible coating chitosan-based solutions were prepared by dissolving medium molec-
ular weight chitosan 2% w/v, high molecular weight chitosan 1% w/v in acetic acid or
ascorbic acid solutions, under constant stirring on a stirring plate (Fisherbrand, Isotemp,
China) for approximately 1 h at a constant temperature of 80 ◦C. Subsequently, the obtained
solutions were left to cool at room temperature for 1 h. In order to ensure the mixing of the
essential oils with the chitosan solutions, 2 mL of Tween 20 was used as emulsifying agent
and then stirred for 5 min. Grape seed (7.5%) or sea buckthorn (7.5%) essential oils were
added to each coating solution and then stirred again for 15 min in order to completely
emulsify. Composition and coding of the obtained edible coating materials are described in
Table 1. The surface morphology of the coatings was investigated using a scanning electron
microscope (SEM), FEI Inspect S50 Electron Microscope (FEI, Hillsborough, OG, USA).

Table 1. Composition of the obtained chitosan-based edible coatings.

Coating Code Composition

A MMC-AcA-GSEO 2% Medium molecular weight chitosan, 1% acetic acid, grape seed EO
B MMC-AcA-SBEO 2% Medium molecular weight chitosan, 1% acetic acid, sea buckthorn EO
C HMC-AsA-GSEO 1% High molecular weight chitosan, 2% ascorbic acid, grape seed EO
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2.4. Coating Treatment

Before applying the coating treatment, the chosen strawberries and apples were rinsed
for 1 min with distilled water and then stored for 1 h at room temperature in order to
ensure full water evaporation. The strawberries were coated as such (whole fruit), whereas
the apples were cut into slices of the same dimensions. The control samples consisted of
fruits without any coating applied.

The edible coatings were used to treat the strawberries and apple slices through
dipping method. The fruits were dipped into the coating solutions for 20 s and then dried
at room temperature for 1 h to remove excess solution from fruit surface (Figure 1). After
the coatings were fully dried, the strawberries and apple slices were packaged in perforated
polyethylene terephthalate (PET) containers (each container had approximately 80 g of
fruit sample) and stored at two distinct temperatures (4 ◦C and 8 ◦C). The physicochemical
and microbiological properties were evaluated for a period of 7 days.

Foods 2022, 11, x FOR PEER REVIEW 5 of 20 
 

 

scanning electron microscope (SEM), FEI Inspect S50 Electron Microscope (FEI, Hills-

borough, OG, USA). 

Table 1. Composition of the obtained chitosan-based edible coatings. 

Coating Code Composition 

A MMC-AcA-GSEO 2% Medium molecular weight chitosan, 1% acetic acid, grape seed EO 

B MMC-AcA-SBEO 2% Medium molecular weight chitosan, 1% acetic acid, sea buckthorn EO 

C HMC-AsA-GSEO 1% High molecular weight chitosan, 2% ascorbic acid, grape seed EO 

2.4. Coating Treatment 

Before applying the coating treatment, the chosen strawberries and apples were 

rinsed for 1 min with distilled water and then stored for 1 h at room temperature in order 

to ensure full water evaporation. The strawberries were coated as such (whole fruit), 

whereas the apples were cut into slices of the same dimensions. The control samples con-

sisted of fruits without any coating applied.  

The edible coatings were used to treat the strawberries and apple slices through dip-

ping method. The fruits were dipped into the coating solutions for 20 s and then dried at 

room temperature for 1 h to remove excess solution from fruit surface (Figure 1). After the 

coatings were fully dried, the strawberries and apple slices were packaged in perforated 

polyethylene terephthalate (PET) containers (each container had approximately 80 g of 

fruit sample) and stored at two distinct temperatures (4 °C and 8 °C). The physicochemical 

and microbiological properties were evaluated for a period of 7 days. 

  

(a) (b) 

Figure 1. (a) Visual aspect of the coated strawberries during the drying process; (b) Visual aspect of 

the coated apple slices during the drying process. 

2.5. Scanning Electron Microscopy (SEM) Assay 

Apple and strawberry fruit samples coated with chitosan layer were cut into small 

pieces, approximately 5 × 5 mm in dimension, and fixed on the support stub using carbon 

adhesive tape. Samples were scanned using FEI Inspect S50 Electron Microscope, in low 

vacuum mode. Images were acquired at a pressure of 220 Pa and magnification of 200 × 

and 400 ×. 

2.6. Dry Matter 

The dry matter and humidity were determined by using a thermobalance (RADA-

WAG MAC 50, Poland). Briefly, five (5) grams of sample were distributed homogeneously 

in a thin layer on the weighing plate, to obtain reproducible results. Following treatment 

Figure 1. (a) Visual aspect of the coated strawberries during the drying process; (b) Visual aspect of
the coated apple slices during the drying process.

2.5. Scanning Electron Microscopy (SEM) Assay

Apple and strawberry fruit samples coated with chitosan layer were cut into small
pieces, approximately 5 × 5 mm in dimension, and fixed on the support stub using carbon
adhesive tape. Samples were scanned using FEI Inspect S50 Electron Microscope, in low
vacuum mode. Images were acquired at a pressure of 220 Pa and magnification of 200×
and 400×.

2.6. Dry Matter

The dry matter and humidity were determined by using a thermobalance (RADAWAG
MAC 50, Poland). Briefly, five (5) grams of sample were distributed homogeneously in
a thin layer on the weighing plate, to obtain reproducible results. Following treatment
at 105 ◦C, the amount of dry matter was determined. All measurements were performed
in triplicate.

2.7. Water Activity (aw)

Strawberries and apple slices (approximatively 80 g per treatment) were homogenized
using a stomacher (Interscience, BagMixer 400, Saint Nom, France). The water activity con-
tent of the samples was determined using a water activity meter (NOVASINA, LabMaster-
aw, Lachen, Switzerland) with an accuracy of ±0.0030 aw within the adjustment range
(https://www.novasina.ch/produkt/labmaster-aw-neo/, accessed on 15 October 2022).
The samples were placed in containers and allowed to reach the device’s temperature in
the thermostatic chamber before reading.

https://www.novasina.ch/produkt/labmaster-aw-neo/
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2.8. Determination of Total Polyphenol Content (TPC)

An ethanolic (75%) extraction of polyphenols in a sample:solvent ratio of 1:5 was
employed by macerating samples for 48 h in the dark at room temperature. After filtration,
the resulting ethanolic extracts were collected and stored at −20 ◦C until further analysis.
TPC was determined using the Folin–Ciocalteu method [64] adapted to microscale [65].
Briefly, 20 µL ethanolic extracts was mixed with 1580 µL of distilled water, plus 100 µL of
Folin–Ciocalteu reagent and vigorously stirred. After 1 min, 300 µL of aqueous sodium
carbonate 20% was added, and the mixture was vigorously stirred again and allowed
to stand at room temperature in the dark, for 2 h. Absorbance was measured at 765 nm
(on a Thermo Helios Alpha UV/Vis Spectrophotometer, Waltham, MA, USA); TPC was
calculated from a calibration curve, using gallic acid as standard. The results were expressed
as mg gallic acid equivalents (mg GAE)/L.

2.9. Evaluation of Antioxidant Activity (AA) using the DPPH Method

Antioxidant activity was determined by evaluating the free radical scavenging effect
on the 1,1-dipheny l-2-picrylhydrazyl radical (DPPH) as described by Villaño et al. (2007)
with slight modifications [66]. Briefly, an aliquot of 0.5 mL ethanolic extracts was added
to 1.95 mL of DPPH solution (60 µM in ethanol), vortexed, and the absorbance was read
at t = 0 (A 515(0)) and t = 30 (A 515(30)) min using a Thermo Helios Alpha UV/Vis
Spectrophotometer. The AA was calculated from a calibration curve, by plotting %∆A515
against known quercetin concentrations (3–50 µM), where

%∆A515 = [(A 515(0) − A 515(30))/A 515(0)] × 100.

The results were expressed as µM quercetin equivalents (µM QE).

2.10. Determination of Ascorbic Acid Content

The ascorbic acid content was evaluated using the indophenol–xylene extraction
method [67]. Briefly, 10 g of sample was mixed with 20 mL of 2% (w/v) oxalic acid, ground
in a mortar, and brought to 100 mL (final volume) with 2% (w/v) oxalic acid. After resting
for 10 min at room temperature and filtration, 2 mL of the content was mixed with 1 mL
of 2% (w/v) oxalic acid, 5 mL of sodium acetate solution, 2 mL of indophenol colorant,
and 20 mL of xylene, followed by centrifugation for 20 min at 4 ◦C and 9000 rpm. The
absorbance of the resulting sample extracts was measured at 500 nm, and the results were
expressed as mg ascorbic acid/100 g sample (fresh weight).

2.11. Microbiological Assay—Molds and Yeasts

Sample preparation for mold and yeast counts was achieved in aseptic conditions
(laminar flow, gloves, and scalpels), for each replicate, based on the method described by
Jafari et al. (2021) [68] and Eshghi et al. (2022) [69]. Briefly, 10 g of sample was mixed with
90 mL of sterilized distilled water in 100 mL Erlenmeyer flask. One (1) mL of each of the
appropriate serial dilution was plated by standard microbiological pour plate technique
on malt extract agar (MEA) medium (Scharlau, Spain). All plates were incubated for
5 days at 25 ◦C, and results were expressed as total number of colonies per dilution. All
microbiological determinations were performed in duplicate.

2.12. Statistical Analysis

The study assessed strawberry and apple fruit samples selected from 3 treatments.
The DM%/aw/TPC/AA/Vit C levels registered by each fruit type were measured over
time. All data are expressed as mean ± standard error of the mean (SEM). Results were
submitted to JMP 11 Statistical DiscoveryTM from SAS. Repeated measurement analysis of
variance (ANOVA) was performed to investigate the statistical differences among groups
for all analyzed parameters employing the Standard Least Squares method. The model
effects were treatment (Control, MMC-AcA-GSEO, MMC-AcA-SBEO, or HMC-AsA-GSEO),
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time (day 0, day 3, day 5, day 7, and day 9), and their interaction (Treatment × Time), in
order to evaluate the overall treatment effect, measured at 4 ◦C and 8 ◦C. Values of p < 0.05
were considered significant.

3. Results and Discussion
3.1. Scanning Electron Microscopy (SEM) Assay

Figure 2 shows the morphology of the applied coatings on whole strawberries and
apple slices. When analyzing strawberry coatings, fractures and pores were observed in the
coatings of fruits dipped in MMC-AcA-SBEO (Figure 2b) and HMC-AsA-GSEO (Figure 2c),
while the MMC-AcA-GSEO (Figure 2a) coating showed a continuous and smooth structure.
However, the coatings applied on strawberries appeared to be very thin, and consequently,
the thickness could not be measured on the coated fruit. The presence of porosity in a
sponge-like structure may have occurred due to the structure-elevated roughness asso-
ciated with the evaporation of the oil; this could be attributed to the disruption of the
crosslinking of the chitosan film (C–H bonds) due to the hydrophobic nature of the es-
sential oil components [45]. Similar effects were observed also by Oberlintner et al. (2021)
in a biodegradability study of active chitosan biopolymer films enriched with Quercus
polyphenol extract where a reduced thickness of the chitosan matrix occurred, but no
notable difference in morphology was observed [40]. Further, the structure of the chitosan-
based coatings appeared dense and smooth on apple slices, the thickness varying from
4.43 ± 0.5 µm on the tissue of the sliced sample to 13.61 ± 0.5 µm on the apple peal. This
difference may result from the high humidity of the slice tissue.
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(a) (b) (c) 

Figure 2. Scanning electron microscopy (SEM) images of (a) strawberry coated with medium molec-
ular weight chitosan, acetic acid, and grape seed EO (magnification 500×); (b) strawberry coated
with medium molecular weight chitosan, acetic acid, and sea buckthorn EO; (c) strawberry coated
with high molecular weight chitosan, ascorbic acid, and grape seed EO; (d) apple slices coated with
medium molecular weight chitosan, acetic acid, and grape seed EO (magnification 500×); (e) apple
slices coated with medium molecular weight chitosan, acetic acid, and sea buckthorn EO; and
(f) apple slices coated with high molecular weight chitosan, ascorbic acid, and grape seed EO.
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3.2. Effect of Edible Coating on Fruit Quality Parameters in Strawberries
3.2.1. Dry Matter and Water Activity

The main effects of treatment, time, and their interaction were assayed for the dry
matter (DM%) and water activity (aw) at 4 ◦C and 8 ◦C in strawberries during a storage
period of 7 days. DM% measured in coated fruit stored at 4 ◦C did not vary significantly
until day 5 (10.1–11.3%) compared with the control, except for MMC-AcA-SBEO, which
showed a significant drop at day 7 (Figure 3a). By contrast, repeated measurement analysis
revealed different patterns for coated strawberries stored at 8 ◦C when compared to 4 ◦C.
The improvement in DM% for both MMC coatings over the control was displayed by the
significant effects of Treatment (p < 0.0001*) and Time × Treatment (p < 0.0001*). The HMC-
AsA-GSEO revealed a drop at day 3 (7.09%), followed by a significant increase toward
day 7 (11.01%) compared with the control.
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Figure 3. The effect of coating treatment on strawberry (a) Dry matter (DM%) and (b) Water activity
(aw) during a 7-day storage period at 4 ◦C and 8 ◦C. The p-values for the effects of Treatment (coating),
Time and Interaction Treatment × Time are shown. Data are means ± SEM (n = 3). Asterisk (*)
indicates significance (p < 0.05*).

In terms of water activity (aw) measured at 4 ◦C and 8 ◦C, the improvement for coated
fruit was displayed by the significant Treatment effect (p = 0.0007* at 4 ◦C and p < 0.0001*
at 8 ◦C) (Figure 3b). Over time, the coated fruit maintained overall aw levels below the
control, as displayed by the Time × Treatment interaction effect (p = 0.0015* at 4 ◦C and
p < 0.0010* at 8 ◦C), except for MMC-AcA-SBEO (treatment B) at 4 ◦C on days 5 (0.98) and
7 (0.97).

Provided that moisture transfer occurs between the fruit produce and the surrounding
environment, bound water become a function of time throughout cost–storage [70]. Water
activity values of strawberries (Figure 3b) are maintained between 1.00 and 0.95, a range
that favors microbial spoilage of fresh fruit [71,72]. Our results show definitive overall
improvement at both 4 ◦C and 8 ◦C for coatings over the control and are in line with
previous findings [72–74].

In conjunction with the DM% evolution, the weight loss of strawberries, resulting from the
loss of water content, are consistent in terms of the improvement due to coating application.

Given that water activity regulates moisture migration, differences in DM% were
drastic for HMC-AsA-GSEO, whereas the MMC exhibited steady trends throughout storage.
This might be attributed to the difference in coating permeability, which in turn accounts
for the amount of water available for chemical and physical reactions [72]. For example,
Choi et al. (2016) observed that the excessive addition of EO altered the structure of an
HPMC (Hydroxy Propyl Methyl Cellulose) coating, resulting in a loosened structure, more
prone to water migration [75].
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3.2.2. Total Polyphenol Content, Antioxidant Activity, and Vitamin C Content

The effect of an edible coating on total polyphenol content, antioxidant activity, and
vitamin C content was assayed in strawberries over a 7-day storage period. Our results
show a significant drop in TPC measured at 4 ◦C on day 3 followed by an increase on day 5
irrespective of the coating. At day 7, only the HMC-AsA-GSEO increased progressively
during storage at 4 ◦C (597 mg GAE/L), revealing a significant improvement over the
control (Figure 4a). The significant main effect of coating Treatment (p < 0.0001*) and
Treatment × Time (p = <0.0001*) is also displayed at 8 ◦C by the similar patterns in TPC
over time, with HMC-AsA-GSEO registering higher levels than the control throughout
storage (454.4–736.8 mg GAE/L).
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period at 4 ◦C and 8 ◦C. (a) Total Polyphenol Content (TPC—mg GAE/L); (b) Antioxidant Activity
(AA—µM QE); and (c) Vitamin C content (Vit C—mg/100 g fresh weight). The p-values for the effects
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Similarly, the antioxidant activity (AA) shows close patterns over time between the
MMC coatings and the control measured both at 4 ◦C (Treatment × Time, p < 0.0001*)
and 8 ◦C (Treatment × Time, p < 0.0001*) (Figure 4b); the control and the MMC coatings
registered a drop at day 3 at both temperatures, while the HMC-AsA-GSEO displayed
steady levels maintained until day 7. At the same time, the vitamin C content (Figure 4c)
measured at 4 ◦C (20.11–24.67 mg/100 g f.w.) registered a drop on day 3 for the MMC-
AcA-SBEO- and HMC-AsA-GSEO-coated fruit compared to the control, followed by an
increase on day 5 and another drop on day 7 matching the control (Treatment × Time,
p < 0.0001*). On the other hand, when measured at 8 °C (20.75–23.76 mg/100 g f.w.), the
HMC-AsA-GSEO maintained higher levels than the control toward the end of the study
period (Treatment × Time, p < 0.0001*).
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Despite the overall decrease in DM% in coated strawberries, along with the main-
tenance of aw levels below that of the control, we noted that only the HMC-AsA-GSEO
treatment exhibited a significant improvement in TPC together with AA (Figure 4a,b). In
addition to the concentration of the solids, this effect might be ascribed to the more compact
coating in comparison with the MMC treatments, which provided an enhanced protective
barrier against polyphenol oxidative reactions [76,77]. Similarly, Dashipour et al. (2015)
observed higher efficiency for TPC and AA in Zataria multiflora EO coatings [78].

Moreover, the incorporation of EOs has been considered to interact with the fruit
tissue, as well as with the internal atmosphere; hence, it provides a suitable environment
toward the inhibition of biochemical reactions and scavenging of hydroxyl radicals [79,80].

In this context, the oxidation/degradation of ascorbic acid is also affected, pertaining
to a decelerated ripening process through the coating [74]. As presented above, our findings
indicate that the vitamin C levels in the strawberry population differ as a function of coating
treatment depending on time; we noted a significant effect of both of our main effects,
coating and time, as well as their interaction with HMC-AsA-GSEO as the most efficient. It
stands to reason that, despite the presence of EOs in all coating treatments, the HM chitosan
is responsible for the delayed respiration rate and metabolic activity [76,79,81]. Similar
results were observed by de Oliveira Filho et al. (2022) who analyzed strawberry samples
during a 12 days period. The coated samples presented improved shelf life, antioxidant
activity, phenolic compounds, and ascorbic acid content compared with uncoated strawber-
ries. The coatings that contained essential oils proved to have antimicrobial activity [82].
In addition, an edible coating developed from chia seed mucilage and bacterial cellulose
nanofiber was analyzed in order to determine its effect on the bioactive compounds and
antioxidant enzyme activity of the strawberry samples. The coated strawberry samples
proved to preserve the ascorbic acid content, protein content, and antioxidant activity, as
well as the phenolic and flavonoid compounds [83]. In line with these, Martínez et al.
(2018) described the protective effect of the Thymus capitatus essential oil incorporated in a
chitosan edible coating on strawberries, delaying the reduction in antioxidant properties
and extending the shelf life of the coated fruit to 15 days [45].

3.3. Effect of Edible Coating on Fruit Quality Parameters in Apples
3.3.1. Dry Matter and Water Activity

Observations were recorded for apple slices on the coating treatment they were as-
signed and their response for dry matter (%) and water activity (aw) for a period of 9 days
(Figure 5).

Foods 2022, 11, x FOR PEER REVIEW 11 of 20 
 

 

and bacterial cellulose nanofiber was analyzed in order to determine its effect on the bio-

active compounds and antioxidant enzyme activity of the strawberry samples. The coated 

strawberry samples proved to preserve the ascorbic acid content, protein content, and an-

tioxidant activity, as well as the phenolic and flavonoid compounds [83]. In line with 

these, Martínez et al. (2018) described the protective effect of the Thymus capitatus essential 

oil incorporated in a chitosan edible coating on strawberries, delaying the reduction in 

antioxidant properties and extending the shelf life of the coated fruit to 15 days [45].  

3.3. Effect of Edible Coating on Fruit Quality Parameters in Apples  

3.3.1. Dry Matter and Water Activity 

Observations were recorded for apple slices on the coating treatment they were as-

signed and their response for dry matter (%) and water activity (aw) for a period of 9 days 

(Figure 5).  

The assessment of the effect of the different coatings on DM% levels measured at 

both 4 °C and 8 °C indicates that there is a different effect of treatment depending on time 

(Treatment × Time, p < 0.0001* at 4 °C and 8 °C, respectively) (Figure 5a). For a 9-day 

storage assessment, the effect appears identical for the tested coatings, showing steady 

overall patterns (81.8–86.9%); for HMC-AsA-GSEO; however, a drop in DM% is deline-

ated at day 7 (4 °C).  

For water activity, ranging between 0.96 and 0.98, the pattern of effect of time de-

pending on the different coating treatments is more pronounced at 4 °C than at 8 °C (Fig-

ure 5b). The delayed decrease in aw levels was noted only for MMC-AcA-SBEO and HMC-

AsA-GSEO at 4 °C, whereas it manifested for all coating treatments at 8 °C when com-

pared with the control.  

 

Figure 5. The effect of coating treatment on apple slices (a) Dry matter (DM%) and (b) Water activity 

(aw) during a 9-day storage period at 4 °C and 8 °C. The p-values for the effects of Treatment (coat-

ing), Time and Interaction Treatment × Time are shown. Data are means ± SEM (n = 3). Asterisk (*) 

indicates significance (p < 0.05*). 

Unlike strawberries, apples contain fewer amounts of water. However, when sliced, 

it is only natural that moisture loss occurs [84]. The apparent improvement depicted 

through the tendency for a delayed weight loss (Figure 5a) is further substantiated when 

HMC-AsA-GSEO and MMC-AcA-SBEO (treatments C and B, respectively) exert a posi-

tive decrease in aw values at 4 °C (Figure 5b). It might be attributed to differences in the 

hydrophobicity of the coating treatments due to the addition of EOs. To a certain degree, 

a cross-linking effect might be responsible for a reduced interaction between the coating 

surface and the water molecules [74,76,78]. Like the case of strawberries, our findings on 

cold-stored apples indicate that coating permeability might be responsible for the plain 

overall improvement, revealed also at 8 °C. As a consequence of coating treatment appli-

cation, a higher relative humidity surrounding the apple slices mitigates water loss [84].  

