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Abstract: Since milk whey is an abundant dairy by-product and a significant threat to the environ-
ment, its utilization is of great interest. The study compares valorization of lactose and lactates —the
main carbon sources of whey —by fermentation —an environmentally friendly process. Antimicro-
bials released during fermentation by food-grade bacteria can help increase the microbiological
safety of food. Propionic acid—a strong antimicrobial —is obtained mainly by the petrochemical
route, yet there is increasing interest in its synthesis in biotechnological pathway. Five strains of
propionic acid bacteria (Acidipropionibacterium acidipropionici, Propionibacterium cyclohexanicum, Pro-
pionibacterium freudenreichii, Acidipropionibacterium jensenii and Acidipropionibacterium thoenii) were
investigated for their ability to produce organic acids and biomass using Na lactate or lactose as
carbon sources. Selected fermentates were investigated for their antimicrobial efficacy during in
vitro studies with foodborne pathogens: Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeru-
ginosa, Bacillus subtilis and Staphylococcus aureus. Results confirm that the production of acids and
biomass is considerably influenced by the added carbon source. The tested fermentates have strong
and specific antimicrobial activity against Pseudomonas aeruginosa, Bacillus subtilis and Staphylococcus
aureus. In addition, inhibition of Staphylococcus aureus and Klebsiella pneumonia depends on the ac-
tivity of produced bacteriocins. The article also discusses the possibility of increasing the antimicro-
bial activity of fermentates by acidification.

Keywords: fermentative processes; valorization of whey; added-value bioproducts; bioprotection;
biomass; organic acids; bacteriocins