Figure 5. The effect of coating treatment on apple slices (a) Dry matter (DM%) and (b) Water activity
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Time and Interaction Treatment × Time are shown. Data are means ± SEM (n = 3). Asterisk (*)
indicates significance (p < 0.05*).
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The assessment of the effect of the different coatings on DM% levels measured at
both 4 ◦C and 8 ◦C indicates that there is a different effect of treatment depending on time
(Treatment × Time, p < 0.0001* at 4 ◦C and 8 ◦C, respectively) (Figure 5a). For a 9-day
storage assessment, the effect appears identical for the tested coatings, showing steady
overall patterns (81.8–86.9%); for HMC-AsA-GSEO; however, a drop in DM% is delineated
at day 7 (4 ◦C).

For water activity, ranging between 0.96 and 0.98, the pattern of effect of time depend-
ing on the different coating treatments is more pronounced at 4 ◦C than at 8 ◦C (Figure 5b).
The delayed decrease in aw levels was noted only for MMC-AcA-SBEO and HMC-AsA-
GSEO at 4 ◦C, whereas it manifested for all coating treatments at 8 ◦C when compared with
the control.

Unlike strawberries, apples contain fewer amounts of water. However, when sliced, it
is only natural that moisture loss occurs [84]. The apparent improvement depicted through
the tendency for a delayed weight loss (Figure 5a) is further substantiated when HMC-AsA-
GSEO and MMC-AcA-SBEO (treatments C and B, respectively) exert a positive decrease in
aw values at 4 ◦C (Figure 5b). It might be attributed to differences in the hydrophobicity
of the coating treatments due to the addition of EOs. To a certain degree, a cross-linking
effect might be responsible for a reduced interaction between the coating surface and the
water molecules [74,76,78]. Like the case of strawberries, our findings on cold-stored apples
indicate that coating permeability might be responsible for the plain overall improvement,
revealed also at 8 ◦C. As a consequence of coating treatment application, a higher relative
humidity surrounding the apple slices mitigates water loss [84].

3.3.2. Total Polyphenol Content, Antioxidant Activity, and Vitamin C Content

The Least Squares Means Plot (Figure 6) shows the results of the test for the fixed
factors, in this case, the two main effects for Treatment and Time. In addition, the interaction
of Coating Treatment and Time is showing the differences by time broken apart by treatment.
TPC levels measured at 4 ◦C (89–242 mgGAE/L) showed an increasing tendency for HMC-
AsA-GSEO until day 7, after which it registered a significant drop below the control on
day 9 (Figure 6a). By contrast, the two MMC coatings had contents lower than the control
overall. As such, we can see a statistically significant effect for Treatment (p < 0.0001*)
on TPC registered and for Time (p < 0.0001*) on TPC registered, as well as evidence that
there is an interaction between Treatment and Time (p < 0.0001*). When evaluated at 8 ◦C
(107–240 mg GAE/L), the evolution of TPC showed similar trends for the GSEO-treated
fruit, with the HMC coating well above the MMC one, and higher than the control overall
(Treatment × Time, p < 0.0001*). The MMC-AcA-SBEO did not manage to improve the TPC
of apple slices over time, registering the lowest content at the end of the storage period.

Our results show the AA levels drop at 4 ◦C for all treatments on day 3, followed
by a progressive increase over time for the coatings containing GSEO (Treatment × Time,
p < 0.0001*) (Figure 6b). The MMC-AcA-GSEO-coated fruit revealed a notable evolution
in TPC, standing out at the end of cold storage, followed closely by HMC-AsA-GSEO
(Treatment, p < 0.0001*). By increasing the storage temperature (8 ◦C), we observed different
trends in the overall coating effect, as evidenced by the Treatment × Time interaction
(p < 0.0001*). Nonetheless, by the end of the study period, a similar disposition in TPC was
achieved, highlighted by the elevated levels of GSEO coatings compared with the control.

Similarly, for the vitamin C content (Figure 6c), we evaluated whether there is anything
about the effect of time that changes the effect of coating treatment. In this case, the effect
of time is to have the vitamin C be constant, with a notable increase from day 3 observed at
both 4 ◦C and 8 ◦C. Furthermore, the control fruit stored at 4 ◦C showed a slight increase;
however, it was lower than the coated fruit. Nonetheless, when comparing the differences
at each time point measured at 8 ◦C, the effect of treatment for the uncoated apple slices is
the same at all time periods.
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Figure 6. The effect of coating treatment on apple slices antioxidant status during a 9-day storage
period at 4 ◦C and 8 ◦C. (a) Total Polyphenol Content (TPC—mg GAE/L); (b) Antioxidant Activity
(AA—µM QE); and (c) Vitamin C content (Vit C—mg/100 g fresh weight). The p-values for the effects
of Treatment (coating), Time and Interaction Treatment × Time are shown. Data are means ± SEM
(n = 3). Asterisk (*) indicates significance (p < 0.05*).

Present in variable concentrations in apples, phenolic compounds together with ascor-
bic acid, account to a great extent for the antioxidant activity of food and promote human
health [85,86]. Minimally processed apples are accompanied by an enzymatic synthesis
of polyphenols through the activity of phenylalanine ammonia lyase (PAL); at the same
time, polyphenol oxidase (PPO) causes the degradation of phenolic compounds [85,87]. In
addition, the content of acidic compounds during ripening has a decreasing tendency over
time, which might be attributed to the oxidation of organic acids along with the rise in pH
values [84,88]. The tandem use of edible coatings and antioxidants (essential oils) is able to
inhibit these degradation processes [87,89]. In this context, our findings suggest that the
incorporation of GSEO into the HMC coating enabled the stabilization of pH and decreased
the activity of PPO, which in turn contributed to the higher TPC and AA monitored at both
4 ◦C and 8 ◦C. Given that gas permeability reduction is promoted by using edible coatings,
fruit are accompanied by a decrease in respiration rate during cold storage; accordingly,
ascorbic acid degradation is also diminished [86]. Accordingly, the overlapping patterns
for vitamin C (Figure 6c) provide further insight on the considerable improvement per-
taining to the antioxidant activity levels. It can be inferred that the assessed coatings are
not interacting with the vitamin C content, irrespective of the treatment, and are able to
maintain this parameter above the physiological postharvest levels. Similar results were
obtained when rose apples (Cv. Tabtimchan) were coated with a sodium alginate-based
edible coating in order to maintain the postharvest quality when stored at low temperatures.
The coated samples had a significantly reduced respiration rate and weight loss throughout
the 10 days of storage. The total phenolic content and antioxidant activity presented higher
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values compared to the control on day 10 [90]. In addition, Kumar et al. (2018) reported
the improvement of shelf life of fresh-cut Royal Delicious apple wedges when applied an
edible coating containing antibrowning agents. Their application indicated a significant
effect on the apples’ weight loss and enzymatic browning and retarded microorganism
growth during a 7-day storage period at 5 ± 2 ◦C [91]. In this context, similar findings were
indicated by Farina et al. (2020) when lemon essential oil was incorporated in aloe vera
gel-based edible coatings. The postharvest quality of fresh-cut Fuji apples was improved
in terms of soluble solids, titratable acidity, and pH and managed to maintain the overall
nutrients and vitamin content throughout storage [92].

3.4. Microbiological Analysis

Strawberries are fruits that have a short shelf life because of their high water content
and high physiological activities, thus being susceptible to several types of microorganisms,
the main one being Botrytis cinerea [56]. The results of the microbiological analysis of
yeasts and molds are quite straightforward; the microbial load was significantly decreased
throughout the storage period at both temperatures, 4 ◦C and 8 ◦C, as shown in Figure 7.
All types of coatings, compared to the control samples that were uncoated, had significantly
lower levels of microbial load. However, strawberries coated with chitosan, acetic acid
solutions, and sea buckthorn oil provided the lowest count of molds and yeasts until day 7
of the analysis. The results are in accordance with the lower water activity presented in
this study by the coated samples, thus providing an unsuitable environment for microbial
growth. These results are in agreement with those obtained by Xin et al. (2022) [93],
Lukša et al. (2018) [94], and de Mata et al. (2022) [95] who studied the antifungal effect of
sea buckthorn and grape seed EOs, and their findings confirmed their antifungal activity
over several fungi strains. Moreover, Velickova et al. (2013) [96] show that chitosan-based
edible films present antimicrobial growth and extend the shelf life of strawberries.
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Figure 7. The effect of coating treatment on total number of strawberry mold and yeast colonies
(log CFU/g) for a 10−2 dilution during a 7-day storage period at 4 ◦C and 8 ◦C. The p-values for
the effects of Treatment (coating), Time and Interaction Treatment × Time are shown. Data are
means ± SEM (n = 2). Asterisk (*) indicates significance (p < 0.05*).

In the case of the microbiological assay of the apple samples, it is noted that no
microbial load was observed at the tested dilutions.

3.5. Study Limitations

The present study was intended to stand as a potential tool in support to maintaining
the postharvest quality of fruit. Yet, given the nature of the employed methods, some
drawbacks of our study include (a) missing sensorial evaluation and (b), arguably, a lack
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of measurements of the tested parameters at more realistic temperatures (e.g., 23 ◦C).
Nonetheless, taking into account the adjunction of functional ingredients pertaining to
added-value features (e.g., antimicrobial activity), edible coatings represent a suitable choice
towards maintaining the characteristics of fresh-cut fruit, a well-established challenge for
food processors.

In order to attain adequacy from the economical perspective and to provide pertinent
insight toward real-life applications, consistent research and development on edible coat-
ing methods is needed [7]. Moreover, consumers are progressively demanding healthy
foods and become more educated; consequently, from a practical perspective, one of the ap-
proaches employed to extend the storability of perishable produce is the application of edible
coatings, followed by cold storage, deemed more realistic than at room temperature [30–32].

With regard to the taste of the coated fruit, we did not evaluate the sensorial attributed
by employing a trained panel. The addition of ascorbic or acetic acid along with the
sea buckthorn or grape seed essential oils may indeed have the potential of altering the
taste of the resulting coated fruit. However, given that postharvest losses of fruits are
due to fungal infection, physiological disorders, and physical injuries, edible coatings can
be used as a protective barrier to reduce respiration rates, retard microbial growth, and
improve texture quality [30–32]. As such, if the coating film applied herein were to be
unable to maintain the firmness and microbial load of the samples after refrigerated storage,
off-odor/off-flavor may have indeed occurred. In addition, the use of essential oils as
antimicrobial agents prolonged the desirable appearance of the tested fruit and retarded
the development of microorganisms; these adjuvants have been previously deemed ac-
ceptable for consumers [3,7]. In a similar manner, Pavinatto et al. (2020) observed that a
chitosan/glycerol 30% coating had an insignificant effect on the flavor, appearance, aroma,
and texture of coated strawberries [55].

A fair assumption would be that the measurements could seem short and some results
scattered and perceived as systematic errors, which may not be representative enough.
Nonetheless, having achieved mechanical/biological protection/extension afforded herein
by the coating in conjunction with the inclusion of essential oils, with no disproportionate
response of the measurements corroborated with other scientific works, the benefits of
the proposed approach would be desirable. Moreover, having assumed a proper tandem
assessment of the physicochemical parameters at two different temperatures of cold storage
(4 ◦C and 8 ◦C), our observations could provide supplementary information as to what
extent the functional coatings can explain the GSEO and SBEO potential and render the
measurements of the study relevant pertaining to the retention of postharvest quality.
Taking into account both the drawbacks and the strengths of the study, these observations
warrant their practical relevance for the purpose at hand and merit further exploration
with regard to their potential application.

4. Conclusions

The developed chitosan-based and EO edible coatings managed to improve the
postharvest quality and shelf life of the strawberries and apple slices during the stor-
age period, minimizing physicochemical changes and maintaining a significantly lower
microbial growth compared to the uncoated control samples. Coating strawberries and
apples slices with the three chitosan-based edible coatings presented a beneficial impact
in preserving the ascorbic acid, total phenolic content, and antioxidant activity in fruits
during the cold storage period. Strawberries and apples coated with HMC-AsA-GSEO
presented the best results regarding the ascorbic acid content and the antioxidant activity
during the shelf-life period. In the case of strawberry samples, after 7 days of cold storage,
the chitosan-based edible coatings functionalized with essential oils were able to reduce
the microbial growth significantly, thus maintaining their postharvest and shelf life. It can
be concluded that the developed chitosan-based coatings represent a promising technique
to attain mechanical protection and preserve the postharvest quality parameters and shelf
life of strawberries and apple slices during cold storage.
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10. Markevičiūtė, Z.; Varžinskas, V. Smart Material Choice: The Importance of Circular Design Strategy Applications for Bio-Based
Food Packaging Preproduction and End-of-Life Life Cycle Stages. Sustainability 2022, 14, 6366. [CrossRef]

11. de Oliveira, W.Q.; de Azeredo, H.M.C.; Neri-Numa, I.A.; Pastore, G.M. Food packaging wastes amid the COVID-19 pandemic:
Trends and challenges. Trends Food Sci. Technol. 2021, 116, 1195–1199. [CrossRef]

12. Singh, G.P.; Bangar, S.P.; Yang, T.; Trif, M.; Kumar, V.; Kumar, D. Effect on the Properties of Edible Starch-Based Films by the
Incorporation of Additives: A Review. Polymers 2022, 14, 1987. [CrossRef]

13. European Commission. Regulation (EC) No 1935/2004 of the European Parliament and of the Council of 27 October 2004 on
materials and articles intended to come into contact with food and repealing Directives 80/590/EEC and 89/109/EEC. Off. J. Eur.
Union 2004, 338, 4–17.

14. European Commission. Commission Regulation (EU) No 10/2011 of 14 January 2011 on plastic materials and articles intended to
come into contact with food Text with EEA relevance. Off. J. Eur. Union 2011, 45, 42–130.

15. Aiduang, W.; Chanthaluck, A.; Kumla, J.; Jatuwong, K.; Srinuanpan, S.; Waroonkun, T.; Oranratmanee, R.; Lumyong, S.;
Suwannarach, N. Amazing Fungi for Eco-Friendly Composite Materials : A Comprehensive Review. J. Fungi 2022, 8, 842.
[CrossRef]

16. Salazar, R.; Salas-Gomez, V.; Alvarado, A.A.; Baykara, H. Preparation, Characterization and Evaluation of Antibacterial Properties
of Polylactide-Polyethylene Glycol-Chitosan Active Composite Films. Polymers 2022, 14, 2266. [CrossRef] [PubMed]

17. Davis, G.; Song, J.H. Biodegradable packaging based on raw materials from crops and their impact on waste management. Ind.
Crop. Prod. 2006, 23, 147–161. [CrossRef]

18. Salehi, F. Edible Coating of Fruits and Vegetables Using Natural Gums: A Review. Int. J. Fruit Sci. 2020, 20, S570–S589. [CrossRef]
19. Valdés, A.; Ramos, M.; Beltrán, A.; Jiménez, A.; Garrigós, M.C. State of the art of antimicrobial edible coatings for food packaging

applications. Coatings 2017, 7, 56. [CrossRef]
20. Paidari, S.; Zamindar, N.; Tahergorabi, R.; Kargar, M.; Ezzati, S.; Shirani, N.; Musavi, S.H. Edible coating and films as promising

packaging: A mini review. J. Food Meas. Charact. 2021, 15, 4205–4214. [CrossRef]

http://doi.org/10.1016/j.lwt.2017.10.051
http://doi.org/10.1016/j.ijbiomac.2017.11.097
http://www.ncbi.nlm.nih.gov/pubmed/29155200
http://doi.org/10.3390/encyclopedia2030095
http://doi.org/10.1111/jfpp.13247
http://doi.org/10.1016/j.tifs.2019.12.024
http://doi.org/10.3390/su14106366
http://doi.org/10.1016/j.tifs.2021.05.027
http://doi.org/10.3390/polym14101987
http://doi.org/10.3390/jof8080842
http://doi.org/10.3390/polym14112266
http://www.ncbi.nlm.nih.gov/pubmed/35683938
http://doi.org/10.1016/j.indcrop.2005.05.004
http://doi.org/10.1080/15538362.2020.1746730
http://doi.org/10.3390/coatings7040056
http://doi.org/10.1007/s11694-021-00979-7


Foods 2022, 11, 3317 16 of 18

21. Shahidi, F.; Hossain, A. Preservation of aquatic food using edible films and coatings containing essential oils: A review. Crit. Rev.
Food Sci. Nutr. 2022, 62, 66–105. [CrossRef]

22. Mistriotis, A.; Briassoulis, D.; Giannoulis, A.; D’Aquino, S. Design of biodegradable bio-based equilibrium modified atmosphere
packaging (EMAP) for fresh fruits and vegetables by using micro-perforated poly-lactic acid (PLA) films. Postharvest Biol. Technol.
2016, 111, 380–389. [CrossRef]

23. Jalali, A.; Linke, M.; Geyer, M.; Mahajan, P.V. Shelf life prediction model for strawberry based on respiration and transpiration
processes. Food Packag. Shelf Life 2020, 25, 100525. [CrossRef]

24. Pop, O.L.; Pop, C.R.; Dufrechou, M.; Vodnar, D.C.; Socaci, S.A.; Dulf, F.V.; Minervini, F.; Suharoschi, R. Edible films and coatings
functionalization by probiotic incorporation: A review. Polymers 2020, 12, 12. [CrossRef] [PubMed]

25. Lin, D.; Zhao, Y. Innovations in the Development and Application of Edible Coatings for Fresh and Minimally Processed Fruits
and Vegetables. Compr. Rev. Food Sci. Food Saf. 2007, 6, 60–75. [CrossRef]

26. Singh, P.; Magalhães, S.; Alves, L.; Antunes, F.; Miguel, M.; Lindman, B.; Medronho, B. Cellulose-based edible films for probiotic
entrapment. Food Hydrocoll. 2019, 88, 68–74. [CrossRef]

27. Tavassoli-Kafrani, E.; Shekarchizadeh, H.; Masoudpour-Behabadi, M. Development of edible films and coatings from alginates
and carrageenans. Carbohydr. Polym. 2016, 137, 360–374. [CrossRef]

28. Duran, A.; Kahve, H.I. The effect of chitosan coating and vacuum packaging on the microbiological and chemical properties of
beef. Meat Sci. 2020, 162, 107961. [CrossRef]

29. Guerreiro, A.C.; Gago, C.M.L.; Faleiro, M.L.; Miguel, M.G.C.; Antunes, M.D.C. The effect of alginate-based edible coatings
enriched with essential oils constituents on Arbutus unedo L. fresh fruit storage. Postharvest Biol. Technol. 2015, 100, 226–233.
[CrossRef]

30. No, H.K.; Meyers, S.P.; Prinyawiwatkul, W.; Xu, Z. Applications of Chitosan for Improvement of Quality and Shelf Life of Foods:
A Review. J. Food Sci. 2007, 72, R87–R100. [CrossRef]

31. Etxabide, A.; Uranga, J.; Guerrero, P.; de la Caba, K. Development of active gelatin films by means of valorisation of food
processing waste: A review. Food Hydrocoll. 2017, 68, 192–198. [CrossRef]

32. Díaz-Montes, E.; Castro-Muñoz, R. Edible films and coatings as food-quality preservers: An overview. Foods 2021, 10, 249.
[CrossRef] [PubMed]
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Abstract: In the past decade, the probiotic market has grown rapidly, both for foods and supplements
intended to enhance wellness in healthy individuals. Different lactic acid bacteria (LAB), especially
Lactobacillus spp., of different origins have already been used to develop commercial probiotic
products. Nowadays, LAB new alternative sources, such as non-dairy fermented food products,
are being exploited. One such source is Kombucha, a fermented low-alcohol beverage made
of tea leaves. In this regard, we tested seven Pediococcus spp. strains isolated from a local
industrial Kombucha for their biotechnological potential. Two, out of the seven isolates, identified as
Pediococcus pentosaceus (L3) and Pediococcus acidiliactici (L5), were selected as successful candidates for
the food industry, due to their probiotic and technological properties. In regard to their resistance in
the gastro-intestinal tract, both selected strains were tolerant to a pH of 3.5, presence of 0.3% pepsin,
and 0.5% bile salt concentration. On the antagonistic side, the fresh suspension of selected isolates
had high inhibitory activity against pathogenic bacteria, such as Salmonella enterica Typhimurium,
Listeria monocytogenes, Listeria ivanovii, Bacillus cereus, Proteus hauseri, and methicillin resistant
Staphylococcus aureus. In addition, moderate to high inhibitory activity was noticed against foodborne
molds (e.g., Penicillium expansum and Penicillium digitatum). These safety issues were supported
by their negative hemolytic activity and good antioxidant potential (56–58%). Selected isolates
were sensitive to ampicillin, penicillin, erythromycin, and lincomycin, while a broad range of other
antibiotics were not effective inhibitors. On the technological side, both strains tolerated 5% NaCl and,
during the freeze-drying process, had a good survival rate (86–92%). The selected Pediococcus strains
have proven properties to be used for further development of functional products.

Keywords: lactic acid bacteria (LAB); Pediococcus spp.; Kombucha; probiotic; antimicrobial; lyophilization

1. Introduction

In 2002, the United Nations’ Food and Agriculture Organization and the World Health
Organization [1] defined probiotics as “live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host”. From that moment until the present, important efforts
have been made to develop probiotic commercial products, as well as products with prebiotics and
synbiotics. It is generally accepted that these are likely to provide general health benefits for humans
and animals, such as restoring the disturbed gut microbiota, regulating intestinal transit, competitively
excluding pathogens from adhesion sites, and producing short chain fatty acids [2]. Consequently,
the probiotic market has grown rapidly both for foods and supplements intended to enhance wellness
in healthy individuals [3]. Different microorganisms of different origins have already been used to
develop commercial probiotic products. The most common commercially available strains belong
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to the Lactobacillus species (casei, acidophilus, fermentum, gasseri, johnsonii, reuteri, plantarum, paracasei,
rhamnosus or salivarius) and Bifidobacterium species (bifidum, breve, adolescentis, animalis, or longum) [4].
The probiotic market trend indicates that there is still room for new products made of alternative
probiotic sources that bode extended shelf lives, chemical stability, and are reasonably priced [5],
all while reducing the risk of cholesterol problems in lactose intolerant people [6]. Different alternative
sources have been exploited, i.e., mainly non-dairy fermented food products, such as traditional
fermented foods, traditional fermented drinks, vegetables, and fruit juice. It has been demonstrated
that the differences in raw materials and ingredients used to prepare such products are the main factors
that lead to the different available species or strains of probiotics in food sources [7].

The main lactic acid bacteria (LAB) genera isolated from fermented plants and fermented meats
is Lactobacillus. The most common LAB genera isolated from fermented seafoods is Enterococcus [7].
For example, the main LAB isolated from black olives were L. pentosus and Leuconostoc mesenteroides
and from green olives were L. pentosus, L. plantarum, and L. paracasei [8,9]. Pediococcus pentosaceous
strains were isolated from some traditional Thai fermented foods containing fish and pork [10] or from
traditional Ethiopian fermented beef sausage [11].

Non-dairy fermented beverages, such as Pozol, Bushera, Boza, Mahewu, and Togwa, made of cereals,
millets, legumes, fruits, and vegetables, are frequently reported as good sources of probiotics [12]. In the
past decade, special attention has been paid to Kombucha, a fermented low-alcohol beverage made of tea
leaves. Kombucha is reported to have several health benefits, such as antioxidant potential, antibacterial
activity, and antiproliferative activity against cancer cell lines [13]. Different sources of Kombucha were
characterized for their biochemical composition and complex microbial biodiversity (characterized
by the presence of acetic acid bacteria, yeasts, and lactic acid bacteria). Generally, the consortium is
dominated by acetic bacteria such as Komagataeibacter sp. and Gluconobacter sp., as well as yeast such as
Brettanomyces, Hanseniaspora, Saccharomyces, Torulaspora, or Schizosaccharomyces [14,15]. Few studies
reported on the interactions inside such complex microbial biodiversity and the focus was mainly on
the acetic bacteria-yeast interaction [16]. The LAB are often, but not always, reported in Kombucha,
and the main identified genera are Lactobacillus spp., Lactococcus spp., or Leuconostoc spp. [17,18].
Occasionally, Pediococcus spp. has been reported to belong to such consortium in industrial Kombucha
sources [19]. It has been demonstrated that the viability of probiotic microorganisms is more difficult
to maintain in non-dairy matrices than in dairy matrices and the physicochemical parameters must
be carefully controlled to guarantee the probiotic viability [20]. Different strains of Pediococcus spp.
isolated from other traditional fermented sources were reported as potential probiotics: P. pentosaceus
from Idly batter, a traditional fermented food in South India [21]; P. pentosaceus and P. acidiliactici from
Omegisool, a traditionally fermented millet alcoholic beverage in Korea [22]; P. pentosaceous strains
isolated from Wakalim, the traditional Ethiopian fermented beef sausage [11]; or from Kunu-zaki,
a Nigerian traditional fermented drink [23].

In the developmental process of new probiotic food products, the selection of probiotic
microorganisms is the main challenge for food industries. The selection of probiotics from different
sources requests screening for non-pathogenic microorganisms, which are further evaluated for some
basic properties, such as the tolerance to gastro-intestinal environments, the ability to inhibit pathogens
in the gastro-intestinal tract, resistance to antibiotics, adhesion potential, etc. Another important
feature for industrial use is the viability during processing treatments and storage [24]. Our demarche
targeted the screening of Pediococcus strains, formerly isolated from industrial Kombucha, for their
probiotic potential and technological aspects. On the probiotic side, the isolates were tested for their
resistance to the gastro-intestinal environment (i.e., low pH, pepsin, and bile salt presence), antagonism
against different groups of pathogens, safety aspects (e.g., hemolytic activity, antioxidant activity),
and antibiotic resistance. The technological aspects covered tolerance to NaCl presence, as a food
additive, and the influence of the freeze-drying procedure on the cell viability, as a conditioning method
for probiotics’ industrial use.
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2. Materials and Methods

2.1. Microorganisms

The tested LAB were formerly isolated in our laboratory from an industrial Kombucha source,
made of green tea leaves, and provided by Medica FarmImpex SRL, Otopeni, Romania. All isolates
(S1, S2, S3, L3, and F1) have been previously identified by sequencing and reported as belonging to the
species P. pentosaceus [19], except two isolates (L5 and F2), which reclassified after further investigations
as P. acidilactici (for F1 and F2 isolates the sequences analysis is provided in the Supplementary
Information, Table S1).

In the case of the antagonistic interactions’ study, different groups of pathogens were taken into
account, from human pathogenic bacteria to foodborne molds, as detailed in Table 1.

Table 1. Pathogenic microorganisms used in the antagonistic tests.

Strain Origin Special Characteristics

Bacteria
Escherichia coli ATCC 8739 ATCC® -
Salmonella enterica Typhimurium ATCC 14028 ATCC® -
Staphylococcus epidermidis ATCC 12228 ATCC® vancomycin sensitive
Staphylococcus epidermidis ATCC 51625 ATCC® Methicillin resistant
Staphylococcus aureus ATCC 25923 ATCC® methicillin sensitive
Staphylococcus aureus ATCC 6538 ATCC® methicillin sensitive
Staphylococcus aureus ATCC 43300 ATCC® methicillin and oxacilin -resistant
Staphylococcus aureus ATCC 33592 ATCC® methicillin and gentamicin -resistant
Listeria ivanovii ATCC 19119 ATCC® resistant in acid medium
Listeria monocytogenes ATCC 7644 ATCC® serogroup 1/2c
Proteus hauseri (vulgaris) ATCC 13315 ATCC® -
Streptococcus pyogenes ATCC 19615 ATCC® β-hemolytic
Bacillus cereus CP1 UASVM Bucharest -
Yeast
Candida albicans ATCC 10231 ATCC® serotype A
Candida parapsilosis ATCC 20019 ATCC® -
Candida guilermondii MI 40 UASVM Bucharest -
Candida krusei MI 41 UASVM Bucharest -
Molds
Aspergillus niger M4 UASVM Bucharest
Aspergillus carbonarius MI 15 UASVM Bucharest
Aspergillus flavus MI 24 UASVM Bucharest
Penicillium digitatum MI 22 UASVM Bucharest
Penicillium expansum MI BB Hus, i UASVM Bucharest

2.2. Testing LAB Tolerance to Pepsin in Acidic pH

The tolerance to pepsin’s presence and acidic pH was tested with an adapted method described by
Chen et al. 2018 [25]. Fresh culture of LAB cultivated in a Man–Rogosa–Sharpe (MRS) broth medium
(VWR, UK) for 18 h at 37 ◦C was centrifuged at 2000 g/10 min and the cell pellets was re-suspended
and washed twice, under aseptic conditions, with sterile physiological saline solution (NaCl 0.9%).
The LAB biomass was re-suspended in PBS (phosphate-buffered saline) supplemented with 0.3%
pepsin (Merck); the pH was adjusted to 2.5 with 1 N HCl. The suspension was incubated at 37 ◦C and
cell viability was calculated according to the formula:

% viability =
logCFU Nt
logCFU Ni

× 100

where Ni is the initial number of viable cells in the suspension and Nt the total viable cells after a
specific incubation time. Colonies of the surviving LAB were counted after on-plate cultivation at
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37 ◦C during 24 h, on MRS medium (VWR, UK). Samples were counted after 90 and 180 minutes’
exposure to low pH and pepsin.

2.3. Testing LAB Tolerance to Bile Salts Presence

Bile salts influence on LAB was tested according to the method described by Adetoye et al. (2018) [26]
with some modifications. The Kombucha LAB isolates were cultivated in MRS broth (VWR, UK) at
37 ◦C/4 h supplemented with different bile salt (Oxoid, UK) concentrations (0.5 and 1%). The sampling
was done after 2 and 4 h of cultivation; dilutions were performed in sterile peptone (Oxoid, UK) water
and spread on MRS-agar plate. Cell levels dynamic was measured by calculating CFU/mL After counting
the colonies by the aid of a Colony Counter (Boeco CC-1, UK). All samples were performed in triplicate.

2.4. Testing the Inhibitory Activity of the LAB on Pathogenic Microorganisms by Disk-Diffusion Assay

The antagonistic activity of the Kombucha LAB on the pathogenic microorganisms has been
tested by an adapted method of the disk-diffusion assay (Kirby–Bauer test). A double layer media
was used; the bottom layer was MRS with 2% agar, while the upper layer contained 1% agar. For the
pathogenic bacteria the employed medium was nutrient-agar, while for the yeast and molds PDA
(potato dextrose agar) (VWR, UK). Fresh suspension (10 µL) of LAB cultivated on MRS broth for 18 h at
37 ◦C was inoculated in small wholes made in the first layer medium. After 48 h of LAB incubation at
35 ◦C, the pathogenic microorganisms were incorporated in the second layer of the media, containing
1% agar. After other 48 h of incubation at 35 ◦C, the inhibition zones were measured and all plates
were performed in triplicate.

2.5. Testing the LAB Hemolytic Activity

The hemolytic activity of the LAB isolates was determined using the procedure described by
Yadav et al. (2016) [27]. All the isolates tested were streaked onto blood agar plates (Oxoid, UK)
containing 5% (w/v) sheep blood and incubated at 37 ◦C for 48 h. After incubation, the plates were
examined for the zone of hemolysis around bacterial growth. If the zone around bacterial growth was
clear, the bacteria were susceptible of β-hemolysis; when the zone become greenish, the tested bacteria
produced α-hemolysis; if the microorganism did not produce hemolysins and did not break down the
blood cells, no clearing occurred.

2.6. Antioxidant Assay

The free radical scavenging activities of the LAB suspension (109 CFU/mL) was determined using
the stable free radical diphenyl picryl hydrazyl (DPPH) method according to the procedure adapted by
Brand-Williams et al. (1995) [28] for complexes matrices. Briefly, 2 mL of 100 µM methanolic solution
of DPPH was mixed with 1 mL of different LAB suspensions. The mixture was shaken vigorously
and incubated for 30 min at room temperature, in a dark place. The change in color from deep violet
to light yellow was then measured at 515 nm (Asample). The percentage of the radical scavenging
activity (RSA) was calculated by using the following equation: % RSA = (1− [Asample/Acontrol t=0])/100.
DPPH 100 µM solution in 80% methanol was used as a negative control.

2.7. Antibiotic Susceptibility Test

From the seven Kombucha LAB isolates, due to their biotechnological potential, two of them
(L3 and L5) were used further to be tested for their antibiotic susceptibility different antibiotics
(BioAnalyse, Turkey). The susceptibility of the LAB isolates was assessed on MRS agar plates
using the antibiotic disc diffusion method. The overnight LAB cultures (100 µL) were spread on
MRS agar plates and allowed to dry. The antibiotic discs were placed on the inoculated plates and
incubated at 37 ◦C for 48 h. In the test we used ampicillin (AM-10), penicillin (P-2U), cephalexin
(CL-30), cefaloridine (CPH-30), cefuroxime (sodium) (CXM-30), ceftriaxone (CRO-30), norfloxacin
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(NOR-30), nalidixic acid (NA-30), amikacin (AK-10), erythromycin (E-10), gentamicin (CN-30),
lincomicina (L-10), streptomycin (S-10), chloramphenicol (C-30), trimethoprim/sulphamethoxazole
(SXT-1,25/23,75, SXT-25), nitrofurantoin (F-300), colistin (CT-10), vancomycin (VA-10), bacitracin
(B-10U), amoxicillin/clavulanic acid, (AMC-20/10, AMC-30), tetracycline (TE-30), kanamycin (K-30),
oxitetracycline (T-30), and fluconazole (FLU-10). The diameter of the zone of inhibition was measured
using the antibiotic zone scale (CLSI scale). The results obtained are presented in terms of susceptibility,
moderate susceptibility, or resistance. These results were compared with the interpretative zone
diameters as described in the Performance Standards for Antimicrobial Disc Susceptibility Tests [29].

2.8. Testing the Kombucha Selected LAB for NaCl and pH Tolerance

The selected LAB (L3 and L5) were tested for their tolerance to different NaCl concentration and
different pH, according to the method described by Prabhurajeshwar and Chandrakanth, (2019) [30]
with some modifications. All tests were conducted in MRS broth. The NaCl (VWR, UK) concentrations
was adjusted to 2.5%, 5%, 7.5%, 9.5%, and 11.5%; the pH tested values were 3.5, 5.5, 7.5, and 9.5.
After the inoculation with 106 CFU/mL, the cultures were incubated at 37 ◦C for 72 h. The bacterial
population evolution was performed by measuring the optical density at 600 nm and by counting the
CFU/mL on plates with MRS agar. All experiments were performed in triplicates and ±SD was taken
into account.

2.9. Testing the Behavior of Kombucha Selected LAB to the Lyophilization Procedure

Both selected isolates, L3 and L5, were subject to the lyophilization procedure. Two different
cryoprotectors were used: sterile solution of 5% glucose and 5% sucrose (Oxoid, UK). As a control, sterile
distilled water was employed. The lyophilization procedure included the following steps: bacterial
biomass obtained after cultivation in MRS broth (37 ◦C/48 h) was recovered and washed twice with sterile
physiological saline solution (NaCl 0.9%); after centrifugation at 5000 rpm/5 min/4 ◦C, the sediment
was transferred in the cryoprotector solution and freezed overnight at −24 ◦C. As equipment was
used a 6 L benchtop freeze-dryer from Labconco, USA. The lyophilization parameters were 0.04 mbar
pressure and −55 ◦C temperature for 6 h. The cell viability was tested before and after the lyophilization
procedure. Supplementary, the lyophilized biomass was tested for its antagonistic activity against
several pathogenic microorganisms, as described above (Section 2.4).

2.10. Statistical Analysis

All of the parameters investigated were evaluated in a minimum of three independent
determinations, and the results were expressed as the mean ± standard deviation (SD). The differences
were analyzed by one-way analysis of variance (ANOVA). The significance level for the calculations
was set as follows: significant, p ≤ 0.05; very significant, p ≤ 0.01; and highly significant, p ≤ 0.001.

3. Results

3.1. LAB Tolerance to Pepsin Presence in Acid pH

In the intestinal tract, the potential probiotic microorganisms, should tolerate the environmental
conditions found in the superior part of the tract, where the pH is very acidic and the pepsin is present.
In our study, conducted on a pH of 2.5 and in the presence of 0.3% pepsin, it was noticed that, after 90 min
exposure, the viable cell levels substantially decreased from 108–109 CFU/mL to 104 CFU/mL. After a
longer exposure, of 90 cultivation minutes (a total of 3 h), the population level decreased with other
one logarithmic unit, to 103 CFU/mL (Figure 1).) Isolates like L3, L5, and F2 have better adapted to a
very acidic medium than the other isolates.
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Figure 1. Tolerance of Kombucha lactic acid bacteria (LAB) isolates when cultivating at pH 2.5 and 0.3%
pepsin. Data shown are mean± standard deviation (SD) of triplicate values of independent experiments.

3.2. Testing LAB Tolerance to Bile Salts Presence

When taking into account the study of microorganisms, LAB has probiotic potential and thus
different characteristics should be taken in account, as described above. The bile salt tolerance was
tested at concentrations of 0.5% and 1%, while bile salts vary between 0.3% and 0.5% in the human
digestive tract. The initial cell levels were 107–108 CFU/mL in all samples; in the first two hours of
incubation, the cell levels increased significantly (p ≤ 0.05) with one logarithmic unit (108–109 CFU/mL)
when cultivating under 0.5% bile salts. At 1% salt concentration, no significant increases were measured
(Figure 2). Under both concentrations, the isolates L3 and L5 proved to be tolerant to the bile salts
presence, with a population level increased (p ≤ 0.01) to 1010 CFU/mL after 4 cultivation hours.
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3.3. Inhibitory Activity of Kombucha LAB on Pathogenic Microorganisms

All lab isolates were tested for their inhibitory activity against microorganisms with pathogenic
potentials. It was noticed that all isolates had high inhibitory activity against the major foodborne
pathogens (Table 2) such as Salmonella enterica Typhimurium, Listeria monocytogenes, Listeria ivanovii,
Bacillus cereus, Proteus hauseri, and other human pathogens responsible for major illnesses, such as
methicillin resistant or methicillin sensible Staphylococcus aureus. The lower inhibitory activity was
registered in the case of E. coli. Low to moderate inhibitory activity was noticed against the main
potential pathogenic Candida spp., including a serotype A Candida albicans; the isolates S2, L3, and L5
are potential candidates for C. albicans moderate inhibition (Figure S1). No inhibitory activity was
noticed against Candida krusei.
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Table 2. Inhibitory activity of Kombucha LAB isolates on pathogenic microorganisms were tested
using an adapted disk diffusion method.

Pathogenic Microorganisms S1 S2 S3 L3 L5 F1 F2

Bacteria

Escherichia coli ATCC 8739 + + + + + + +
Salmonella enterica Typhimurium ATCC 14028 + + + + ++ + + + + + + + + + + + + + +

Staphylococcus epidermidis ATCC 12228 + + + + + + + + + + + + + +
Staphylococcus epidermidis ATCC 51625 + + + + + + + + + + + + + +
Staphylococcus aureus ATCC 25923 + + + + + + + + + + + + + + + + + + + + +

Staphylococcus aureus ATCC 6538 + + + + + + + + + + + + + + + + + + +
Staphylococcus aureus ATCC 43300 + + + + + + + + + + + + + + + + + + + + +

Staphylococcus aureus ATCC 33592 + + + + + + + + + + + + + + + + +

Listeria ivanovii ATCC 19119 + + + + + + + + + + + + + + + + + + + + +

Listeria monocytogenes ATCC 7644 + + + + + + + + + + + + + + + + + + + + +

Proteus hauseri (vulgaris) ATCC 13315 + + + + + + + + + + + + + + + + + + + + +

Streptococcus pyogenes ATCC 19615 + + + + + + + + + + + + + + + + + + + + +

Bacillus cereus CP1 + + + + + + + + + + + + + + + + + + + + +

Yeast

Candida albicans ATCC 10231 + ++ + ++ ++ + +
Candida parapsilosis ATCC 20019 + + + ++ ++ + +
Candida guilermondii MI 40 + + + ++ ++ + +
Candida krusei MI 41 - - - - - - -

Molds

Aspergillus niger M4 + + - + + - +
Aspergillus carbonarius MI 15 + + + ++ ++ ++ +
Aspergillus flavus MI 24 + + - + + - -
Penicillium digitatum MI 22 +++ ++ ++ +++ +++ +++ +++
Penicillium expansum MI BB Hus, i +++ +++ ++ ++ +++ +++ +++

Legend: (-) = no halo formation; (+) inhibition halo of 1–5 mm diameter; (++) halo of 6–17 mm diameter; (+++) halo
of 18–29 mm diameter.

In relation to the foodborne molds, low to medium inhibition was noticed in the case of Aspergilli
group. The highest inhibitory activity was exhibited by L3, L5, and F1 isolates on Aspergillus carbonarius
(Figure S2). On both Penicillium expansum and Penicillium digitatum, the mycelial growth was inhibited
moderately to high by the LAB isolates, except for the S3 isolate.

3.4. Hemolytic and Antioxidant Activity of Kombucha LAB Strains

The safety evaluation of the isolates was primarily determined by detecting their hemolytic
activity, which proved the nonpathogenic status of the probiotic isolates. The results revealed no
hemolytic activity (Figure S3), which was confirmed by the “no zone” in the test plates inoculated with
all the isolates studied.

Regarding antioxidant activity, the control (MRS media without any inoculum) reached a 39.2%
radical scavenging activity. The Kombucha LAB isolates radical scavenging activity varied between
48.8% and 58.0%. Significant differences (p ≤ 0.05) were noticed between Control and all LAB
tested isolates. No significant differences were observed between the isolates L5 (58%), F2 (57.6%),
and L3 (56.6%), which showed the highest antioxidant activity (Figure 3).
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Figure 3. Radical scavenging activity of LAB strains isolated from industrial Kombucha. Data shown
are mean ± SD of triplicate values of independent experiments.

3.5. Antibiotic Susceptibility of Selected LAB Isolates

The antibiotic susceptibility of the selected LAB isolates L3 and L5 was assessed on MRS
agar plates using the antibiotic disc diffusion method using abroad range of antibiotics’ classes.
The variability of the antibiotic susceptibility can be observed in Table 3. The isolates have relatively
similar patterns in their antibiotic susceptibility, with few exceptions, in which L3 isolate showed
higher resistance. For both isolates, an important range from the tested antibiotics were not effective
inhibitors, including fluoroquinolones, amoxicillin/clavulanic acid, cephalexin, cefuroxime, amikacin,
streptomycin, kanamycin, sulphamethoxazole, vancomycin, tetracycline, colistin, and fluconazole.
Kombucha’s selected LAB were sensitive to ampicillin, penicillin, erythromycin, and lincomycin.

Table 3. Antibiotic susceptibility of LAB strains of Pediococcus spp. isolated from industrial Kombucha.

Antibiotic Classes/Antibiotic

LAB Isolates

L3
P. pentosaceus

L5
P.acidilactici

Penicillins

Ampicillin 10 µg/disc MS S
Penicillin 2 µg/disc R S

Amoxicillin/Clavulanic acid 20/10 µg/disc R R

Cephalosporins

Cephalexin 30 µg/disc R R
Cefuroxime 30 µg/disc R R
Ceftriaxone 30 µg/disc MS MS

Fluoroquinolones

Ciprofloxacin 1 µg/disc R R
Norfloxacin 30 µg/disc R R

Nalidixic acid 30 µg/disc R R

Aminoglycosides

Amikacin 10 µg/disc R R
Gentamicin 10 µg/disc MS MS

Streptomycin 10 µg/disc R R
Kanamycin 30 µg/disc R R

Macrolides

Erythromycin 10 µg/disc S S
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Table 3. Cont.