1. Introduction

The dairy industry records a continuous increase in the amount of whey [1]. Due to
whey and its permeates’ abundance and its high lactose content and chemical and biolog-
ical oxygen demand, a significant threat to the environment is posed; therefore, its con-
version into new products is of great interest [2-5]. Sweet whey permeate, containing lac-
tose (~4.7%), is derived from the production of cheese or rennet casein; its pH is around
6-7. Acid or sour whey (pH < 5), containing higher levels of calcium, phosphorus and
lactic acid, but a lower level of lactose (~3.8%), is a by-product of curd, acid casein and
fresh cheese production [1,3]. Whey, as well as other similar dairy by-products (e.g., moz-
zarella stretching water generated from mozzarella cheese production), are inexpensive
raw materials for biotechnological production of various nutraceuticals (e.g., bioactive li-
pids, B group vitamins, probiotics and bioactive peptides), antimicrobials (e.g., organic
acids and bacteriocins) and other value-added products [1-5]. Food preservation by fer-
mentation is widely used in traditional techniques to prevent the growth of undesirable
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microorganisms [6,7]. Nowadays, consumer interest and demand for naturally preserved
food products are increasing [8,9]. Unfortunately, some microorganisms become resistant
to many traditionally used food preservatives. In addition, the resistance of pathogens to
antibiotics is a serious threat to modern health systems worldwide [9,10]. Antimicrobial
compounds produced by food-grade microorganisms are a promising, sustainable alter-
native [9,11-13]. Many organic acids are powerful antimicrobial compounds. Propionic
acid is one of the most important and commercially valuable volatile fatty acids which is
utilized in many sectors such as medical, pharmaceutical, perfumes and detergents. Pro-
pionates are also used as preservatives in food, especially for bread protection against
Bacillus mesentericus, and in animal feed production [10,14,15]. Propionic acid is the most
common commercial grain preservative used as a fungal growth inhibitor and has been
utilized for many years as a fungistat by directly adding it to various stored agricultural
products [16]. Today, this valuable antimicrobial organic acid is obtained mainly by pet-
rochemical route, as the low productivity of propionic acid and the cost of its recovery
from various aqueous solutions and fermentation broths limit its commercialization
[15,17-19]. However, there is increasing interest in propionic acid synthesis from alterna-
tive sources due to concerns over the sustainability of the crude oil supply and the envi-
ronmental pressure caused by the petrochemical industry [20]. Organic acid production
in the microbial pathway from agricultural and industrial wastes is an environmentally
friendly and renewable process [21]. Propionic acid bacteria (PAB) are a group of bacteria
fermenting cheese and producing propionic acid [17,22]. PAB are robust microorganisms
with remarkable adaptability to technological and physiological stress conditions [12].
Traditionally, PAB have been used as one of the starter cultures for Swiss-type cheese to
produce the characteristic flavor and eyes. Nowadays PAB have also found applications
in agriculture and in the production of other food products as protective cultures and are
prospective living organisms because of their probiotic potential [23-26]. According to
genome sequence analyses, the family Propionibacteriaceae is divided into three genera:
Propionibacterium spp., Acidipropionibacterium spp. and Cutibacterium spp. [26]. Two of
them — Propionibacterium (P.) spp. and Acidipropionibacterium (A.) spp.—are dairy-related
microorganisms, mainly inhabiting dairy (milk, cheese) and silage environments [24]. No
references related to possible concerns for human or animal safety of P. freudenreichii and
A. acidipropionici have been reported. Therefore, these microorganisms have been assigned
QPS (Qualified Presumption of Safety) status by the European Food Safety Authority
[26,27]. The metabolic activity of PAB enriches the final product with organic acids, vita-
mins (B2, Biz, K and folate) and other nutrients, thus improving the stability and nutritional
value of food products [24-26,28-30]. Due to the presence of specific extracellular metab-
olites, PAB fermentation products have antimicrobial activity. Among them, propionic
and acetic acids are the main compounds. Some of the PAB strains also produce bacteri-
ocins that inhibit growth of certain bacteria [24,31-33]. Bacteriocins produced by several
Gram-positive microorganisms (including PAB bacteria) produce bacteriocins that differ
from the original definition, as many of them have broader inhibitory spectra [26]. Apart
from organic acids and bacteriocins, other PAB metabolites are known to have antibacte-
rial or antifungal activity, such as diacetyl, acetoin, 2-pyrrolidine-5-carboxylic acid and 3-
phenyl lactic acid [29]. Therefore, fermentation broths (hereinafter referred as ‘fermen-
tates”) containing various compounds with antimicrobial properties can be used as com-
plex biopreservatives against contamination by a wide range of microorganisms
[13,17,22]. For example, the MicroGARD® brand biopreservatives are produced from
skimmed milk powder, dextrose or wheat starch fermentates to target a broad spectrum
of microorganisms [34]. The antimicrobial activity of this biopreservative is related to me-
tabolites produced by P. freudenreichii subsp. shermanii [8]. Another product, Inhibit 3600
Dairy, obtained from whey cultured with P. freudenreichii, inhibits mold, some yeasts and
Gram-negative bacteria [26,35]. Danilova et al. [36] found that the broth produced by P.
freudenreichii Pr4 is effective against B. subtilis, B. cereus, P. putida and E. coli at neutral pH.
Fermentation metabolites of PAB have also been used and tested in agriculture. For
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example, the treatment of corn seeds with the fermentate (the so-called ‘culture liquid”) of
two PAB strains resulted in almost complete inhibition of bacteria, yeasts and molds when
used in seed storage [37]. Nevertheless, researchers acknowledge that there is relatively
little knowledge of the antimicrobial properties of PAB metabolites, indicating that addi-
tional research is needed to assess the potential application of bacteriocin-producing
strains of PAB as food biopreservatives and probiotics [26]. In the first part of this study,
we aimed to investigate selected PAB strains (A. acidipropionici, P. cyclohexanicum, P.
freudenreichii, A. jensenii and A. thoenii) for organic acid and biomass production ability by
fermenting lactose and lactate. In the second part of this research, we studied the antimi-
crobial efficacy of selected fermentates on the inhibition of pathogens: E. coli, K. pneu-
moniae, P. aeruginosa, B. subtilis and S. aureus, and we also tried to discover whether the
inhibition of pathogens is mainly due to the effect of acids or if specific proteins (bacteri-
ocins) are also involved.

2. Materials and Methods
2.1. Microbial Cultures

PAB bacterial strains used in the present study (listed in Table 1) were selected from
the major dairy PAB species [26,28]. Cultures were obtained from the Leibniz Institute
DSMZ (Braunschweig, Germany) culture collection (German Collection of Microorgan-
isms and Cell Cultures, GmbH).

Table 1. Microorganisms used in the study.