Antibiotic Classes/Antibiotic

LAB Isolates

L3
P. pentosaceus

L5
P.acidilactici

Lincosamide

Lincomycin 10 µg/disc S S

Sulfonamides

Sulphamethoxazole 25 µg/disc R R

Glycopeptides

Vancomycin 10 µg/disc R R

Tetracyclines

Tetracycline 30 µg/disc R MS
Oxytetracycline 30 µg/disc MS MS

Other

Chloramphenicol 30 µg/disc R MS
Colistin 10 µg/disc R R

Bacitracin 10 U R MS
Fluconazole 10 µg/disc R R

Nitrofurantoin 300 µg/disc R MS

Legend: R, resistant; S, sensitive; MS, moderately sensitive.

3.6. Tolerance of the Selected LAB to NaCl and pH

Both L3 and L5 were tested for their behavior under different NaCl concentrations. The bacterial
population dynamic of L3 under such environmental condition is represented in Figure 4. It was
noticed that both L3 and L5 tolerate concentrations of 2.5% and 5% NaCl during 72 h of cultivation
(p ≤ 0.05); at the 7.5% NaCl concentration, a slight increase of the population in the case of L3 can be
observed, while the increase for L5 was consistent (double that of L3). The level of the viable cells
after 72 cultivation hours at 37 ◦C reached a significant level (p ≤ 0.05) of 1012 CFU/mL in the control
and at 2.5% NaCl, at 5% the level was 101o CFU/mL, for both L3 and L5. At 7.5% NaCl, the maximum
population level was 107 CFU/mL, while for L5 it was 109 CFU/mL (data not shown). Regarding the pH
tolerance, at pH 3.5 the isolate L5 behaved better (higher population level) than L3, while at higher pH
(5, 7.5 and 9.5) both isolates exhibited similar behaviors. The significantly (p ≤ 0.05) higher population
levels (1012 CFU/mL) were counted for both isolates in the case of the pH of 7.5.Foods 2020, 9, x FOR PEER REVIEW 10 of 16 
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3.7. The LAB Behavior under Lyophilization Procedure

The isolates L3 and L5 were lyophilized in the presence of two different cryoprotectors (glucose and
sucrose). The initial viable biomass for both isolates was adjusted to an initial content of 1010 CFU/mL.
After the lyophilization, in the control (sterile distilled water) the viable cells levels was 105 CFU/mL
(a 50% survival), whereas in both sugar solutions, L3 survival was 85–86% and L5 was slightly higher
(91–92%). The lyophilized biomass was rehydrated and tested for the inhibitory activity against
several pathogens. The severe environmental conditions applied during lyophilization did not affect
the inhibitory activity of the rehydrated bacterial biomass on the tested pathogenic microorganisms,
as provided in Table 4 (Listeria ssp., Salmonella enterica Thyphimurium, Stahylococcus aureus methicillin
sensible and methicillin-resistant, Bacillus cereus, and Candida albicans).

Table 4. Inhibitory activity of lyophilized Kombucha LAB isolates L3 and L5 on pathogenic microorganisms
tested by adapted disk diffusion method.

Pathogenic Microorganisms L3 L5

Listeria ivanovii ATCC 19119 + + + + + +

Listeria monocytogenes ATCC 7644 + + + + + +

Salmonella enetrica Typhimurium ATCC 14028 + + + + +
Staphylococcus aureus ATCC 25923 + + + + + +

Staphylococcus aureus ATCC 6538 + + + + + +

Staphylococcus aureus ATCC 43300 + + + + + +

Staphylococcus aureus ATCC 33592 + + + + + +

Bacillus cereus CP1 + + + + + +

Candida albicans ATCC 10231 ++ ++

Legend: (-) = no halo formation; (+) inhibition halo of 1–5 mm diameter; (++) halo of 6–17 mm diameter; (+++) halo
of 18–29 mm diameter.

4. Discussion

Nowadays, alternative isolation sources of probiotics, such as non-dairy fermented food products,
are increasingly exploited. Kombucha, a fermented beverage made of tea leaves (Camellia sinensis) is one
such source because of its complex SCOBY (symbiotic consortia of bacteria and yeast). The main reported
LAB in this SCOBY are Lactobacillus spp., Lactococcus spp., or Lecunosctoc spp., while Pediococcus spp.
was only occasionally isolated [17–19]. Our goal was to test the biotechnological potential of seven
Pediococcus spp. strains isolated from a local industrial Kombucha, and identified formerly as
Pediococcus pentosaceus [19] and Pediococcus acidiliactici. In an initial stage, all isolates were screened
for a series of probiotics properties, such as their resistance in the gastro-intestinal tract, antagonistic
activity against human/animal pathogens, foodborne molds, antioxidant potential, and hemolytic
activity. Two isolates, L3 (Pediococcus pentosaceus) and L5 (Pediococcus acidilactici), were selected as
potential probiotic candidates and further investigated for their antibiotic resistance and for their
behavior against some technological parameters. In terms of technological aspects, the strains were
tested for their tolerance to a food preservative (sodium chloride) and for their viability after applying
extreme freeze-dried conditions, which is a frequent method used industrially to process probiotics.
Former data [31] showed that L5 isolate have a good capacity to adhere in vitro to the surface of the
Caco-2 cellular monolayer; it was proven that after four incubation hours, the bacterial cells start to
form aggregates, suggesting a diffuse-aggregative adherence pattern.

The resistance in the gastro-intestinal tract in the presence of bile salts, pepsin, and acidic pH
is one of the most important characteristics of the probiotic microorganisms. P. pentosaceus strains
isolated from Wakalim, a traditional Ethiopian fermented beef sausage, are reported as tolerant to a pH
of 3 and a 0.3% bile salt concentration [9], while strains isolated from Kunu-zaki, a Nigerian traditional
fermented drink made from non-germinated sorghum and millet cereal grains proved to resist at the
same pH but to a higher bile salt concentration of 3% [19]. In our case, the selected strains (L3 and L5)
were tolerant to a pH of 2.5, 0.3% pepsin and 0.5% bile salt concentrations.
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Numerous strains isolated from fermented beverages were reported as having antagonistic
effect on pathogenic microorganism, mainly due to the production of organic acids and hydrogen
peroxide. LAB strains of Lactobacillus plantarum isolated from a Turkish traditional fermented
drink (Boza) showed antagonistic activity against pathogenic bacteria such as Listeria monocytogenes,
Bacillus subtilis, Bacillus cereus, Yersinia enterocolitica, Pseudomonas aeruginosa, E. coli, Salmonella enterica
Typhimurium, and Klebsiella pneumonia, even after the neutralization of the cell free supernatant.
The authors imply the presence of bacteriocin’s production [32]. Kunu-zaki, the Nigerian traditional
fermented beverage, had isolated probiotic strains of Lactobacillus, Pediococcus, and Lactococcus, all of
which were reported with inhibitory activity on Pseudomonas aeruginosa, Staphylococcus aureus, E. coli,
and Enterococcus faecalis when used for active cell suspension [23]. The authors suggested that the
results were caused by bacteriocins and organic acids production. P. pentosaceus isolated from other
natural fermented sources, such as Kimchi (traditional Korean fermented vegetable), has been reported
to inhibit Listeria monocytogenes due to the production of class II bacteriocins [33]. The species of
Pediococcus genera are recognized for their ability to produce bacteriocin. Oher strains of P. pentosaceus
isolated from paocai (a Chinese fermented vegetable) have been proven to have inhibitory activity
against E. coli and Salmonella enterica Typhimurium [34]. It has also proven that P. pentosaceus
strains isolated from traditional Thai meat fermented foods inhibited the growth of some pathogenic
bacteria, such as Salmonella enterica Typhimurium, Pseudomonas aeruginosa, Bacillus cereus, E. coli,
Staphylococcus epidermidis, or Vibrio cholera [10]. Our team has formerly reported bacteriocin production
in the case of L5 Kombucha isolate [19], tested against Streptococcus thermophilus. Such strains and
their bacteriocin can be used in food and feed industries as natural biopreservatives and for probiotic
application to humans or livestock, including functional foods. All Kombucha isolates proved to have
high inhibitory activity against the major foodborne pathogens, like Salmonella enterica Typhimurium,
Listeria monocytogenes, Listeria ivanovii, Bacillus cereus, Proteus hauseri, as well as on resistant or methicillin
sensible Staphylococcus aureus. As a novelty, we have proven the inhibitory activity of the P. pentosaceus
isolated from Kombucha on the human emerging pathogen, Listeria ivanovii, known as ruminants’
pathogen, as it can cause epidemic abortion, stillbirths, and encephalitis [35].

The LAB inhibitory activity on foodborne molds has often been reported on Lactobacillus spp. [36]
and only occasionally in the case of P. pentosacesus or P. acidilactici isolated from natural sources.
For instance, bacteriocin produced by P. acidilactici isolated from vacuum packed fermented meat
products inhibited A. fumigatus, A. parasiticus, F. oxyporum, and Penicillium spp. [37], while P. pentosaceus
isolated from malted cereals inhibited Pencillium expansum [38]. Strains from stored wheat samples
showed antagonistic activity against different species such as Alternaria alternata, Penicillium chrysogenum,
and Aspergillus carbonarius [39]. Although the same authors did not report any inhibition of P. pentosacesus
on A. niger, our experiments found that the Kombucha LAB isolates exhibited low inhibitory activity,
probably due to the low pH level of the suspension (pH of 4–4.5). There might be a correlation
between our results and data reported on how Kombucha itself, made of green tea, and with a final
pH of 3.5, have moderate inhibitory potential on molds like Botrytis cinerea, Aspergillus carbonarius,
or Penicillium expansum, which proved on-plate and by in vivo artificial infections on grapes [40].
Both selected Pediococcus isolates (L3 and L5) have moderate to high inhibitory activity against
Penicillium expansum and Penicillium digitatum, which suggest that our strains can be used in agricultural
practices to control post-harvest mold development

The radical scavenging activity of LAB isolates is due to the colonization of viable cells and their
propagation in the gut. Our results are comparable with studies reported before and Kombucha
Pediococcus strains, such as L5, F2, and L3 LAB, which have an antioxidant activity of 56–58%.
LAB isolated from Neera (fermented coconut palm nectar) can reach hydroxyl-scavenging activity of
32–77% [41], while for Pediococcus strains from Omegisool the DPPH radical-scavenging activity ranged
between 30% and 39% [22].

Due to safety considerations, the obtained isolates were also tested for antibiotic resistance.
The transmission of antibiotic resistance genes to potentially pathogenic bacteria in the gut is
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a major health concern related to the probiotic application [42]. The European Food Safety
Authority (EFSA) recommends that bacterial strains harboring transferable antibiotic resistance
genes should not be used in animal feeds or fermented and probiotic foods for human use. For an
appropriate selection of functional strains, two main antibiotics’ groups are recommended in EFSA
guidelines to be tested, such as inhibitors of protein synthesis (chloramphenicol, gentamycin,
clindamycin, erythromycin, streptomycin, kanamycin, and tetracycline) and inhibitors of cell
wall synthesis (ampicillin and vancomycin). In the case of LAB isolated from different natural
sources, such as fermented coconut palm nectar, and belonging to other species (Lactobacillus brevis,
Enterococcus durans, Leuconostoc lactis, Enterococcus lactis, and Enterococcus faecium), chloramphenicol,
vancomycin, and streptomycin were effective inhibitors [41]. Pediococcus isolated from Omegisool are
shown to be resistant to chloramphenicol [22]. Both Kombucha Pediococcus isolates (L3 and L5) are
sensitive to ampicillin, penicillin, erythromycin, and lincomycin, while a broad range of other antibiotics
are not effective inhibitors (fluoroquinolones, amoxicillin/clavulanic acid, cephalexin, cefuroxime,
amikacin, streptomycin, kanamycin, sulphamethoxazole, vancomycin, and tetracycline). In this regard,
before using these isolates in food or feed formulations per EFSA guidelines, virulence and antimicrobial
resistance genes should be verified to prevent the horizontal gene transfer for antibiotic resistance.

The incorporation of probiotic bacteria to food products represents a major technological challenge
because of the known sensitivity of these microorganisms to salt, spices, and other substances used
in its formulation. In relation to the NaCl tolerance, the most halophilic LAB (Enterococcus ssp.,
Lactobacillus ssp.) were isolated from seafoods and fermented meats, being able to grew under a
NaCl concentration of more than 22% [7]. Meanwhile L. fermentum and L. plantarum isolated from
fermented plants grew under NaCl concentrations of less than 6% [43]. Strains of P. pentosaceus isolated
from various traditional Thai fermented foods containing fish and pork were reported as tolerant
up to 14% NaCl in an acid medium (pH 2) with 0.3–0.5% bile salt [10]. Our Kombucha isolates
(L3 and L5) tolerated 5% NaCl. Furthermore, L5, after a period of adaptation, is tolerant to 7.5% NaCl.
Thus, we concluded that L3 and L5 were resistant to salt concentrations used in industrial levels and
maintained a concentration suitable for carrying probiotic effect.

According to Champagne et al. (2011) [44], a product containing probiotic organisms is efficient
if it contains a number of viable cells higher than 106–108 CFU/g. However, viability and optimum
concentration of probiotic microorganism is still under debate, but the trend is to have a minimum
of one billion viable cells per 100 g of product to declare it as a probiotic functional product [45].
Lyophilization is one of the procedures used to deliver probiotics for commercial products. Regarding
the lyophilization procedure, the survival rate may be improved by the use of other cryoprotectants,
such as poly-glutamic acid, which was successfully used for the protection of probiotic Lactobacillii [45].
In the case of our Pediococcus isolates, by the use of glucose or sucrose as cryopretectant, we obtained
a good viability rate of 86–92%. In addition, lyophilization did not affect the inhibitory activity
on the tested pathogenic microorganisms. The initial biomass of 1010 CFU/mL conditioned by
freeze-drying procedure, recovered levels of 109 CFU/g after rehydration. Rehydration is a normal
industrial step when using such dried strains, and has a major influence on the CFU readings obtained.
We concluded that our strains were suitable to be conditioned by lyophilization and employed
industrially after rehydration.

From a larger biotechnological point of view, probiotic bacteria can also be used as ingredients
in cosmetic products. P. acidilactici strain isolated from Korean Perilla Leaf Kimchi was proven to
a have direct melanin-degrading and tyrosinase-inhibiting effects, given that it has high value as a
raw material for melanin degradation drugs and cosmetics [46]. However, there are still technical
barriers to incorporate live probiotics into conventional skincare products with a reasonable shelf life.
Some results are reported when using Lactobacilli, and the solution was to add probiotic ingredients
which were not alive or viable to form colonies to the formulation at the end of the manufacturing
process. Another strain of P. pentosaceus isolated from kaki fruit increased the antioxidative and aging
activities of the Lavandula angustifolia extract through fermentation, so it was proposed to be used as an
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anti-aging agent [47]. Our Pediococcus isolates are expected to be further tested for such properties for
further industrial application.

5. Conclusions

In our effort to find new natural resources and to develop new biotechnological solutions for
food and pharmaceutical industries, we investigated several Pediococcus strains isolated from a local
Kombucha source. Two of the strains, L3 (P. penteosaceus) and L5 (P. acidilactici), proved to have
properties related to their potential use in the development of functional products, due to their
tolerance to acid pH, the presence of pepsin and bile salts, resistance to a large range of different
antibiotic classes, high antioxidant potential, and inhibitory activity among a large range of foodborne
bacteria and fungi. Both strains were resistant to high NaCl concentrations and to the invasive
lyophilization procedure, being good candidates for the industrial use.
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Figure S1: On-plate aspects of the Kombucha LAB inhibitory activity on Candida albicans ATCC 10231 (Ca),
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sensitive (Sa 25923), Salmonella typhimurium ATCC 14028 (St) tested by adapted disk diffusion assay, Figure S2:
Aspects of the Kombucha LAB inhibitory activity on Aspergillus carbonarius MI 15 (left) and Penicillium digitatum
MI 22 (right) tested by adapted disk diffusion assay, Figure S3: On-plate test of haemolytic activity of Kombucha
LAB isolates on blood agar mediu, Table S1: Results of the molecular identification of Kombucha LAB F1 and F2
by 16S rDNA sequencing with Lac primers.
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Abstract: The bioavailability of pollen bioactive compounds for humans is limited. In this study, our
aim was to enhance the health-related benefits of pollen by fermentation with a Kombucha/SCOBY
(symbiotic culture of bacteria and yeasts) consortium. We performed the fermentation of pollen
suspended from the beginning with SCOBY on sweetened green tea or on Kombucha vinegar,
by adding pollen after 20 days of Kombucha fermentation. We analyzed: formation of bioactive
compounds (anti-oxidant polyphenols, soluble silicon, hydroxy-acids, short chain fatty acids—SCFA);
parameters related to Kombucha fermentation (dynamics of lactic acid bacteria—LAB, formation
of organic acids, soluble sugar evolution on Kombucha vinegar); the influence of Kombucha
fermentation on pollen morphology and ultrastructure; in vitro cytotoxic and antitumoral effects of
the Kombucha fermented pollen. The pollen addition increases LAB proportion in the total number
of SCOBY microbial strains. SEM images highlight the adhesion of the SCOBY bacteria to pollen.
Ultrastructural analysis reveals the release of the pollen content. The content of bioactive compounds
(polyphenols, soluble silicon species and SCFA) is higher in the fermented pollen and the product
shows a moderate antitumoral effect on Caco-2 cells. The health benefits of pollen are enhanced by
fermentation with a Kombucha consortium.

Keywords: pollen; multi-floral; bee collected; fermentation; symbiotic culture of bacteria and
yeasts—SCOBY; lactic acid bacteria—LAB; anti-oxidant polyphenols; soluble silicon; short-chain fatty
acids—SCFA

1. Introduction

Bee collected pollen is a “superfood”, a nutraceutical with high biological value ingredients,
e.g., essential amino acids, (pro)vitamins, essential fatty acids, minerals and anti-oxidant polyphenols [1].
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Due to such phytonutrients with high biological value, commercial mixtures of multi-floral, bee collected
pollen, have been proven to have anti-microbial, antimutagenic, antioxidant and anti-inflammatory
effects [2]. Antitumoral, immuno-modulatory and anti-metabolic syndrome (cardio-protective, anti-
hypertensive, anti-atherosclerotic and anti-diabetic) activities were also reported for bee (collected)
pollen [3]. Recently, a modulation effect exerted by carbohydrates from bee pollen on gut microbiota was
suggested [4]. However, the bioavailability of phytonutrients from bee pollen is significantly limited by
the complex structure of the pollen grain wall and the recalcitrance to biodegradation of the rigid pollen
outer wall, exine [5]. The exine resistance results from its major component, sporopollenin, a biopolymer
with extremely high stability and very high resistance to (bio)degradation, including to the action of
digestive enzymes [6]. Only the animals which developed mechanisms for phytonutrients extraction
from pollen grains (e.g., mechanical crack-up, pseudogermination/fake germination, osmotic shock,
outer wall piercing sharp mouth parts) are able to use more than 50% of the pollen grain content [7].
Humans have not developed such mechanisms.

Various mechanical, chemical and biotechnological processes have been proposed to enhance
the bioavailability of phytonutrients from bee collected pollen. A non-exhaustive list includes:
high-shearing [8], thermal shocks, alone or combined with enzymatic treatment [5], wet milling [9],
ultrasonication [10] combined with high-shearing [11] or enzymatic treatment [12], chemical extraction
of polyphenols with supercritical fluid [13], fermentation [14–18].

Pollen fermentation is similar to the naturally evolved processes, targeted on enhancement of
pollen nutritional value. In the bee hive, pollen is fermented and stored with honey, into wax sealed
honey combs. The resulting products, the bee bread, combine the pollen phytonutrients (with increased
bioavailability) and bioactive compounds formed during pollen fermentation [19]. As a result of such
a combination, bee bread has a higher content in essential amino acids and vitamins (e.g., from B and
K groups) and more bioactive polyphenols [20]. Lactic acid bacteria [21], yeasts [22] and endospore
forming gram negative bacteria [23] are involved into pollen fermentation and bee brood formation.

Biotechnological alternatives to bee bread have been proposed. The bee bread is not produced in
large quantities and it is difficult to harvest from the honey combs. Several processes of (semi)solid
pollen fermentation were developed in an attempt to produce products similar to bee bread [20].
Enhancement of antioxidant polyphenols in fermented pollen was previously reported [5,14].
The addition of pollen to products resultant from lactic acid bacteria and/or yeasts fermentation
has been also tested. One of the main results of such biotechnological processes was a better quality of
the fermented products. Better white wines were produced after inclusion of pollen into white grape
must [24]. Pollen addition also increases the quality of the yogurt [25] and of the other milk fermented
beverages [25].