Strain Abbreviation

Microorganisms Used in the Article Species Strain No. and the Source
A Acidipropionibacterium acidipropionici DSM 20273 (DSMZ, Germany)
C Acidipropionibacterium cyclohexanicum DSM 16859 (DSMZ, Germany)
Propionibacteria E Propionibacterium freudenreichii DSM 4902 (DSMZ, Germany)
J Acidipropionibacterium jensenii DSM 20535 (DSMZ, Germany)
T Acidipropionibacterium thoenii DSM 20276 (DSMZ, Germany)
E. coli Escherichia coli ATCC® 8739 (Manassas, VA, USA)
) . . MSCL535 (Microbial Strain Collec-
K. pneumoniae Klebsiella pneumoniae . N .
Foodborne patho- tion of Latvia, Riga, Latvia)
gens P. aeruginosa Pseudomonas aeruginosa ATCC®9027™ (USA)
B. subtilis Bacillus subtilis subsp. spizizenii ATCC® 6633™ (USA)
S. aureus Staphylococcus aureus ATCC® 6538P (USA)

2.2. Maintenance and Propagation of Microbial Cultures

PAB cultures were propagated according to the Antone et al. [18] study with small
modifications. PAB were cultivated on sodium lactate agar plates (containing grams per
liter: casein peptone tryptic digest 10, yeast extract 5, sodium lactate 5 and agar 15) as
suggested by DSMZ culture collection [38] and incubated anaerobically for 14 days at 30
+ 0.5 °C using an anaerostat and anhydrous anaerobic gas generator (Oxoid ANO0035,
Hampshire, UK) bags. The PAB cultures were subcultured three times before inoculation.
One colony of each strain was transferred from a sodium lactate agar plate to a sterile
Falcon tube containing 50 mL of fresh medium and incubated for 2 days at 30 + 0.5 °C with
gentle agitation. Cells were incubated in a semi-synthetic medium with the following
composition (per L): sodium DL-lactate 0.18 M, yeast extract 6.06 g, diammonium hydro-
gen phosphate 2 g, potassium dihydrogen phosphate 1 g, magnesium sulfate (heptahy-
drate) 0.01 g, calcium chloride (dihydrate) 0.01 g, cobalt(Il) chloride (hexahydrate) 0.01 g,
iron(Il) sulfate (heptahydrate) 0.005 g and manganese(Il) sulfate (monohydrate) 0.0025 g.
Salts were added according to the method of Coral [22]. Microbial cells from the pre-cul-
ture were harvested by centrifugation (10 min at 4629x g), washed twice with sterile water
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and resuspended in an appropriate amount of water before inoculation so that the bio-
mass optical density (OD) at 600 nm (OD600) was 0.05 absorbance units (AU) at the start
of the experiment. OD was determined in a 1 cm cuvette with spectrophotometer Halo
XB-10 (Dynamica, Mablethorpe, UK).

Propagation of pathogenic microorganisms for pre-culture was carried out in liquid
LB broth (containing grams per L: peptone 10, yeast extract 5 and sodium chloride 0.5) at
30 + 1 °C with continuous shaking (180 rpm). Overnight culture cell suspensions were
washed twice with sterile water and standardized to ensure a suspension density of
OD600 0.1 per well at the start of the experiment (To).

2.3. Fermentation Experiment — Media and Culture Conditions

Fermentation was carried out with PAB strains A, C, E, ] and T in the 100 mL glass
flasks. For fermentation, 2 types of growth media were used containing lactose or Na lac-
tate with a similar molar concentration (0.18 M), as well as minerals and yeast extract at
the same concentrations as in the medium for preparation of inoculums. Flasks were filled
up to 100 mL total volume of broth, sealed with sterile cotton plugs and covered with Al
foil to reduce media evaporation. Blank samples without added bacteria were studied as
a negative control (O). Flasks were placed at 30 + 1 °C temperature and incubated without
agitation for 210 h. At the end of the experiment, pH and OD of the fermentate were meas-
ured. Supernatant samples were harvested by centrifugation for 20 min at 4 °C and
21,420x g and kept at —18 °C until further analysis of metabolites.