Our aim was to obtain a complex product, which includes various health-related compounds,
by fermentation of the bee collected pollen with a Kombucha consortium, a symbiotic colony of
bacteria and yeast (SCOBY). Kombucha is an oriental traditional beverage, produced from sweetened
green or black tea by fermentation with a symbiotic consortium of bacteria and yeast (SCOBY).
The consortium, including anaerobic and aerobic microbial strains, is embedded within a cellulose
membrane, which floats on the fermented tea beverage (the soup) and which is a good source of
bacterial nanocellulose [26]. The SCOBY fermentation process is static and the usual fermentation
time is from 7 up to 30 days at room temperature [27]. Consumption of Kombucha is associated with
various health benefits: protection against various pathologies induced by the radical oxygen species
(ROS); detoxifying activities, mainly because of the accumulation of organic acids (acetic, gluconic.
glucuronic, lactic); antimicrobial effects, resultant from polyphenols and antibiotics/bacteriocins;
increased immunity, because of both antioxidant activity and bioactive ingredients, such as B
and C vitamins [28–30]. Generally, the SCOBY consortium is dominated by acetic bacteria like
Gluconoacetobacter sp. and yeast like Zygosaccharomyces or Dekkera [31–33]. Lactic acid bacteria (LAB)
have been reported in both Kombucha layers, soup and pellicle, counting up to 30% of the SCOBY
microbial cells [32]. Different LAB species have been identified in SCOBY, such as Lactobacillus sp.,
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Lactococcus sp., Leuconostoc sp. or Pediococcus pentosaceus [32–34]. However, very few reports refer
to LAB from SCOBY as potential probiotics [33,35]. To the best of our knowledge, there are no
studies related to postbiotic compounds produced by LAB fermentation from SCOBY. Postbiotics
are soluble compounds from probiotics, i.e., microbial metabolites, including short chain fatty acids
such as acetic, propionic and butyric acids, and microbial components, such as (lipo)teichoic acids,
peptidoglycans/mural peptides, cell surface proteins, with potential significant health benefits [36,37].

To demonstrate the enhancement of health benefits on pollen fermented by the Kombucha
consortium, we analyzed the following: the formation of bioactive compounds (anti-oxidant
polyphenols, soluble silicon, postbiotic short-chain fatty acids); parameters related to SCOBY/
Kombucha fermentation (dynamics of LAB in SCOBY, formation of specific organic acids, evolution of
soluble sugars in Kombucha vinegar); the influence of Kombucha fermentation on pollen morphology
and ultrastructure; in vitro cytotoxic and antitumoral effects of the resultant Kombucha fermented
pollen. Our focus was not only on anti-oxidant polyphenols, as such compounds have already been
demonstrated to be enhanced during pollen fermentation [5,14,19]. We were also interested in biosilica
solubilization and post-biotic short chain fatty acids (SCFA). Silicon is one of the main components
of the pollen cell wall [38]. In the plant cell wall, silicon is present as biosilica, SiO2·nH2O, which
is formed after orthosilicic acid polycondensation and precipitation [39]. Biosilica increases plant
cell wall resistance to (bio)degradation [40]. Its solubilization weakens the pollen structure and
provides an additional health-related benefit, due to the formation of soluble silicon species. These
soluble silicon species, especially orthosilicic acid, H4SiO4, have been proven to exert several beneficial
effects on humans, such as maintenance of bone health [41], including osteoporosis prevention [42,43],
or optimal connective tissue function, stimulation of the immune system and Alzheimer’s disease
prevention [44,45]. Post-biotic short chains fatty acids (e.g., acetic, propionic, butyric acids, produced
by the prebiotic strains) are important for proper colonic function, protection against colorectal cancer
and modulation of intestinal immune, inflammatory and metabolic functions [37].

2. Materials and Methods

2.1. Biological Material

Samples of bee pollen were harvested from a pollen trap mounted in the beehives from
the Bucharest-Ilfov area, in late spring to early summer of 2018. The samples were removed
weekly and stored in a freezer (−18 ◦C). The composition of the multiflora bee collected pollen
was microscopically evaluated, by using the unacetolysed method [46], with a total magnification
(x40). For ultrastructural evaluation on SEM mono-floral pollen (apple pollen), more uniform in
shape was used. The identifications were done by comparison to references from European pollen
atlases [47,48]. The SCOBY/Kombucha consortium contained: lactic acid bacteria, acetobacteria,
from two main genera, Gluconoacetobacter and Komagataeibacter, and yeasts from several genera,
including Brettanomyces/Dekkera, Zygosaccharomyces and Pichia [26]. For the in vitro evaluation of the
Kombucha fermented pollen, normal mouse fibroblast cell line, NCTC clone L929 (for biocompatibility),
and two transformed human cell lines, laryngeal epidermoid carcinoma cells (Hep-2) and human
colon adenocarcinoma cells (Caco-2) (for antitumor activity determination) were used. All cell lines
were purchased from the European Collection of Cell Culture (ECACC).

2.2. Pollen Fermentation with the Kombucha Consortium

For Kombucha/SCOBY fermentation the tea infusion was produced from 5 g of green tea (Basilur
green tea, Ceylon) infused for 15 min into 1 L of boiling sterile water. The non-extracted material was
removed by filtration on Whatman no. 5 filter paper. The resultant tea infusion was sweetened with
70 g/L of sucrose (commercial crystalline sugar). For laboratory level investigations, 2 L of sweetened
green tea infusion were aseptically distributed into a sterile brown glass bottle of 3 L. For the process
scale-up larger Simax® glass vessels (Kavalier, Prague, Czech Republic), of 150 L total capacity, with
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100 L working volume each, were used. For the experiments related to pollen biosilica solubilization,
a 2.2 L plastic bottle made from fluoropolymers, (Nalgene™ Wide-Mouth EP Tox/TCLP Teflon™ FEP
Bottle, with PFA-lined Closure, Nalge Nunc—Thermo Fisher, Rochester, NY, USA) was filled with
1.5 L of sweetened green tea infusion. For the inoculation, 10% of a previously fermented Kombucha
tea (without pollen) was used. For each liter of SCOBY inoculated infusion, 50 g of multi-floral, bee
collected pollen was added. Pollen was added immediately after Kombucha inoculation or after
20 days of fermentation at 28 ◦C (pollen addition to Kombucha vinegar). The pollen fermentation
process was conducted at 28 ◦C, in static, microaerophilic conditions, without agitation, for a period of
30 days (for the pollen added immediately after Kombucha inoculation) and for additional 10 days,
for the pollen added into Kombucha vinegar. Samples were taken under axenic conditions from the
Kombucha liquid phase. The concentration of reducing sugars from the fermentation of pollen with
Kombucha vinegar was determined with dinitrosalicylic acid (98%, Sigma-Aldrich, Merck Group,
Darmastad, Germany) [49]. On pilot scale, the floating cellulose pellicle was collected separately at the
end of the fermentation period and the remaining Kombucha liquid phase with pollen was subjected
to pressure homogenization on a piston homogenizer, at 1000 bars (Pony 1200, GEA Niro Soavi, Parma,
Italy). The resultant suspension was spray dried (FSD Production Minor™ Spray Dryer, GEA Niro
Process Engineering, Soeborg, Denmark), under mild conditions, 135–140 ◦C entrance temperature,
70–75 ◦C exit temperature, with a flow rate of 25 L of water evaporated per hour.

2.3. Pollen Biosilica Solubilization

The total silicon of the initial pollen, after non-oxidative alkaline sample digestion [50], was
analyzed by inductively coupled plasma optical emission spectroscopy (PerkinElmer® Optima™
7000 DV, Perkin Elmer, Waltham, MA, USA). The soluble silicon (monomers and dimers of silicic acid)
was determined for samples taken every two days from the Kombucha liquid phase, using the blue
silicomolybdic spectrophotometric method [51], measuring the optical density at λ = 810 nm, with
a standard curve of silicic acid (pro analysis—Spectroquant®, EMD Millipore, Merck Group), from
5 × 10−4 to 5 × 10−5 mol/L.

2.4. Determination of the Total Phenolic and Flavonoid Compounds

The total polyphenols were determined using the Folin–Ciocâlteu method [52], with some
modifications [53]: 750 µL of Folin–Ciocâlteu reagent, 4 mL of 15% Na2CO3 and distilled water
were added to 150 µL of sample, to a final volume of 15 mL; after 2 h incubation at room temperature,
the absorbance at λ = 756 nm was measured. The total phenolic compounds were expressed as
caffeic acid equivalents based on a calibration curve made with known concentrations of caffeic acid.
The aluminum chloride colorimetric method was used for flavonoids assay [54]: 0.5 mL of sample
was mixed with 1.5 mL ethanol, 0.1 mL of 1 M potassium acetate, 0.1 mL of 10% aluminum chloride,
and 2.8 mL of distilled water; after 30 min incubation at room temperature the absorbance at λ = 415 nm
was measured. The flavonoids content was expressed as quercetin equivalents using a calibration
curve made with known concentrations of quercetin. All reagents used were analytical grade reagents,
purchased from Sigma-Algrich, Merck Group.

2.5. Antioxidant Activity

The antioxidant activity was determined by two complementary assays: DPPH (2,2-diphenyl-1-
picryl-hydrazyl-hydrate) and TEAC (Trolox equivalent antioxidant capacity). The capacity to inhibit
the DPPH radical is based on the fact that the purple color of DPPH changes to yellow when the full
amount of free radicals is blocked by the antioxidants The DPPH scavenging activity was measured by
using the method described by Huang et al. [52]: 150 µL DPPH solution (0.25 mM) in methanol was
vigorously mixed with 15 µL of sample and 90 µL of 0.1 M Tris-HCl and the resultant mixture was
incubated at 37 ◦C for 30 min in the dark. As positive control butylated hydroxytoluene (BHT) was
used. The sample absorbance (Asample) was read at λ = 520 nm against methanol blank (Ablank),
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using a microplate reader (Sunrise, Tecan, Männedorf, Switzerland). The DPPH Inhibition (%) was
calculated using the following formula:

% Inhibition = (1 − Asample/Ablank) × 100 (1)

IC50 value, i.e., the concentration necessary to inhibit 50% of the DPPH radical was calculated
using linear regression, obtained by plotting concentration vs. inhibition.

The TEAC assay is based on sample ability to inhibit the ABTS (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid)) radical compared to a standard antioxidant, Trolox, used
as reference. The antioxidant capacity (TEAC) was measured based on the method of Re et al. [55],
with some modifications. The ABTS radical cation was generated by reacting a 7 mM 2,2′-azino-bis
(3-ethyl-benzothiazoline-6-sulfonic acid) diammonium salt (ABTS) solution with 2.45 mM potassium
persulfate solution (1:1, v/v). The mixture was incubated in the dark at room temperature for 16 h.
The initial absorbance of ABTS radical solution was equilibrated to a value of 0.7 ± 0.02 at λ = 734 nm.
Next, 1 mL of ABTS radical solution was mixed with 0.1 mL test sample and after incubation at room
temperature for 6 min, the absorbance was measured at λ = 734 nm. A calibration curve of Trolox
(0–250 µM) was used to convert the absorbance into the equivalent activity of Trolox per mL sample
(µg Trolox/mL).

2.6. Dynamics of Lactic Acid Bacteria Population During Product Fermentation

The dynamics of lactic acid bacteria population was measured using two methods: targeted
Q-PCR total LAB level and direct on-plate counting of viable cells.

2.6.1. Real Time PCR (qPCR) Technique

Lactobacillus acidophilus ATCC 4356 was used as the reference strain. For DNA extractions,
L. acidophilus ATCC 4356 was grown in 10 mL MRS (De Man, Rogosa, Sharpe) Broth (Oxoid, Thermo
Scientific, Hampshire, UK), at 37 ◦C, for 24 h. The bacterial cells were collected by centrifugation at
4000 rpm for 10 min and a working cell suspension of 107 cells/mL was used to generate the standard
curve. The DNA from Lactobacillus acidophilus cells and Kombucha samples was extracted by using the
QIAamp®cador® Pathogen Mini Kit (Qiagen, Hilden, Germany) and the presence of DNA was verified
by electrophoresis with ethidium bromide. The DNA quality was checked using a spectrophotometer
(Biophotometer plus, Eppendorf, Hamburg, Germany). The DNA samples were treated with Maxima
SYBR Green qPCR Master Mix (Thermo Fisher Scientific, Hampton, NH, USA), in the presence of LAB
specific primers LacF (5-AGCAGTAGGGAATCTTCCA-3) and LacR (5-ATTYCACCGCTACACATG-3)
recommended by Ritchie et al., 2010 [55]. The reaction was performed in a Real-time PCR System
(7900 Fast Real-time PCR System, Applied Biosystems, Thermo Fisher Scientific, Foster City, CA, USA)
following the program: UNG (Uracil-N-Glycozylase) treatment 2 min at 50 ◦C; initial denaturation
10 min at 95 ◦C; 40 cycles of denaturation 15 s at 95 ◦C followed by an extension of 60 s at 60 ◦C. Each
sample was amplified in duplicate in every experiment. To generate the standard curve, a 10-fold
dilution series of DNA from Lactobacillus acidophilus ATCC 4356 was subjected to qPCR under the same
conditions as described above. A threshold cycle Ct, for the beginning of exponential phase/detection
limit was established at 30. All reagents used were molecular biology grade reagents.

2.6.2. On-plate LAB Counting

The LAB suspensions were counted in Petri dishes with 1% agar MRS (Man, Rogosa, Sharpe,
Oxoid), after decimal dilutions, by the incorporation techniques which assure the microaerophilic
conditions. The development of the fungi in the medium was inhibited by the addition of cycloheximide
(0.5 mg/mL in 96% ethanol). The bacteria were cultivated at 37 ◦C for 2–3 days, until the colonies could
be counted. Reagent suitable for bacteria cultivation was used.
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2.7. Analysis of Organic Acids

The Kombucha liquid phase was centrifuged at 5000 rpm, for 10 min. and the resultant
supernatant was stored at −18 ◦C. Prior to analysis, the samples were diluted (1:10) with ultrapure
water and the diluted samples were passed through 0.2 µm hydrophilic PTFE Millex syringe filter
(Merck Millipore, Darmstad, Germany). Two different types of organic acids were analyzed by HPLC:
the (poly)hydroxy-acids (lactic, gluconic, citric) and the short chains fatty acids (acetic, propionic
and butyric).

2.7.1. Analysis of Hydroxy-Acids

A volume of 10 µL of the filtrate was injected into the HPLC system and the chromatographic
analysis was carried out using a Waters Alliance system (Waters Corporation, Milford MA, USA), with
a 2695 separation module and a 2487 UV detector (Waters, Milford). The system included a Supelcogel
H column (250 mm × 4.6 mm) fitted with Supelcogel H Guard Column (50 mm × 4.6 mm) for the
analytic separation, using 0.1% H3PO4 as mobile phase and0.17 mL/min flow rate. The UV detection
was performed at 210 nm. Data were collected and analyzed with the Empower 2.3 system (Waters,
Milford). The organic hydroxy-acids were identified according to their retention times: 10.7 min for
citric acid, 11.2 min for gluconic acid, 15.1 min for lactic acid. The compounds peak area was used
for quantification, based on a calibration curve obtained by injecting different volumes of a standard
solution containing 30 ng/µL lactic acid, 25 ng/µL citric acid and 77 ng/µL gluconic acid. LOD/LOQ
were 1.2/3.6 ng/µL for lactic acid, 1.1/2.2 ng/µL for citric acid and 1.9/5.7 ng/µL for gluconic acid.
All used reagents were HPLC grade reagents, purchased from EMD Millipore, Merck Group.

2.7.2. Analysis of Short Chains Fatty Acids

For this determination an Agilent HPLC 1200 system (Agilent, Palo Alto, CA, USA), comprising
a DAD detector, quaternary pump, and a thermostatic auto sampler, was used. A Luna 2 Phenomenex
(size: Φ 4.6 × 150 mm) column served as a stationary phase at 25 ◦C. The mobile phase consisted of:
(A) 10mM NaH2PO4·H2O (pH 2.50 ± 0.02) and (B) acetonitrile. A volume of 10 µL was injected into
the system and the elution was performed using an isocratic method with 90% (A) and a variable flow:
0.6 mL/min until 1.5 min, 0.4 mL/min at 2 min, 0.25 mL/min from 3 to 15 min, 0.3 mL/min at 16 min,
0.6 mL/min at 17 min, 1 mL/min from 18 to 23 min, 0.6 mL/min until 25 min, for a better separation.
The absorbance was monitored at 220 nm. The separation of organic acids was achieved in 25 min
and the identification was obtained by comparing their retention times with those of standards using
a Chemstation (Agilent, Palo Alto, CA, USA) software. All used reagents were HPLC grade reagents,
purchased from EMD Millipore, Merck Group.

2.8. Ultrastructural and Morphological Analysis

For ultrastructural analysis, the fermented pollen samples were investigated by transmission
electron microscopy (TEM), using a Philips EM 208S electron microscope equipped with Veleta video
camera and imaging software iTEM Olympus Soft Imaging System. The morphological analysis of
the samples was performed by scanning electron microscopy (SEM), using a SEM-HITACHI SU-1510
microscope. The samples were centrifuged at 10,000 rpm and the resultant sediments were subjected
to a plant-specific fixation process with 3% glutaraldehyde, 1.5% paraformaldehyde, 1 M Na3PO4,
for 2 h, to create cross-links between the constituent molecules of the processed material and to avoid
the destruction of the ultrastructural architecture. The fixation step was followed by rinsing with 0,5 M
Na3PO4, 3 times at 4 ◦C. For the post-fixation step the sample was transferred in a solution of 1% OsO4

and 0.5 M Na3PO4, for 1 h in the dark. After the post-fixation step, the samples were washed in water
at 4 ◦C (3 times for 10 min) and dehydrated by successive washings with ethanol, 10 min each: 12.5%,
25%, 35%, 50%, 70%, 80%, 90%, 95% and 100%. To replace the old solution and ethanol completely
with an acetone-resin mixture, the dehydrated samples were incubated successively with acetone-resin



Nutrients 2018, 10, 1365 7 of 24

(1:1) for 1 h, acetone-resin (1:2) for 1
2 h, resin 100% for 1 h, and again fresh resin 100% over night. Next,

the sample was placed in fresh resin (100%), for 60 h at 50 ◦C, to perform the polymerization step.
The samples were cut with an ultramicrotome Leica UC6 (Leica Biosystem, Wetzlar, Germany), with
a diamond knife and the resultant sections were placed on copper grids of 200 mesh, covered with
a formvar pellicle. The samples were stained for 7 min with 5% uranyl acetate in absolute methanol,
to increase the contrast. Then the samples were washed in distilled water and re-stained for another
7 min, with a solution of lead nitrate 4.4%, 0.2 M trisodium citrate monohydrate in distilled water
(with 1% NaOH to clarify the solution). All reagents were of electron microscopy grade, supplied by
Sigma-Aldrich (Sigma, Merck Millipore, Darmstadt, Germany).

2.9. Biocompatibility and Antitumoral Activity

The spray dried product resultant from the process scale-up in 100 L fermentation vessels was
evaluated in vitro, for biocompatibility, on normal mouse fibroblast cell line, NCTC clone L929, and for
antitumoral activity, on two transformed human cell lines, laryngeal epidermoid carcinoma cells
(Hep-2) and human colon adenocarcinoma cells (Caco-2). The cells were maintained in minimum
essential medium (MEM) supplemented with 10% fetal bovine serum and 1% antibiotics (penicillin,
streptomycin and neomycin) at 37 ◦C, in a humidified atmosphere with 5% CO2. The spray dried
Kombucha fermented pollen was solubilized in MEM at a concentration of 50 mg/mL and this stock
suspension was sterilized by passage through a 0.2 µm hydrophilic PTFE Millex syringe filter (Merck
Millipore). The cells were treated with different concentrations of the suspension (5, 6, 8, 10, 15, 20,
25 and 30 mg/mL) and the treated cells were incubated for 24 and 72 h at 37 ◦C, in a humidified
atmosphere with 5% CO2. All reagents used were suitable for cell culture and were purchased from
Sigma–Merck Group.

2.9.1. Cell Viability

The cell viability was assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. This assay, based on the reduction of a yellow tetrazolium salt into purple formazan
dye by active mitochondria [56], was adapted to our laboratory conditions [57]. Briefly, the cells
were seeded in 96-well culture plates, at a density of 5 × 104 cells/mL (for L929 and Hep-2) and
1 × 105 cells/mL (for Caco-2) and incubated at 37 ◦C, to allow cell adhesion. After 24 h, the culture
medium was discarded and replaced with fresh medium, containing different concentrations of
spray-dried Kombucha fermented pollen. After 24 and 72 h of incubation, the cells were rinsed with
phosphate buffered saline solution (PBS), pH 7.4, and incubated with 100 µL of MTT working solution
(0.25 mg/mL) for 3 h at 37 ◦C. At the end of incubation period the medium was removed, and the
formazan crystals were dissolved in 100 µL isopropanol. The optical density of the solution was
measured after 15 min of incubation at room temperature, with gently stirring, using a microplate
reader (Sunrise, Tecan, Männedorf). The concentration of converted MTT dye directly correlates with
the number of metabolically active cells. The cell viability was expressed as a percentage of the control
cells (untreated cells) considered 100% viable. All samples were tested in triplicate. All reagents used
were suitable for cell culture and were purchased from Sigma–Merck Group.

2.9.2. Cell Morphology

The culture plates of normal L929 cells and of the transformed Hep-2 and Caco-2 cells were
examined after 72 h of incubation in the presence of the pollen suspension. Images of the cells
were acquired using a Zeiss Axio Observer microscope, with Axio Vision 4.6 software (Carl Zeiss,
Oberkochen, Germany).
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2.10. Statistical Analysis

Each assay was performed in triplicate. The Student t-test from the SPPS 21 Software package
(IBM, Armonk, NY, USA) was used to analyze the relevance of the quantitative data, with the
significance level set at p < 0.05.

3. Results

The major components of the multi-floral bee collected pollen were from the families: Brassicaceae
(Brassica sp.) Asteraceae (Carduus sp., Helianthus annus, Taraxacum officinale), Rosaceae (Prunus sp.,
Crataegus sp.), Malvaceae (Tilia sp.) and Poaceae (Zea mays). Such composition is similar to that
reported for other batches of multi-floral, bee collected pollen, from the same region of Romania [58].

3.1. Release of Pollen Biosilica, Polyphenols and Flavonoids During Fermentation with Kombucha

The total polyphenol content of the bee collected pollen batches used for our experiments was
12.73 ± 3.38 mg/g dry weight (d.w.). Such content is in line with those reported already for Romanian
pollen [59]. We determined a total silicon content of 4.47 ± 0.78 mg/g d.w., on the same level as the
reported values for pollen from the same geographic region—Eastern Europe/Asia Minor [60,61].
The biosilica from pollen wall was solubilized during Kombucha fermentation. The solubilization was
more significant after 18 days of fermentation (Figure 1) and it is probably a result of the accumulation
of organic acids [62].
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without addition of bee collected pollen.

The release of polyphenols into Kombucha liquid phase during the fermentation of pollen
followed the same pattern as the solubilization of biosilica, with a more significant and accelerated
release after 15–18 days of fermentation (Figure 1). It was already reported that the content of
polyphenols is increased during Kombucha fermentation [63]. The addition of another vegetal
source of polyphenols, i.e., wheatgrass juice, significantly increased the polyphenol content of the
Kombucha [64].
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The phytonutrients from pollen are released mainly after 18–20 days of fermentation in the
Kombucha liquid phase. The addition of pollen into Kombucha vinegar after 20 days of fermentation
determined a significant increase in the content of total polyphenols and flavonoids in the liquid phase
(Figure 2). At the same time, the content of reducing sugars decreased, after a small increase during
the first days (Figure 2), showing that the microorganisms from the Kombucha consortium are still
active during this late fermentation stage. The small increase in sugar reducing content during the
first days after pollen addition suggests a release of such compounds from pollen.
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Figure 2. Evolution of polyphenols, flavonoids and reducing sugars of Kombucha vinegar wherein bee
collected pollen was introduced.

The values of the DPPH and TEAC assays for each day of pollen fermentation in Kombucha
vinegar are presented in Table 1, and they show an increase in the recorded values, and therefore
of the antioxidant activity as the fermentation process unfolds. The antioxidant activity profile had
a similar pattern of evolution to that of the total content of polyphenols and flavonoids. The IC50
value, calculated for the DPPH free radical scavenging activity, decreased continuously from the first
fermentation day to the 10th day.

Table 1. Time-dependent antioxidant capacity of Kombucha vinegar with added pollen.

Fermentation Time (days) TEAC (µg Trolox/mL) DPPH (Inhibition Grade%/mL) IC50 (mg/mL)

1 8.83 ± 0.17 1.35 ± 0.1 15.16
2 3.54 ± 0.63 1.32 ± 0.13 13.76
3 3.9 ± 0.18 1.62 ± 0.04 14
4 4.21 ± 0.21 1.64 ± 0.03 12.6
5 5.61 ± 0.22 2.16 ± 0.06 14.96
6 7.8 ± 0.26 2.85 ± 0.07 13.76
7 7.23 ± 0.31 3.79 ± 0.07 11.97
8 16.24 ± 0.34 4.87 ± 0.04 11.95
9 20.94 ± 0.67 4.86 ± 0.11 11.68

10 22.95 ± 0.77 4.91 ± 0.11 10.56
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3.2. Dynamic of Lactic Acid Bacteria Population During Product Fermentation

LAB were previously reported to comprise up to 30% of the bacterial population of Kombucha
cultures/SCOBY consortium [32]. In our study we used qPCR to quantify the LAB in different
Kombucha samples with or without added pollen. The molecular data were compared with results
obtained by on-plate cultivation of LAB in specific media, respectively MRS.

The first applications of qPCR in microbial ecology were reported in 2000, and it is still considered
a fast and effective method enabling the quantification of transcript numbers within environmental
samples, providing high specificity and sensitivity to targeted sequences present in mixed community
background using specific primers [65]. This method has been previously used for detection of lactic
acid bacteria dynamics during fermentation, such as Streptococcus thermophilus and Lactococcus lactis in
dairy [66], L. plantarum and L. fermentum in cocoa bean fermentation [67], L. curvatus, L. brevis, L. pontis,
Pediococcus pentosaceus in sourdough [68,69]. Under our experimental conditions, the correlation
coefficient was R2 = 0.9948 for the standard curve. The detection limit showed a maximum Ct
(threshold cycle, related to the number of amplification cycles needed for the exponential amplification
phase to begin) of 30, which was needed for a positive reaction with SYBR-Green I. The amount of
LAB specific DNA present in an unknown sample was obtained by interpolating its Ct value against
the standard curve, and it was expressed in log10 CFU/mL.

As seen in Figure 3, immediately after inoculation with SCOBY during Kombucha fermentation,
the level of LAB measured by both methods is close to 105 CFU/mL, level which remains constant
during the first five fermentation days and goes down to 103–104 CFU/mL by the end of the
fermentative process. When adding pollen in the beginning of the fermentation, the initial LAB
level raised almost two logarithmic units, up to 107 CFU/mL.
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For the initial level of LAB in the pollen, three different samples of multi-flower pollen used on
an industrial level were investigated by q-PCR technique. The LAB content varied between 105–106

CFU/mL total cells. Until now, few studies have focused on pollen LAB payload. Our result is in
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line with the only data already reported, respectively a level of viable cells (on-plate counting) from
104–106 CFU/mL [65]. The most common specie identified by molecular tools in the pollen was
reported previously to be Lactobacillus species and in particular Lactobacillus kunkeei [66]. Therefore,
the important bounce of the lactic acid bacteria population upon pollen addition could be caused by
the pollen contribution, considering the reports which emphasize such transfer of lactic bacteria of
genus Lactobacillus sp, Bifidobacterium sp. from the bees’ digestive system into the bee pollen, being
involved in bee bread fermentation [21,67].

Since we did not register significant differences between the level of LAB measured by qPCR and
on-plate technique (colony forming units), respectively, between the total LAB cells and the viable
LAB cells, we will only use qPCR in further studies, as it is faster and more reliable.

When adding pollen in Kombucha vinegar (Kombucha previously fermented for 20 days) we did
not notice significant differences in LAB population level between the first and the last maceration day.
The experiment on the laboratory scale in 2 L working volume induced a lower level (107 CFU/mL)
than that resulted from pilot trials of 100 L (109 CFU/mL) (Figure 4). This may be linked to the specific
ratio area/volume and interfacial specific area on large scale level, which assure better conditions for
LAB development. Up-scale enhances the pollen effect of boosting LAB microbial population. Further
investigations should be performed in this respect.
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Laboratory (Lab) versus Pilot Plant (Pilot) scale.

3.3. Dynamics of Organic Acids During Product Fermentation

We determined the dynamics of several organic acids, hydroxy acids (citric, gluconic and lactic)
and short-chain fatty acids (acetic, propionic and butyric). Pollen addition determined an enhancement
in the production of the organic acids (Table 2).
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Table 2. Organic acids content during Kombucha fermentation with or w/o pollen addition.

Sample Day
Hydroxy-Acids Short-Chain Fatty Acids

Citric
Acid, g/L

Gluconic
Acid, g/L

Lactic
Acid, g/L

Acetic
Acid, g/L

Propionic
Acid, g/L

butyric
Acid, g/L

K Lab

0 ND 0.545 ± 0.006 0.38 ± 0.01 0.375 ± 0.005 ND ND
5 ND 0.56 ± 0.006 0.36 ± 0.006 0.605 ± 0.004 ND 0.14 ± 0.011
9 ND 0.555 ± 0.014 0.36 ± 0.006 1.32 ± 0.03 0.12 ± 0.033 0.18 ± 0.014
13 ND 0.94 ± 0.03 0.37 ± 0.006 2.32 ± 0.015 0.16 ± 0.024 0.28 ± 0.017
17 ND 1.59 ± 0.043 0.375 ± 0.003 4.66 ± 0.025 0.24 ± 0.016 0.30 ± 0.021

KP Lab

0 0.02 ± 0.005 2.795 ± 0.015 0.46 ± 0.015 0.415 ± 0.005 0.095 ± 0.012 0.12 ± 0.038
5 0.02 ± 0.005 3.155 ± 0.016 0.44 ± 0.01 0.515 ± 0.007 0.205 ± 0.034 0.44 ± 0.032
9 0.045 ± 0.005 3.59 ± 0.090 0.57 ± 0.02 2.275 ± 0.013 0.31 ± 0.023 0.74 ± 0.028

13 0.04 ± 0.003 2.545 ± 0.005 0.72 ± 0.01 2.25 ± 0.04 0.42 ± 0.014 1.06 ± 0.063
17 0.055 ± 0.005 2.26 ± 0.02 0.77 ± 0.01 3.51 ± 0.11 0.56 ± 0.041 1.78 ± 0.054

K Pilot 18 ND 2.645 ± 0.14 1.75 ± 0.15 17.64 ± 0.21 0.27 ± 0.032 0.84 ± 0.037

KP Pilot 18 0.09 ± 0.001 3.975 ± 0.32 10.265 ± 0.42 19.56 ± 0.18 0.66 ± 0.037 1.92 ± 0.033

Legend: K—fermented Kombucha; KP—Kombucha fermented with pollen; Pilot—large-scale.

Such enhancement of organic acid production is most probably related to the significant increase
of SCOBY biodiversity, with a higher weight/proportion of LAB. Different types of fermentation occur
at the same time in Kombucha with pollen. As seen in Table 1, citric acid was not detectable (ND)
in any of the samples without pollen and only in the case of Kombucha fermented with pollen (KP)
some small values were detected, increasing from 0.02 g/L in the beginning of the fermentation to
0.055 g/L by the end of the fermentation. The presence of citric acid in Kombucha was previously
reported by Jayabalan et al. [31], who found a content of 0.03 g/L in Kombucha prepared with green
tea, on the 3rd day of fermentation and 0.11 g/L in the product obtained from black tea. Regarding
lactic acid, higher levels were obtained in the samples fermented with pollen, almost double in the
final product (0.37 g/L without pollen and 0.7 g/L with pollen), which could be correlated with the
higher levels [68] of lactic acid bacteria population brought by the pollen addition. Malbasa et al.
(2008) [31] reported a maximum of 0.54 g/L L-lactic acid in Kombucha made of black tea, which is in
the same range with our results.

In the product fermented without pollen, the gluconic acid content increased by the end of the
processes, reaching 1.5 g/L, while when adding pollen, a small increase in the first 9 days was noticed,
followed by its decrease. Gluconic acid is produced mainly by acetic bacteria and the high level of
lactic acid bacteria may inhibit the growth of acetic bacteria. Chen and Liu (2000) [69] reported a higher
content in Kombucha made with black tea, 39 g/L, but after a much longer fermentation period.

Acetic acid is the main organic acid in all samples and increases during the fermentation, due to
the activity of acetic bacteria. In the laboratory samples, fermented with and without pollen, the final
content of acetic acid was 3.51 and 4.61 g/L, respectively, which is in the range with the data already
reported [63], respectively 4.69 g/L after 18 days of fermentation. However, the samples obtained
under pilot plant conditions contained a substantial higher level of acetic acid than laboratory samples,
reaching levels of 17–19 g/L acetic acid, most probably due to the same surface-volume difference
between laboratory and larger scale level.

To the best of our knowledge, the presence of propionic and butyric acids has not been reported
yet in Kombucha beverages. However, the presence of these SCFA is plausible and it was probably not
reported because it was not extensively studied. Such SCFA are usually produced by the probiotic
microorganisms, including lactic acid bacteria, and are an important part of postbiotics [36,37].
The higher content of LAB within SCOBY developed by tea with pollen could explain the higher
production of such SCFA in Kombucha with pollen.

3.4. Morphological and Structural Analysis of Fermented Pollen

The ultrastructure analysis with transmission electron microscopy (TEM) highlighted differences
between the control (dry) pollen (Figure 5) and pollen undergoing a fermentation process in Kombucha
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vinegar, for samples at 3rd, 5th, 7th and 9th fermentation day (Figure 6). A very important feature of
the pollen grain is the resistant outer coat named exine, which has a role in protecting the reproductive
cells and is important for the attachment to insect pollinators and adhesion to the stigmatic surfaces.
The exine is composed of sexine—the ornamental external part, and the nexine, the basal layer. Beneath
the exine, a second major wall layer, the intine, surrounds the pollen grain protoplasm. The exine is
composed of sporopollenin, a highly resistant biopolymer containing fatty acids, phenylpropanoids,
phenolics and carotenoids, and the intine is largely composed of pectin and cellulose.
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Figure 5. Control sample of unfermented pollen. The arrows show the external wall exine, consisting
of sexine and nexine, and the inner wall intine. Additional ultrastructural characteristics of pollen,
lumina and baculum are spotlighted. Middle and right pictures illustrate representative aspects of the
analyzed pollen grains.
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Figure 6. Fermented pollen in kombucha vinegar: (a) 3 days, (b) 5 days, (c) 7 days, (d) 9 days.

There is a progressive dynamic of destruction of the pollen complex wall structure, starting both
from exterior and interior of the pollen grain. TEM images show that there are visible modifications
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of the structural units of the pollen shells (external and internal pollen coating—exine and intine).
The pollen grains undergo wall destruction and release of the cellular content in the Kombucha vinegar.

During the first days of fermentation the swelling of the pollen granule, the breaking of the exine
and the opening of the pores were observed (Figure 6a,b). Planktonic bacteria are present near the pollen
grain (Figure 6b). Most probably, the observed bacilli and cocci are lactic acid bacteria, e.g., Lactobacillus sp.
or Pediococcus sp.—our group recently reported the presence of Pediococcus pentosaceus in our local
SCOBY/Kombucha consortium. Our hypothesis is that these planktonic bacteria are involved in the
breakage of the pollen complex wall structure.

The exine starts to erode and to break, further exposing the pores and the intine. The swelling,
created also due to the difference in osmotic pressure, generates an internal pressure, which is pushing
on pores. As we approach the 10th day of fermentation, we notice the extensive breakage of the
intine. The intine destruction results in significant release of the internal content (Figure 6c,d). Our
observations on ultrastructural changes support the biochemical results which show an increase in the
content of bioactive compounds (flavonoids, polyphenols, antioxidant activity) in Kombucha liquid
phase wherein pollen is included, as compared with the Kombucha without pollen. Most probably,
the additional bioactive ingredients from Kombucha fermented with pollen are released from the
pollen grains that undergo destruction of the complex wall structure.

SEM images highlight the adhesion of the bacteria from SCOBY consortium microorganisms
to the surface of the pollen granules (Figure 7b, arrows). Such a finding supports our hypothesis
regarding the involvement of the planktonic microorganisms from Kombucha/SCOBY consortium
(the microorganisms which are not included into the cellulose biofilm) in the pollen degradation. Most
likely, different microorganisms from Kombucha/SCOBY consortium develop on the surface of pollen
grains and promote the formation of small pores into exine, through local oxidative degradation.
The SEM analysis also illustrates the morphological changes of pollen granules after Kombucha
fermentation, such as swelling and tearing.
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Figure 7. SEM evaluation of the ultrastructure of mono-floral, apple pollen, which has a more uniform
shape. (a) unfermented pollen; (b) 1-day fermented pollen, with attached bacteria (arrow); (c,d) 7 days
fermented pollen; (e) detail: pollen granule cracked after 10 days of the fermentation process; (f) detail:
pollen granule drained because of the10 day of fermentation process.

Both the morphological and ultrastructural analyzes present evidences for an increased
bioavailability of the pollen grain content after fermentation with SCOBY/Kombucha consortia.
Such a fermentation process determines the morphological and ultrastructural alterations of the pollen
outer and inner membrane and leads to the release of the pollen granule content.

3.5. Cytotoxic and Antitumoral Effects of Spray-Dried Product

We used spray-dried pollen processed on pilot plant level, 100 L working volume, to determine the
cytotoxic and antitumoral effects. The in vitro biocompatibility of the spray-dried sample was assessed
using the MTT assay, which evaluates the activity of mitochondrial dehydrogenases. The results
obtained after 24 h and 72 h of cell incubation in the presence of different concentrations of the
sample indicated that the spray-dried product (fermented pollen with Kombucha consortium soluble
products, metabolites and cell components) presented a good biocompatibility within the concentration
range of 5–20 mg/mL. At these concentrations, the cell viability was above 80%, which is considered
non-cytotoxic (Figure 8a). At concentration of 30 mg/mL, the cell viability decreased to 37% and
11.71% after 24 h and 72 h of treatment, respectively. The extracts/products added into the cell culture
media at concentrations higher than 2%, respectively 20 mg/mL, modify the characteristics of the cells.

Regarding the antitumoral activity, after 24 h of treatment, the viability of Hep-2 cells was
maintained over 80% at concentrations ranging between 5–25 mg/mL but dropped significantly below
65% after 72 h starting with the concentration of 20 mg/mL (Figure 8b). Better results were obtained
on Caco-2 intestinal tumor cells. Thus, the values of cell viability slightly decreased below 80%
(75.56%) after 24 h of treatment at the concentration of 15 mg/mL, whereas at higher concentrations,
significantly lower values were obtained (below 20%) (Figure 8c). Similar results were found after 72 h,
although the values of the cell viability were even lower at all tested concentrations compared to those
obtained after 24 h. Thus, the cell viability dropped to 52.65% at the concentration of 15 mg/mL and
below 10% at higher concentrations (20–30 mg/mL).
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Figure 8. Effect of treatment with the spray-dried, large-scale obtained product on cell viability of
(a) NCTC clone L929, (b) Hep-2 cells and (c) Caco-2 cells, after 24 and 72 h, evaluated by the MTT assay.
The experiment was carried out in triplicate. Data are presented as mean ± SD.

In conclusion, the tested sample showed no cytotoxic effect within the concentration range
of 5–20 mg/mL and exhibited a moderate antitumoral activity starting with the concentration of
20 mg/mL for Hep-2 cells and 15 mg/mL for Caco-2 intestinal tumor cells.

Cell Morphology

Optic microscopy allowed for observations of cell morphology changes induced in the cell
membrane, cytoplasm and nuclei after treatment with different concentrations of atomized sample.
Light microscopy images were taken for all three types of cell lines (NCTC clone L929, Hep-2 and
Caco-2) incubated in the presence of the tested sample for 72 h (Figures S1–S3). The micrographs of the
NCTC clone L929 control culture showed that the cells maintained their normal fibroblastic phenotype
with euchromatic nuclei and clear cytoplasm (Figure S1a). The morphology of L929 cells treated
with the spray-dried product was similar to that of the untreated control up to the concentration of
20 mg/mL and the cell density reached a complete monolayer similar to the control cells (Figure S1b).
Evident morphological changes in the cell morphology, such as round cells and giant cells with
multiple nuclei and granular cytoplasm, were observed at higher concentrations (25–30 mg/mL),
when the cell viability dropped below 55% (Figure S1c,d).

The light microscope images of Hep-2 cells cultivated in the presence of the spray-dried
product revealed a normal morphology (epithelial-like cells) like that of the untreated cells up to
the concentration of 15 mg/mL (Figure S2a,b). Moreover, the density of treated cells was also like
that of the control cells, reaching an almost complete monolayer (90–95% surface covered by cells).
Morphological changes in the cell membrane, cytoplasm and nuclei were observed starting with
the concentration of 20 mg/mL, when cell viability decreased significantly, down to 5.66% at the
concentration of 30 mg/mL (Figure S2c,d).
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Finally, Caco-2 cells treated with different concentrations of the product showed a normal
epithelial-like phenotype (cuboidal shape, similar to intestinal enterocytes) just as the untreated
cells, within the concentration range of 5–10 mg/mL, when the cell density reached an almost complete
monolayer (85–90% surface covered by cells) (Figure S3a,b). Significant morphological modifications
were observed at higher concentrations, with an increased percentage of rounded cells and low cell
density (Figure S3c,d).

In conclusion, the quantitative results obtained by the MTT assay correlated well with cell
morphology observations based on optical microscopy and both highlighted the antitumoral effect of
the tested sample.

4. Discussion

The results demonstrate that the process which we proposed, fermentation of bee collected pollen
with Kombucha, increases the bioavailability of bioactive compounds from pollen. The fermentation
of pollen with Kombucha releases important amounts of soluble silicon from biosilica embedded
into the wall. It is known that plant biosilica presents two pools, a concentrated one, in the form
of SiO2xnH2O aggregates and a dispersed one, poly-condensed silica complexed within the cell
wall [70]. Concentrated forms of biosilica aggregates have not been described in pollen. Thus, most
probably, the soluble silicon species which are released from pollen into Kombucha liquid phase result
from the dissolution of pollen wall matrix in the liquid phase. Weakening of the pollen wall due to
silicon solubilization increased the amount of released nutrients into Kombucha liquid phase. We
found an increase in the polyphenols content during the pollen fermentation with Kombucha. Pollen
proteins/amino acids are also most probably released after pollen grain breakage. Both polyphenols
and amino acids were reported to solubilize biosilica through a surface complexation reaction [71].
This suggests an interconnected, positive feed-back process, by which compounds released from pollen
could accelerate further the dissolution of wall matrix. Such processes could explain the exponential
phase release of pollen bioactive compounds, which we found both for pollen fermented in Kombucha
from the very beginning and for pollen fermented/macerated in Kombucha vinegar.

Pollen addition to Kombucha determined a better development of LAB. In Kombucha fermented
on industrial scale, the metabarcoding technique from a previous study revealed values from 6 to 8 units
log CFU/mL, in the case of fermentation of green tea, from the 1st to the 8th day of fermentation [72].
In our experimental large-scale fermentation of Kombucha with pollen, for 100 L working volume,
we determined more than 9 units log CFU/mL, even on the 10th day of fermentation. The larger
weight of the LAN population into SCOBY consortium from Kombucha with added pollen is correlated
with higher formation of lactic acid.