2.4. Fermentation Metabolites, pH and Biomass Analyses

The content of organic acids and lactose in culture supernatants was determined by
HPLC using the chromatograph Agilent 1100 (Agilent Technologies, Santa Clara, CA,
USA). Samples were pre-treated according to the method of [39] with modifications: 0.5
mL of the supernatant was mixed with 1 mL of 0.02 N H2SOs, and then samples were
vortexed for 20 s and frozen for at least 2 h for protein precipitation at —18 + 1 °C temper-
ature. Before HPLC analysis, samples were melted, and 0.5 mL of deionized water was
added; then samples were centrifuged at 4 °C 21,420x g for 10 min, and the supernatants
were filtered through 0.22 um pore-sized nylon filters. HPLC analyses were performed as
follows: acetic, propionic, pyruvic, formic and fumaric acids were determined using a
Supelcogel C-610H (Sigma Aldrich, Burlington, MA, USA) column (30 cm x 7.8 mm ID)
using a diode array detector with UV 210 nm. 10 uL of the sample was injected into the
column whose temperature was 30 °C; mobile phase 0.1% HsPOs (m/v); flow rate 0.5
mL-min-. Lactic and succinic acids were determined on a Shodex SH1011 (Yokohama,
Japan) column (300 mm x ID 8.0 mm), preceded by a corresponding guard column SH-G
(50 mm x 6 mm ID), column temperature 50 °C; an Agilent diode array UV detector at a
wavelength of 210 nm was used. The mobile phase was 0.005 M H250: with a flow rate of
0.6 mL-min'; the amount of sample injected into the column was 5 uL. Lactose was deter-
mined by Shodex column SP 0810 (ID 8 mm, length 300 mm), preceded by a correspond-
ing guard column SP-G (50 mm x 6 mm ID), column temperature 80 °C. The amount of
sample injected into the column was 5 pL. The mobile phase was deionized water with a
flow rate of 0.5 mL-min’; a refractive index detector was used. The peaks of analytes were
identified by the retention times of the standards of each analyte. Peak area was used to
quantify metabolites against standards. pH was measured by a pH meter Jenway 3520
(Barloworld Scientific Ltd., Staffordshire, UK) on the day of inoculation and at the end of
fermentation. Biomass was determined from a standard curve of absorbance (OD) versus
dry weight (1 unit of absorbance (OD600) = 0.19 g-L-! dry weight). OD 600 was determined
using a spectrophotometer Halo XB-10 (Dynamica, UK). Dry weight was determined by
centrifugation of biomass, washing twice with distilled water, and drying 10 mL of sus-
pension in an oven at 104°C for 16 h according to the previously published method [40].
All chemicals were of analytical or HPLC purity. Reagents, salts, acids and media compo-
nents were purchased from Sigma Aldrich (USA), except for yeast extract and agar
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(Biolife, Monza, Italy). Sodium lactate was purchased as 60% (by mass) synthetic syrup
suitable for cell culture. Proteinase K enzyme (activity > 600 U-mL") was obtained from
Thermo Fisher Scientific (Waltham, MA, USA) and used in the reaction mixture where the
enzyme concentration was 0.2 mg-mL-.

2.5. Acid and Biomass Outcomes Calculations

Theoretical titers of produced acids from lactate were calculated using the following
equation:

W x MWacid x C

i = 1
Tacid theor MW ilactate 1)

where:

Tacid theor.—the theoretical titer of acid produced (g-L);

W —amount of lactate consumed (g);

MW —molar mass (g-mol™); lactic acid was used in the calculations;

C—coefficient =2/3 = 0.667 for propionic acid and 1/3 = 0.333 for acetic acid according
to literature (Equation (7)).

Theoretical titers of produced acids from lactose were calculated using the following
equation:

W x2 X MWacid x C

Taci .= 2
acid theor MWlactose )

where:

Tacid theor.—the theoretical titer of acid (g-L™);

W—amount of lactose consumed (g);

MW —molar mass (g-mol™);

C—coefficient =4/3 = 1.333 for propionic acid and 2/3 = 0.667 for acetic acid according
to literature (see Equation (8)).

The substrate conversion efficiency was calculated according to the formula:

Tacid observ. X 100%

E = 3
s¢ Tacid theor. ®)

where:

SCE —substrate conversion efficiency (%);

Tacid observ.—acid titer observed (g-L1);

Tacid theor.—the theoretical titer of acid (g-L™).