Large-scale fermentation of pollen with Kombucha proved to be more effective than laboratory,
small scale batches. The main reason is probably related to the interfacial transfer of oxygen. During
Kombucha fermentation the SCOBY consortium accomplishes different types of fermentation in the
same time, an aerobic one (acetic acid fermentation, oxygen being needed to transform ethanol to
acetic acid) and anaerobic fermentations—alcoholic and lactic [73]. Oxygen transfer should be enough
for acetic acid fermentation, but not in excess to inhibit alcoholic and/or lactic acid fermentation.
The oxygen transfer rate in the static culture of Kombucha is determined by the interfacial specific
area [74], i.e., the ratio between the surface exposed to air/oxygen and the total working volume.
The higher this ratio, the faster is the rate of oxygen transfer and the production of acetic acids.
However, on a too large area, the oxygen level in fermentation broths/liquid phase could limit
significantly the anaerobic fermentation. Thus, there are some limits for interfacial specific area,
between 0.0232 and 0.0681 cm−1, for a proper Kombucha fermentation process [75]. The vessel
which we used for large-scale pollen fermentation with Kombucha has a specific interfacial ratio of
0.0573 cm−1, which assures better oxygen transfer than the cylindrical bottles used under laboratory
conditions, with a specific interfacial ratio of 0.0308 cm−1.
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The addition of pollen seems to increase the proportion of lactic acid producers. The better
development of LAB on large scale fermentation with Kombucha could be explained by the larger
microbiota diversity associated with the diverse bee collected batches used on large scale. It has been
already demonstrated that introduced LAB are well tolerated by SCOBY consortium; For the hybrid
Kombucha culture, sweetened tea—sweetened cabbage brine, the microbial consortium maintained
the large amount of LAB introduced by the cabbage brine [76]. Most probably, bee collected pollen
brings to the SCOBY community fructophilic lactic acid bacteria, specific to honey bee and honey
bee products [77]. Fructophilic lactic acid bacteria are fitted to establish and develop into SCOBY
consortium/Kombucha habitat: are tolerant to oxygen and high level of sugars [75], metabolize
fructose [77] and use polyphenols as electron acceptors [78]. All these features support them to
proliferate into sweetened tea, with high content of soluble sugars (including fructose, produced by
yeast invertase from sucrose) and polyphenols. Additional polyphenols released from pollen should
further support fructophilic LAB. Further studies will help to elucidate these observations.

Larger microbial diversity of Kombucha with added pollen supports also the formation of
short-chain fatty acids—SCFA. SCFA are representative for postbiotics, bioactive metabolites produced
by probiotics [36]. Postbiotics are among the main active ingredients of paraprobiotics, products which
contain inactivated probiotics/beneficial microbial strains. Typical examples of paraprobiotics are
the milk-based product fermented with Bacteroides xylanisolvens DSM23964. Such products result
from cultivation of B. xylanisolvens on (skimmed) milk, followed by a thermal inactivation (including
by spray-drying) of the resultant fermentation product. Spray-drying in mild conditions does not
affect the bioactive compounds produced by B. xylanisolvens and reduces the concerns regarding
potential hazards of active growing microbial strains for consumers with (auto)immune disorders and
inflammatory conditions. We used the same approach to limit the concerns regarding the safety of
our pollen fermented with Kombucha. The cell culture tests proved a good biocompatibility. Even
after inclusion of 20 mg/mL in the culture media (i.e., 2%) the spray-dried pollen fermented with
the Kombucha soup is still biocompatible. Usually, the biocompatibility of herbal extracts on cell
culture of NCTC clone L929 is investigated at concentrations between 0,1 and 0,5%, respectively from
1 to 5 mg/mL, and the products with limited influence at 0.5% concentration on growing medium
are considered safe [79]. In the case of transformed cells of intestinal origins, we noted an inhibitory
effect starting from 10–15 mg/mL. This antitumoral slight effect might be related to the presence of
postbiotics into the tested products, as such compounds were demonstrated to have antitumoral effect
against intestinal transformed cells [36].

5. Conclusions

The fermentation with a Kombucha consortium enhances pollen phytonutrients bioavailability.
However, the pollen fermentation with Kombucha leads not only to enhanced bioavailability of
pollen phytonutrients. Pollen has already been demonstrated to be a good fermentation activator
for mead and white wine. Our data presented here show that pollen is also a good activator of
Kombucha/SCOBY fermentation. The addition of the bee collected pollen also improves Kombucha
fermentation and the formation of Kombucha health-related compounds. At the end of the pollen
fermentation with Kombucha consortium, a product with enhanced health benefits is formed, with
complementary bioactive ingredients.
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ABSTRACT
This study aims to evaluate the antifungal activity of lactic acid
bacteria (LAB) from some Cameroonian food commodities
against mycotoxigenic and spoilage molds. Following LAB isola-
tion, the antifungal activity of the isolates was assessed. The
organic acids were quantified using high-performance liquid
chromatography and the ability of the LAB to reduce mold
biomass and aflatoxin production was evaluated. The LAB were
identified and the biopreservative potential of strain LO3 was
evaluated on tomato paste. Nine percent of the strains isolated
showed broad antifungal activity. The activity was due to the
effect of organic acids comprising lactic, acetic, 4-hydroxy-3-phe-
nyllactic and 3-phenyllactic acids. Lactobacillus plantarum LO3
exhibiting the highest and broadest antifungal activity was
selected and showed the capacity to inhibit fungal growth and
aflatoxin production in vitro. Moreover, this strain and its cell-free
supernatant showed the ability to prevent aflatoxigenic mold
growth in tomato paste without altering its physico-chemical
and organoleptic properties.

KEYWORDS
Aflatoxigenic and spoilage
molds; L. plantarum;
antifungal activity; organic
acids; molecular
identification

Introduction

Molds are the main spoilage organisms of various food products, causing
substantial economic losses (Pitt and Hocking 2009). Moreover, they are
one of the major worldwide causes of mutagenic, carcinogenic, and
teratogenic diseases, due to their capacity to produce mycotoxins. They
thus constitute a serious health risk for humans and animals. The
problem of food and feed contamination with spoilage and mycotoxi-
genic molds still prevails worldwide. As a remedy, the biological control
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of food mycotoxigenic and spoilage molds has usually been considered
as one of the best approaches to impede these harmful effects (Dalié,
Deschamps and Richard-Forget 2010). In this respect, strategies invol-
ving chemical preservatives added directly to food have been used in the
farming and food processing industries. However, the development of
chemical-resistant molds is becoming problematic (Viljoen 2001). In
addition, the increasing consumers’ trend toward high-quality and che-
mical preservative-free foods, coupled with the ban of many chemical-
based preservatives by the European legislation (Directive (CE) No 1107/
2009 of the European Union), have prompted the quest for more natural
preservation approaches (Official Journal of the European Union 2009).
In response, biopreservation has been of growing interest during the last
decade. Lactic acid bacteria (LAB) are of particular interest as biopre-
servation agents, as many of them have been granted the generally
recognized as safe (Von Wright 2005) status and qualified presumption
of safety status (EFSA, 2013). They possess antifungal properties, as
reported by numerous existing studies (Gerez et al. 2013; Lavermicocca
et al. 2000; Schnürer and Magnusson 2005; Ström et al. 2002; Wang
et al. 2012; Yang and Chang 2010; Yang, Kim and Chang 2011). In fact,
LAB can produce different kinds of antifungal bioactive molecules, such
as hydroxyfatty acids, phenyllactic acids (P.L.A), cyclic dipeptides, 3,6-
bis (2-methylpropyl)-2,5-piperazinedion and δ-dodecalacetone protei-
naceous compounds, and bacteriocin-like substances. The application
of antifungal metabolite-producing LAB in food preservation has also
been well documented to date, as evidenced by an increasing number of
studies (Coda et al. 2011; Crowley, Mahony and van Sinderen 2012;
Gerez et al. 2009; Rouse et al. 2008; Yang and Chang 2010). However,
in some developing countries where regulations are nonexistent or not
enforced, the majority of inhabitants are exposed to the consumption of
mycotoxin-contaminated products, either directly or at various points of
the food chain. In Cameroon for instance, the isolation and character-
ization of mycotoxin-producing mold strains from certain commonly
consumed food commodities have been previously reported (Abia et al.
2013; Leong et al. 2012; Ngoko et al. 2008; Njobeh et al. 2009).
Therefore, the search for means of their biological control ought to be
urgently addressed.

The purpose of the present study was to isolate LAB from Cameroonian
food commodities and evaluate their antifungal activity against mycotoxi-
genic and spoilage molds. The aflatoxin (AF) production potential of molds
strains, the in vitro antifungal activity and ability to reduce AF production,
the identification of antifungal metabolites, and the biopreservation potential
of promising LAB strains were investigated.
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Materials and methods

Mold strains, culture media, and culture conditions

The mold strains used in this study are listed in Table 1. They were formerly
isolated from frequently consumed food commodities in Cameroon, and from
cereals in Romania. They were found to produce mycotoxins on coconut agar
medium, and their identification was earlier achieved based on cultural and
microscopic characteristics, following the methods described by Pitt and
Hocking (2009). Before use, they were grown on potato dextrose agar (PDA,
Carl Roth, GmbH+ Co, Karlsruhe, Germany) plates at 29°C until sporulation
(5–7 d). Mold spores suspensions were prepared by scraping spores from the
surface of PDA culture medium and resuspending in PBS solution (pH 7.0).
These suspensions were filtered twice using sterile cheesecloth and adjusted to
the final concentration of 105–106 spores/ml using a Neubauer hemocytometer.

Determination of the mold strains’ mycotoxigenic potential: Detection and
quantification of total AFs and ochratoxin A

The ability of Aspergillus flavus strains to produce AFs in vitro was tested using
the methodology described by Reddy et al. (2009) with slight modifications.
Briefly, the mold strains were individually cultured on yeast extract sucrose
agar for 7 d at 25°C in the dark. Then, plugs of medium (5 g) were cut from
each Petri dish and ground for 1 h in 3 ml methanol/H2O (80:20 v/v) solution
to extract total AFs. The resultant mixtures were subsequently filtered using
Whatman paper No 4, and the filtrates were analyzed for the presence of total
AFs by ELISA using the RIDASCREEN® FAST Aflatoxin kit (R-Biopharm,
Darmstadt, Germany), according to the manufacturer’s standard protocol.

In the second set of the experiment, Penicillium citrinum AR2 and
Aspergillus niger AR4 were assayed for OTA production according to the
slightly modified method of Koteswara Rao et al. (2013). The molds were

Table 1. Mold strains used in this study.
Fungi Source (Origin)

Aspergillus flavus AR1 Peanuts (Cameroon)
A. flavus OG2 Orange (Cameroon)
A. flavus MB5 Dried fish (Cameroon)
A. flavus PN4 Spices (Cameroon)
A. flavus MUCL 18903 Culture collectiona (Romania)
A. flavus GE2 Wheat (Romania)
A. flavus OR 31 Barley (Romania)
A. flavus T11 Triticale (Romania)
Aspergillus niger AR4 Peanuts (Cameroon)
Penicillium citrinum AR2 Peanuts (Cameroon)
Penicillium verrucosum AR5 Peanuts (Cameroon)

aLaboratory of Microbiology of the University of Agronomic Sciences and Veterinary Medicine of Bucharest.
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inoculated on Czapek yeast extract agar (Fluka Chemie AG, Buchs,
Switzerland) plates and subsequently incubated at 25°C for 10 d in the
dark. Five grams of agar medium together with mycelium were collected
from the culture plates and ground in 20 ml of acetonitrile/H2O (60:40 v/v)
using a blender. The preparations were filtered as previously detailed, and the
filtrates were subsequently analyzed for the presence of OTA using HPLC as
described by Rotaru et al. (2011).

Isolation of LAB

Three frequently consumed food commodities (peanuts, gari, i.e., starch-
depleted cassava granular flour, and oranges) were collected from the local
markets in the western highland regions of Cameroon. Orange fruits were
cleaned using 70% ethanol and rinsed with sterile distilled water. They were
then aseptically cut and squeezed to obtain the juice. Meanwhile, peanuts and
gari samples were ground in a sterile blender. LAB were isolated after plating
tenfold serial dilution of each sample onto MRS agar (Liofilchem, Srl, Roseto
degli Abruzzi, Italy). Preliminary identification of LAB isolates were done by
catalase test, oxidase test, Gram staining, and microscopy and then main-
tained either on MRS agar slants at 4°C with a monthly based sub-cultivation
until assayed, or at −20°C for long-term conservation in MRS broth contain-
ing 25% (v/v) glycerol as cryoprotectant.

The strain Lactobacillus plantarum IC12353 (from the culture collection of
the Laboratory of Microbiology of the University of Agronomic Sciences and
Veterinary Medicine of Bucharest) was used as the reference strain for the
molecular identification of LAB isolates.

Antifungal overlay assay

The ability of the LAB isolates to inhibit mold growth was evaluated using
the overlay method on solid media as described by Magnusson et al. (2003).
Briefly, LAB were inoculated in two 2-cm lines on MRS agar plates and
allowed to grow at 30°C for 48 h in candle jars. The plates were subsequently
overlaid with 10 ml of potato dextrose soft agar (0.08% agar) containing
approximately 104 indicator mold spores (conidia) per ml. After aerobic
incubation at 30°C for 48 h, the zone of inhibition was measured. The
indicator molds are listed in Table 1. The degree of inhibition was calculated
as a ratio or proportion (%) of the surface area of the zone of growth
inhibition relative to the total surface area of the Petri dish, and the scale
was the following: (-) = no visible inhibition, (+) = no fungal growth on 0.1–
3% of plate area/bacterial streak, (++) = no fungal growth on 3–8% of plate
area/bacterial streak, (+++) = no fungal growth on >8% of plate area/bacter-
ial streak.
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Identification and quantification of the antifungal compounds

Here, the identification, as well as quantitative analyses of the antifungal com-
pounds produced, was assessed. Briefly, each of the nine LAB isolates that
showed a strong inhibition of mold growth in the agar overlay assay was
cultivated in MRS broth for 24 h at 37°C, and then centrifuged at 3,000 ×g for
10 min, 4°C. The cell-free supernatants (CFS) were collected, filtered (0.20-µm
Millipore Nylon syringe filters) and subsequently subjected toHPLC analysis for
organic acid detection and quantification. Thus, lactic, acetic, propionic, 4-
hydroxy-3-phenyllactic [2-hydroxy-3-(4-hydroxyphenyl) propanoic acid, (OH)
C6H5CH2CH(OH)COOH] and 3-phenyllactic [2-hydroxy-3-phenylpropionic
acid, C6H5CH2CH(OH)COOH] acids were quantified by a Waters Alliance
HPLC system using a reverse phase column (SUPELCOGEL column, 25-cm
length × 4.6-mm inner diameter, SUPELCOAnalytical, Bellefonte, Pennsylvania
16823, USA). The conditions were as follows: injection volume 10 μl; mobile
phase 0.1% phosphoric acid in ultrapure water; flow rate 0.17 ml/min; isocratic
elution; temperature of column 40°C; a UV (210 nm) detector (Waters 2487
model) connected to the hardware system. A standard curve was plotted, and the
data acquisition and management were completed using the Empower 2 soft-
ware. After a first screening, five LAB isolates were selected following their
ability to produce various organic acids and were subjected to further analyses.
All the standards and reagents originated from Sigma (Sigma-Aldrich, Saint
Louis, Missouri, USA).

Effect of LAB on A. flavus AR1 mycelium growth and AF production

The effects of isolates LO3 and LA5 on A. flavus AR1 mycelium growth
and AF production were assessed by coculture experiment as described by
Coman et al. (2014) with slight modifications. The experiments were
performed in a modified MRS medium named mMRS (MRS broth/potato
dextrose broth 1:1 v/v), capable of sustaining the growth of both types of
microorganisms. In the first experiment, three 100-ml Erlenmeyer flask
containing each 25 ml aliquot of mMRS were inoculated separately so as
to obtain: 105 spores/ml of A. flavus AR1 strain (Control 1); 108 CFU/ml
of each LAB strains (control 2); 108 CFU/ml of each LAB strains and
105 spores/ml of A. flavus AR1 strain (test). Incubations were carried out
aerobically without shaking at 25°C for up to 15 d. The LAB cell suspen-
sions were prepared in PBS following centrifugation (3,000 ×g for 10 min,
4°C), two washes in PBS, and resuspension in the same buffer solution.
Their cell concentrations were determined by plate count onto MRS agar.
In the second experiment, each LAB isolate was firstly cultured in MRS
broth at 30°C for 24 h. Then, A. flavus AR1 (chosen based on its high AF
production ability) strain was inoculated in each of the 24-h-old culture
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and incubated at 25°C for 15 d. At the end of the incubation periods, the
mold growth in mMRS medium and the paired cultures with LAB (first
and second experiments) was expressed as the percentage of the difference
in mycelia growth (expressed in mm as measured on the wall of the tube
using a Vernier caliper) compared to the positive mold control.
Thereafter, the mycelia were collected and weighed before and after drying
(at 105°C until constant weight in an oven). In addition, quantitative
analysis of total AFs in mMRS media from the first and second experi-
ments was carried out as described in the second subheading of the
“Materials and methods” section. Prior to this analysis, total AFs were
extracted from broth medium using methanol/H2O (80:20 v/v) solution.
The mold biomass reduction was expressed as the percentage of the
mycelia dry weight (g) compared to the positive mold control. The total
AF reduction was expressed as the percentage of AF production compared
to the control.

Phenotypic and genotypic identification of some LAB isolates

Phenotypic identification
Physiological characteristics such as the production of gas from glucose and
the ability to grow in MRS broth at 10°C for 10 d, 45°C and pH 9.6 for 48 h,
as well as in MRS broth + 4% and 6.5% NaCl were evaluated. Moreover,
isolates were biochemically identified using the API 50CHL kit (BioMérieux,
Marcy-l'Etoile, France). The API (Analytical Profile Index) 50 CHL kit test
results were analyzed using the APIWEB® software.

DNA extraction
Genomic DNA was extracted from LAB cells according to the protocol of
Gevers, Huys, and Swings (2001).

BOX-PCR and ERIC-PCR genotyping
For the BOX-PCR assay, the primer used was BOXA1R (5ʹ-
CTACGGCAAGGCGACGCTGACG-3ʹ), whereas the primers pair ERIC-I
(5ʹ-ATGTAAGCTCCTGGGGATTCAC-3ʹ) and ERIC-II (5ʹ-AAGTAAGTGA
CTGGGGTGAGCG-3ʹ) was used for the ERIC-PCR assay. Amplifications
were performed as described by Mohammed et al. (2009) and PCR products
were visualized after electrophoresis on 2% agarose gel (run at 90 V for
90 min) and staining with ethidium bromide using Gel Doc XR + Imaging
System (BioRad, Madrid, Spain).

Species-specific PCR assay
In this experiment, the rec-A gene-based primer, planF (5ʹ-
CGCTTTATGCGGQQCQCCTQ-3ʹ), specific for L. plantarum, was used
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and the amplification was carried out as described by Torriani, Felis, and
Dellaglio (2001). The PCR products were examined as described above. L.
plantarum IC12353 was the reference strain in all the PCR assays.

16S rRNA gene sequencing
The LAB strain LO3 was further identified by 16S rRNA gene sequencing.
Briefly, genomic DNAwas extracted from pure cultures by the standard phenol-
chloroform-isoamyl alcohol method described by Ampe et al. (1999). The 16S
rRNA gene PCR amplification was performed using the following forward and
reverse primers respectively: pA: 5ʹ-AGAGTTTGATCCTGGCTCAG-3ʹ and 3:
5ʹ-GTTGCGCTCGTTGCGGGACT-3ʹ. The DNA sample was subjected to an
initial denaturation cycle (3 min at 94°C), followed by 34 cycles of denaturation
(1 min at 94°C), annealing (1.5 min at 65°C), extension (2 min at 72°C), ending
with 2 final extension cycles (15 min at 72°C each). The PCR product was
analyzed as described previously and subsequently purified using MontageTM

GENOMICS Kit (Millipore Corporation, Bedford, USA). The sequencing of the
purified PCR products, targeting the V1-V2 hypervariable regions of the 16S
rDNA, was performed by the commercial services of Macrogen Inc. (Seoul,
Korea). Chimeras were trimmed from the sequences by using the bioinfor-
matics software ChromasPro 1.7.7 and the assignment of the isolate to the
closest related taxon was achieved using BLAST analysis tool in the NCBI
GenBank database (www.ncbi.nih.gov). The 16S rDNA sequence of strain
LO3 was deposited into the NCBI GenBank database to obtain an accession
number.

Biocontrol activity of L. plantarum LO3 and its CFS on aflatoxigenic A.
flavus AR1

The biopreservation potential of L. plantarum LO3 and its CFS was assessed on
tomato paste. Fresh tomato fruits (Solanum lycopersicum L.) were purchased
from the markets in the western highland regions of Cameroon. They were
carefully hand-selected, surface-sterilized by dipping for 5 min in 2% of sodium
hypochlorite, rinsed with sterile distilled water, and air-dried under the hood.
Afterwards, the fruits were dipped in boiling water for 3 min, subsequently
immersed in cold water, ground in a sterilized grinder to obtain the paste and
finally pasteurized (heating in boiling water at 71°C for 5 min followed by
immediate cooling at 4°C). The pasteurized paste was divided into four batches
each constituting of 24 screw-capped test tubes containing 20 g of paste per
tube. The control batches were inoculated with 105 spores/ml of A. flavus AR1
strain (positive control) or not (negative control). One of the test batches was
inoculated with 105 spores/ml of A. flavus AR1 and 108 CFU/ml of L. plan-
tarum LO3 (T1), while the other was inoculated with 105 spores/ml of A. flavus
AR1 and then received 1 ml of CFS (T2). All samples were incubated at 30°C
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for 9 d, observed for spore germination (visual growth) and also analyzed for
pH as well as microbiological and sensory properties at d 0, 3, 6, and 9. For the
microbiological analysis, the presence of molds and LAB in the samples was
evaluated by plating the samples onto PDA and MRS agar, respectively. For the
sensory analyses, a descriptive quantitative test was carried out using a panel of
15 trained persons. They were recruited based on criteria such as availability,
interest and motivation, intellectual ability, the state of physiological condition,
absence of anomalies or alterations affecting the senses. They were trained to
assess the intensity of each of the descriptors (Color, texture, and odor), with
the objective of being able to determine small differences in intensity and to
give identical answers for the same product (repeatability). Using a graphic
scale of 1–5, the panel evaluated the color (1 = scarlet red; 2 = red; 3 = cardinal
red, 4 = red carmine; 5 = red burgundy), texture (1 = pasty; 2 = very heavy;
3 = heavy, 4 = slightly heavy; 5 = liquid), and odor (1 = excellent; 2 = very good;
3 = good, 4 = bad; 5 = very bad).

Statistical analysis

The data of total AF concentrations, organic acid concentrations, pH as well
as sensory parameters were presented as the mean ± standard deviation and
analyzed by one-way ANOVA. When differences were significant between
means, the latter were separated using Student’s t-test. The analyses were
performed using GraphPad InStat software, and the differences were con-
sidered significant for p-values <0.05.

Results

Mycotoxins production by the mold strains

The measured total AF (AFB1, AFB2, AFG1, and AFG2) levels produced by
the tested A. flavus strains are shown in Fig. 1. All the strains tested showed
the ability to produce significant concentrations (ppb) of AFs in the agar
medium. Mold strains AR1 and MUCL 18903 showed levels that are above
the maximum permissible level set by the European Union for their residues
in food and feed (15 µg/kg). Ochratoxin A (OTA) was not found to be
produced by the mold strains tested.

Isolation of LAB and screening for antifungal activity

Of the 100 LAB isolated, 9 were able to show high and broad antifungal activity
against the tested mold strains (Table 2). It is noteworthy that only isolates LO3
and LA5 were able to inhibit all the tested mold strains, showing high (+++) to
moderate (++) antifungal activities. P. citrinumAR2, P. verrucosumAR5, andA.
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Figure 1. Total aflatoxin production by Aspergillus flavus strains grown on yeast extract sucrose
agar for 7 d at 25°C.

a: The values with this symbol do not differ from each other (p > 0.05), but differ significantly
from the others (p < 0.01).
b, c, d, e: The values carrying these symbols differ significantly (p < 0.05) from each other and from
the others.
Aflatoxins were extracted from agar medium plugs with methanol/water (80:20), filtered,
and quantified using RIDASCREEN® FAST Aflatoxin kit. The test was performed in
duplicate.

Table 2. Inhibitory activity of nine preselected LAB isolates against the aflatoxigenic and non-
aflatoxigenic fungi on MRS agar overlaid with soft PDA containing the indicator molds spores.

Fungal indicator strains

A. flavus A. niger P. citrinum P. verrucosum

LAB AR1 OG2 MB5 PN4 GE2 OR31 T11 MUCL 18903 AR4 AR2 AR5

LA1 - ++ +++ ++ - + - + - ++ ++
LA2 - +++ +++ ++ - - - + - ++ ++
LA3 + - - + - - + - + +++ +
LA4 + - - + - - + - ++ +++ ++
LA5 ++ ++ ++ ++ + + + ++ + +++ +++
LA6 ++ - - + - + + - + ++ ++
LO1 - + + + - - - - + + ++
LO2 + ++ ++ + + - - + + +++ +++
LO3 +++ +++ +++ +++ ++ + ++ ++ +++ +++ +++

*bacterial culture overlays: (-) = no visible inhibition, (+) = no fungal growth on 0.1–3% of plate
area/bacterial streak, (++) = no fungal growth on 3–8% of plate area/bacterial streak, (+++) = no
fungal growth on >8% of plate area/bacterial streak. The test was performed in duplicate. Strains
with code LA originate from peanut and those with code LO from orange fruit juice.
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flavus PN4 were the most sensitive mold strains, while A. flavus AR1, A. flavus
OG2,A. flavusMB5,A. flavus T11, andA. flavusMUCL 18903 were inhibited by
at least 50% of the LAB isolates. A. flavusGE2 andA. flavusOR31 were found to
be resistant to inhibition by the LAB isolates.

Five LAB isolates (LA1, LA2, LA5, LO2, LO3) that showed moderate to
high antifungal activities were thereafter selected for evaluation of organic
acids production and their quantification.

Identification and quantification of the antifungal compounds

The HPLC analysis revealed that lactic acid (L.A), acetic acid (A.A), 4-
hydroxy-3-phenyllactic acid (HO-P.L.A), and P.L.A were produced by the
LAB isolates assayed. As shown in Fig. 2, the significantly lowest (p ˂ 0.05)
concentration of L.A (82.51 ± 3.09 mmol/L) was found in the CFS of isolate
LA2, whereas the concentrations in the CFS of isolates LA1, LA5, LO2, and
LO3 were not significantly different (p ˃ 0.05), with the highest being
122.32 ± 1.39 mmol/L. MRS contains 111.1 mmol/L of glucose and any L.
A concentration above 111.1 mmol/L represents a >50% bioconversion of
substrate.

Only one isolate (LO3) was able to produce A.A (9.55 ± 0.75 mmol/l),
while none of them produced propionic acid (a known mold inhibitor).
Isolates LA5 and LO3 were the best producers of HO-P.L.A
(0.71 ± 0.04 mmol/L and 0.35 ± 0.01 mmol/L, respectively) and P.L.A
(1.11 ± 0.10 mmol/L and 0.54 ± 0.02 mmol/L, respectively). It is important
to mention that for each isolate, the organic acid concentrations in the CFS
from 24-, 48-, and 72-h cultures were also determined, but were not sig-
nificantly different (p ˃ 0.05). Based on their high antifungal activity, coupled
with their high production of organic acids, the isolates LO3 and LA5 were
selected for the next experiments.

Effect of LAB on A. flavus AR1 mycelium growth and AF production

The effects of the two LAB isolates on the reduction of A. flavus AR1
mycelium growth and AF production were studied in two growth phases,
and the results are presented in Table 3.

In cocultures (simultaneous mold-LAB inoculation and mold strain inocu-
lation into a 24-h-old LAB culture), the LAB isolates LO3 and LA5 comple-
tely inhibited the mycelium growth of A. flavus AR1 after 7 d of aerobic
incubation. During this same period, AF production was reduced at a 100%
level by each of the LAB isolates. After 15 d of incubation, isolate LO3 was
able to completely reduce (100%) mold biomass and AF production follow-
ing A. flavus AR1 inoculation into 24-h-old LO3 culture. While, during
simultaneous mold and strain LO3 inoculation, respectively, 85% and 96%
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mold biomass and AF production reduction levels were recorded. For isolate
LA5, mold biomass and AF production reduction levels of 75% and 86%,
respectively, were recorded following simultaneous inoculation with A. flavus
AR1, against 80% and 92%, respectively, after inoculation of A. flavus AR1
into 24-h-old LA5 culture. The reduction of AF production thus followed the
same pace as the reduction of mold biomass. The A.A produced by isolate
LO3 hence contributed substantially to its antifungal activity. This isolate was
finally selected as the best.
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Figure 2. Concentrations of the organic acids produced by the selected antifungal-LAB isolates
as determined by HPLC.

*Organic acids were quantified in the crude cell-free supernatant (CFS) from a 24-h culture of
each isolate. The Mean pH of each CFS was LA1 (pH 4.34); LA2 (pH 4.49); LA5 (pH 4.35); LO2 (pH
4.33); LO3 (pH 4.29).
aOnly the value carrying this symbol differs significantly (p < 0.001) from the others.
bAt the exception of the values carrying this symbol, all the other values in this column are
significantly different (p < 0.01) from each other.
cThe values with this symbol are significantly different (p < 0.05) from the others.
The test was performed in duplicate.
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Phenotypic and genotypic identification of some LAB isolates

The physiological tests showed that among the five selected isolates with high
to moderate antifungal activities, four of them (LA1, LA2, LO2, and LO3)
corresponded well to Lactobacillus Group II (facultative heterofermenta-
tives), whereas isolate LA5 was assigned to Lactococcus sp. Based on bio-
chemical characterization using API 50 CHL kit, isolates LA1, LO2, and LO3
were classified to the species L. plantarum (99.90% similarity). While, isolate
LA5 was classified to the subspecies Lactococcus lactis subsp. lactis (99.80%
similarity). The results of the BOX-PCR assay of the nine isolates tested in
the overlay assay (Fig. 3a) demonstrated that the isolates LA1, LO2, and LO3
looked alike and were also similar to the reference strain L. plantarum
IC12353, thus indicating that they effectively belong to L. plantarum species.
Moreover, the differences in the BOX-PCR profiles of isolates LA2 and LA5
showed that they are different from each other.

The species-specific PCR analysis of isolate LO3 showed amplified pro-
ducts with a size of about 322 bp which is identical to the amplified product
of the reference strain L. plantarum IC12353 (Fig. 3b). The phenotypic
similarity and the outcome of this analysis allow us to confirm the initial
affiliation of the isolate LO3 to the species L. plantarum. Also, the compara-
tive analysis of the 16S rRNA gene sequence revealed that isolate LO3
(327 bp) had 99% nucleotide base homology with L. plantarum, with a
100% query coverage. The NCBI GenBank accession number of the sequence
is KU921701.

Table 3. A. flavus AR1 biomass and aflatoxin production reductions in mixed cultures with LAB
after 7 and 15 d incubation at 30°C.

AR1(control 1) LO3 + AR1 LA5 + AR1

0 h 24 h 0 h 24 h 0 h 24 h

7 d
MDW (g) 77.63 79.47 0 0 0 0
AFs (µg kg−1) 12.16 14.07 0 0 0 0
FB red (%) 0% 0% 100% 100% 100% 100%
AFs red (%) 0% 0% 100% 100% 100% 100%

15 d
MDW (g) 77.81 79.78 11.43 0 19.45 15.96
AFs (µg kg−1) 13.87 13.29 0.55 0 1.86 1.06
FB red (%) 0% 0% 85% 100% 75% 80%
AFs red (%) 0% 0% 96% 100% 86% 92%

0 h: simultaneous inoculation of LAB + Fungal strain. 24 h: inoculation of LAB 24 h prior to fungal
inoculation.

AR1: A. flavus AR1; LO3 + AR1: A. flavus AR1 in mixed culture with LAB strain LO3; LA5 + AR1: A. flavus AR1
in mixed culture with LAB strain LA5; MDW: mold dry weight; FB red: fungal biomass reduction; AFs: total
aflatoxin production; AFs red: total aflatoxin reduction. The test was performed in duplicate.
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Biocontrol activity of L. plantarum LO3 and its CFS on aflatoxigenic A.
flavus AR1 using tomato paste as a food model

The biopreservation potential of L. plantarum LO3 and its CFS was assessed on
tomato paste infected with spores of the aflatoxigenic strain A. flavus AR1. The
pH of the paste as well as the A. flavus AR1 spore germination in the paste were
monitored during storage, and the results are presented in Table 4. At d 0, only
the pH of the sample T2 (pasteurized tomato paste +A. flavusAR1 spores + CFS)
was significantly different from the others, evidently due to the influence of the

MW    LA1   LA2  LA3   LA4    LA5   LA6   LO1  LO2  LO3    Lpl     43       C     

a

MW   L A1   LA2    LO3    Lpl       C

b

Figure 3. (a) BOXA1R-PCR profiles of LAB isolates LA1, LA2, LA3, LA4, LA5, LO1, LO2, and LO3
obtained after electrophoretic migration of their BOX-PCR products. (b) Amplicons obtained from
species-specific PCR of isolates LA1, LA2, and LO3 using the primer planF derived from recA gene
of Lactobacillus plantarum strains. Lane MW corresponds to a 123 bp DNA ladder. Lane Lpl:
Lactobacillus plantarum IC12353 reference strain; Lane C: MilliQ water used as negative control.
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initial pH of the supernatant added. From d 6 to 9, only the pH of sample C+

(positive control: pasteurized tomato paste + A. flavus AR1 spores) was signifi-
cantly different from the others. Spore germination, recorded as visual growth,
was observed in sample C+ from d 3 to 9, while it was observed in sample T2

from d 6 to 9. Thus, L. plantarum LO3 inhibited A. flavus AR1 growth for 9 d,
while its supernatant could do so for 6 d.

Also, the sensory properties of tomato paste samples were monitored
during the storage period, and the results are shown in Table 5. It reveals
that, compared to the other samples, only the color of sample C+ (positive
control: pasteurized tomato paste + A. flavus AR1 spores) was significantly
affected during the storage (from d 6 to 9). The growth of A. flavus AR1 in
the tomato paste (as testified by the result of spore germination) hence
affected its color.

Discussion

In the present study, all the A. flavus strains tested showed the ability to
produce AFs. The results are consistent with some previous studies that
reported A. flavus strains as the high AF producers in peanuts and many
other food commodities in Cameroon (Kana et al. 2013; Leong et al. 2012;
Ngoko et al. 2008; Njobeh et al. 2009), and in the rest of the world as well
(Cornea et al. 2013; Liu et al. 2013; Milhome et al. 2014; Muñoz et al. 2010;
Yousef and Naresh 2010).

The LAB isolates from Cameroonian food commodities demonstrated
high and broad antifungal activity against aflatoxigenic A. flavus strains as

Table 4. Effects of L. plantarum LO3 and its cell-free supernatant on spore germination of the
aflatoxigenic A. flavus AR1 strain used to inoculate tomato paste.

C- C+ T1 T2
D 0 pH 4.41 ± 0.03Ab 4.40 ± 0.23Bb 4.41 ± 0.04Ab 3.87 ± 0.27Aa

Spore germination - - - -
D 3 pH 4.42 ± 0.01Ab 4.10 ± 0.01Bb 3.80 ± 0.03Aa 3.82 ± 0.03Aa

Spore germination - + - -
D 6 pH 4.40 ± 0.08Ac 3.82 ± 0.05Abc 3.57 ± 0.03Aa 3.78 ± 0.03Ab

Spore germination - + - -
D 9 pH 4.41 ± 0.07Aa 3.78 ± 0.30Aa 3.40 ± 0.83Aa 3.77 ± 0.03Aa

Spore germination - + - +

-: No visual mold growth. +: Visual mold growth.
a–cThe values carrying different letters on the same line differ significantly (p < 0.05).
A,BThe values carrying different capital letters on the same column for one parameter differ significantly
(p < 0.05).

C-: Pasteurized tomato paste (negative control); C+: pasteurized tomato paste + A. flavus AR1 spores
(positive control); T1: pasteurized tomato paste + A. flavus AR1 spores + L. plantarum LO3; T2: pasteurized
tomato paste + A. flavus AR1 spores + cell-free supernatant. The tests were performed in duplicate. A.
flavus AR1(from spore suspension in PBS) and L. plantarum LO3 (cells suspension in PBS) were added at
final concentration of 105 spores/ml and 108 CFU/ml, respectively, and the incubation was held at 30°C.
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well as food spoilage Penicillium sp. The isolate LO3 was characterized by its
highest antifungal activity as evidenced by the high concentrations of the
various organic acids produced. Paradoxically, its L.A production was similar
to those of isolates LA1, LA2, LA5, and LO2 which showed moderate
antifungal activity. From this observation, we hypothesized that L.A to a
lesser extent contributed to the antifungal activity, and also that A.A, OH-P.
L.A, and P.L.A were mostly responsible for the varied levels of activity in the
overlay assay. These results are in conformity with reports of several authors
who previously assessed the in vitro antifungal effects of LAB on aflatoxigenic
Aspergillus sp. and other mold strains (Gerbaldo et al. 2012; Kam, Bianchini
and Bullerman 2007; Muñoz et al. 2010; Onilude et al. 2005; Prema et al.
2010; Sicuia et al. 2014; Tropcheva et al. 2014; Voulgari et al. 2010; Zara et al.
2003). While P.L.A is regarded as the most active compound against several
fungal species, OH-P.L.A has also been known to be a potent antifungal
compound produced by LAB (Coloretti et al. 2007; Lavermicocca et al. 2000;
Mu et al. 2010; Valerio et al. 2004). This study also found an OH-PLA
production by isolate LA5 that was greater than the highest concentration
(0.41 mmol/L or 75 µg/ml) reported so far in the literature for Lactobacillus
sp. (Mu et al. 2010). The simultaneous production of L.A, AA, P.L.A, and
OH-P.L.A by isolate LO3 is, to the best of our knowledge, a rare observation.

Our results also pointed out the efficacy of two LAB strains (L. plan-
tarum LO3 and Lactococcus lactis subsp. lactis LA5) to suppress mold
growth as well as reduce AFs production over 7 d, following simultaneous

Table 5. Effects of L. plantarum LO3 and its cell-free supernatant on the sensory properties of
tomato paste infected with the aflatoxigenic A. flavus AR1 strain.
Parameters Storage duration C- C+ T1 T2
Color D 0 4.50 ± 0.53aA 4.50 ± 0.53aA 4.40 ± 0.52aA 4.60 ± 0.56aA

D 3 4.40 ± 0.69aA 4.50 ± 0.53aA 4.40 ± 0.84aA 4.30 ± 0.82aA

D 6 4.50 ± 0.53aA 2.60 ± 0.52bB 4.30 ± 1.06aA 4.90 ± 0.32aA

D 9 4.50 ± 0.53aA 2.40 ± 0.52bB 4.40 ± 0.52aA 4.90 ± 0.32aA

Texture D 0 3.10 ± 0.74aA 2.90 ± 0.87aA 3.10 ± 0.87aA 3.10 ± 0.87aA

D 3 2.90 ± 0.74aA 2.90 ± 0.57aA 3.00 ± 0.47aA 3.20 ± 0.42aA

D 6 3.20 ± 0.74aA 3.10 ± 0.57aA 2.90 ± 0.47aA 3.10 ± 0.87aA

D 9 2.90 ± 0.87aA 3.10 ± 0.74aA 3.10 ± 0.87aA 3.0 ± 0.00aA

Odor D 0 3.10 ± 0.87aA 3.00 ± 0.82aA 2.90 ± 0.87aA 3.30 ± 0.82aA

D 3 3.10 ± 0.87aA 3.00 ± 0.82aA 2.90 ± 0.87aA 3.30 ± 0.82aA

D 6 3.00 ± 0.82aA 3.10 ± 0.87aA 3.30 ± 0.82aA 2.90 ± 0.87aA

D 9 3.00 ± 0.87aA 3.00 ± 0.82aA 3.10 ± 0.87aA 3.20 ± 0.42aA

a,bThe values carrying different letters on the same line differ significantly (p < 0.05).
A,BThe values carrying different capital letters on the same column for one parameter differ significantly
(p < 0.05).

C-: Pasteurized tomato paste (negative control); C+: pasteurized tomato paste + A. flavus AR1 spores
(positive control); T1: pasteurized tomato paste + A. flavus AR1 spores + L. plantarum LO3; T2: pasteurized
tomato paste + A. flavus AR1 spores + cell-free supernatant. The tests were performed in duplicate. A.
flavus AR1 (from spore suspension in PBS) and L. plantarum LO3 (cells suspension in PBS) were added at
final concentration of 105 spores/ml and 108 CFU/ml, respectively, and the incubation was held at 30°C.
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or late mold inoculation. However, L. plantarum LO3 strain showed a
relatively higher reduction in mold biomass (100%) and AF production
(100%) than Lactococcus lactis subsp. lactis LA5 (80% and 92% respec-
tively) over 15 d, under simultaneous or late inoculation. Reduction in
mold biomass was correlated to the reduction in AF production. This
decrease in AF production could be explained by a direct inhibition of
the mold by the various organic acids produced. These findings corrobo-
rate those of Belkacem-Hanfi et al. (2014) who reported high ability to
reduce Aspergillus carbonarius ANC89 biomass and its OTA production in
liquid medium at 28°C and 37°C by L. plantarum and Lactobacillus
graminis (>97%) followed by Pediococcus pentosaceus (>81.5%) strains.
Lactobacillus brevis and L. plantarum strains isolated from plant material
in Romania were also found to inhibit Aspergillus and Penicillium myco-
toxin-producing strains up to 2 weeks (Cornea et al. 2013). Our results are
also consistent with those of Gerbaldo et al. (2012) who reported not only
the complete inhibition of aflatoxigenic A. flavus strains by Lactobacillus
rhamnosus L60 and Lactobacillus fermentum L23, but also the reduction of
AF B1 production (95.7–99.8% with L60 and 27.5–100% with L23) during
coculture in liquid medium. The difference in the efficacy of the two
strains in reducing mold growth as well as mycotoxin production could
be explained either by the production of AA by strain LO3 alone, or a
synergistic action of A.A, OH-P.L.A, and P.L.A produced by this same
strain. The reduction of A. flavus AR1 growth, as well as its AF production
in the liquid medium, is important result, as AFs are the most important
carcinogenic mycotoxins.

Using tomato paste as food model in our investigation, the aflatoxigenic
strain A. flavus AR1 grew on it and caused some physicochemical (pH)
and sensory changes (color). Our results also showed that the addition of
L. plantarum LO3 or its CFS to tomato paste sample inoculated with the
spores of A. flavus AR1 not only prevented the physicochemical and
sensory changes but also inhibited spore germination. L. plantarum LO3
inhibited the spore germination for the entire duration of the experiment
(9 d) while its CFS did as such for 6 d. These results corroborate the
findings of Fatima, Mebrouk, and Miloud (2015) who reported the bio-
preservation potential of a Leuconostoc sp. and its metabolic extracts on
tomato paste and sauce infected with a non-aflatoxigenic A. flavus, E. coli,
and Staphylococcus aureus. They are also similar to several previous studies
reporting the protective potential of an antifungal L. plantarum in yogurt
and orange juice (Crowley, Mahony and van Sinderen 2012), the ability of
P. pentosaceus to prevent growth of Penicillium expansum on apples
(Rouse et al. 2008), and the capacity of a L. plantarum strain and its
CFS to delay the spoilage of fresh vegetables infected with A. flavus,

252 K. PIERRE MARIE ET AL.



Fusarium graminearum, Rhizopus stolonifer, and Botrytis cinerea (Sathe
et al. 2007).

Conclusion

The current study shows that LAB isolated from peanuts, gari, and orange fruit
juice exhibited antifungal activity against the aflatoxigenic molds evaluated. The
inhibitory activity is caused by the various organic acids produced or their
possible synergistic action. The strain L. plantarum LO3 showed the best anti-
fungal activity as well as the ability to completely reduce the tested mold biomass
and AFs production in vitro. Moreover, this strain and its CFS showed the ability
to prevent aflatoxigenic mold growth as well as some physicochemical and
sensory changes in tomato paste used as food model. The findings suggest that
L. plantarum LO3 has potential applications in the biological control of some
food and agricultural products against mycotoxigenic and spoilage molds.
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