The acid yield was calculated according to the formula:

Tacid observ.
Yacid = ——— 4)
Sconsumed

where:
Yacid —acid yield (g-g™);
Tacid observ. —acid titer observed (g-L™);
Sconsumed —consumed substrate (lactose or lactate) (g-L).
The biomass yield was calculated according to the formula:

) Bobserv.
Ybiomass = ——— ®)
Sconsumed

where:
Ybiomass—biomass yield (g-g™);
Bobserv. —biomass produced (g-L1);
Sconsumed —consumed substrate (lactose or lactate) (g-L).
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2.6. Preparation of Fermentates for the in Vitro Antimicrobial Effects Studies

Fermentates were prepared as follows: supernatants of fermentation broths (thawed
0.5 h at room temperature) were mixed from 3 biological replicates in equal proportions,
centrifuged at 21,420x g for 10 min (20 + 1 °C) and sterilized through 0.22 um nylon filters.
Further, the following filter-sterilized types of fermentates were used in studies of antimi-
crobial effects: (a) not treated with proteinase—samples labeled as ‘FS” and (b) treated
with proteinase at 50 °C for 20 min, followed by enzyme inactivation at 70 °C for 5 min —
the corresponding samples were labeled as ‘FSP’.

2.7. Determination of the Antimicrobial Effects of Fermentates

The antimicrobial effects of the obtained PAB fermentates were tested utilizing a
growth inhibition assay in 96-well microplates. The total working volume of each well
was 200 uL. The following components were pipetted into each well: 60 pL of 3.3-fold
concentrated LB medium, 120 uL of particular fermentate (or sterile water for wells with-
out inhibitors) and 20 uL of a specific foodborne pathogen microbial cell suspension. The
microplates were aseptically incubated at 30 + 0.5 °C for at least 12 h. Biomass growth
kinetics were monitored as OD measurements at 600 nm (OD600): (i) every 1 h using a 96-
well plate reader (DynaRead, Dynex Technologies, Bustéhrad, Czech Republic) for E. coli,
K. pneumoniae and P. aeruginosa or (ii) every 10 min using a 96-well multimode reader
(Infinite M200 PRO, TECAN, Mannedorf, Switzerland) for B. subtilis and S. aureus (see
Table 1).

Pathogen survival rate was calculated based on OD measurements after 10 h of incu-
bation, as a percentage of the optical density of the suspension with added fermentate
relative to the optical density of the suspension without added fermentate. The antimicro-
bial (inhibitory) effect was evaluated according to the authors’ set scale as follows: 0-30%
of surviving cells—strong, 31-60% of surviving cells—moderate and 61-100% of surviv-
ing cells—weak inhibition.

The ratio of the undissociated acid concentration at a given pH was calculated as in
[40] according to the Henderson-Hasselbalch equation:

)
pH = pKa +10g10 | =—=

[HA] (6)

where:

[A-]—concentration of the dissociated acid;

[HA]—concentration of the undissociated acid;

pKa—pKa value of the organic acid (negative base-10 logarithm of the acid dissocia-
tion constant);

pH—pH value of the solution (media).

2.8. Determination of Minimum Inhibitory Concentrations (MICs) of Organic Acids

The MIC is defined as the lowest concentration of an antimicrobial agent that inhibits
the visible growth of a microorganism after overnight incubation [41]. Propagation of
pathogens was performed as described previously, except that cell suspensions from over-
night cultures were standardized to give an OD600 of 0.05 per well at To. The range of acid
concentrations for the MIC assays were chosen based on previous experiments and in-
cluded the following (in the mixture of test medium):

e Lactic and formic acids: 4, 6, 8, 10, 12, 20 mM;

° Propionic and acetic acids: 3, 4, 6, 8, 10, 12 mM,;

e  Blank samples without added acids (with added sterile water) were studied as a neg-
ative control to determine the normal growth kinetics of microorganisms without
acid inhibition.

The effect of acids on microbial cultures was tested in a 96-well format. The total
working volume of each well was 200 uL consisting of: 160 uL of 1.25-fold concentrated
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LB medium, 20 pL of 10-fold concentrated acid or water if the medium was prepared
without inhibitors and 20 pL of the pathogen cell suspension. The microplate was covered
and aseptically incubated at 30 + 0.5 °C. Growth kinetics were monitored by optical ab-
sorbance at 600 nm (OD600) using a 96-well multimode reader (Infinite M200 PRO,
TECAN, Switzerland) taking measurements every 10 min for a total of 18 h.

The MIC determination was performed in the following steps: (1) The percentage of
survivors was calculated from the results of OD600 measurements at the 10 h incubation
time point, comparing suspensions with added acids to the suspensions without acid (i.e.,
positive controls). (2) An approximation plot of survival as a function of acid concentra-
tion was created. The MIC was defined as the intersection coordinate with the X-axis (0%
survival) of the approximation graph.

2.9. Statistical Analyzes

The statistical analyses were performed using SPSS 26 (IBM Corporation, Chicago,
IL, USA) and Microsoft Office Excel (Redmond, WA, USA) (2007). A two-tailed, paired
Student’s t-test was used to test the difference between the two independent groups. To
test for a difference between more than two independent groups, one-way ANOVA with
Tukey’s post hoc was performed. All assays were performed in at least three trials, and
the results presented are mean + standard deviation (S.D.) unless otherwise stated. Differ-
ences were considered statistically significant at p <0.05.

3. Results
3.1. Results of Propionic Acid Fermentation Study— Substrates and Bacterial Strains

To compare the potential of selected strains of PAB to metabolize milk by-products,
we tested their fermentation performance in a ‘model medium’ with lactose or lactate as
the main carbon sources thus mimicking different types of whey (sweet or acid, respec-
tively). The selected PAB strains are known for their significant propionic acid production
potential [24,26]. We measured organic acid and biomass production and assessed the
medium pH. Results of the produced acids, pH, as well as propionic and acetic acid ratios
(P/A ratios) are summarised in Table 2, but results of the biomass production are shown
in Figure 1.

Table 2. The concentration of organic acids and pH of propionic acid bacterial fermentates.

Broth PAl:} _ . Produced A.ci-ds, gL . - P/A* Ratio pH
Type Strain Propionic Acetic Succinic Lactic Pyruvic
A (835+0.21)2 (3.84+0.09)» (0.23+0.03)2 n.d. (0.15+0.01)» (2.17+0.01)2 (6.47+0.01) 2
Lactate- C (8.08+0.47)2 (3.70+0.25) @ (0.30 + 0.02) b4 n.d. (0.27 £0.04) > (2.18+0.02) 2 (6.44 £ 0.06)
based E  (718+036)° (3.32+0.14)" (0.49£0.01) ce n.d. (0.11+0.00) M (2.16 £0.02) = (6.50 + 0.05)
J (790£0.23)* (3.51+0.08)" (0.31+0.01) ¢ n.d. (0.24£0.04) = (2.25+0.02)> (6.55+0.05)"
T (8.61+051)2 (3.87£0.17)2 (1.34+0.37) n.d. (0.11£0.00) b (2.23 +0.04) 2> (6.46+0.01) 2
A (4.20+£0.26) 0 (1.68 + 0.01) abe n.d. n.d. (0.09+0.02)2 (2.50+0.15)2 (4.26+0.01)2
Lactose-  © (426+028)2 (1.84+0.04)= (0.51+0.02)» (2.40+0.12)= (0.13+0.00)> (2.31+0.12)= (3.84+0.02)"
based E  (420+0.10)2 (2.15+0.06)°> (0.07+0.01)°b n.d. (0.14+0.01)> (1.96+0.04)> (4.27+0.01) ¢
J (354+0.03) (1.83+0.05)2 (0.07+0.01)°b 0.00 (0.11£0.00)» (1.94+0.03)> (4.36+0.01)¢
T (3.77+£0.38)2> (1.43+0.07)c (0.16 £0.03) ¢ (0.17+0.02)> (0.82+0.07)c (2.64+0.14)2 (4.06+0.01) ¢

The results are expressed as mean value + standard deviation (1 = 3); * Ratio of propionic and acetic
acids; n.d.: not determined (i.e., traces <0.04 g-L); data are average from at least three independent,
parallel 210 h-long cultivations; *»<d¢ values with different superscript letters in the same column
of the same substrate indicate significant differences (p < 0.05).
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Figure 1. Biomass produced by different PAB strains in broths with added lactose or lactate as car-
bon sources, data are averaged from at least three independent, parallel 210 h-long cultivations;
error bars represent the standard deviation of biomass increase of at least three independent fer-
mentations (n = 3); a, b, ¢, d—different small letters on bars show that biomass produced by PAB
strains grown on the same substrate are different (p < 0.05).

As expected, propionic acid was the main metabolite of PAB regardless of the broth
carbon source. Acetic and succinic acids were the main by-products, which is in agree-
ment with previous research elsewhere [12,19]. Lactic acid was produced only by strains
C and T in lactose broth. The amount of fumaric and formic acid detected in both-type
fermentates was less than 0.01 g-L-' and 0.04 g-L' (results not shown). The type of sub-
strate significantly influenced the concentrations of acids, as well as pH and biomass pro-
duction. Significantly more propionic (p < 0.05) and acetic (p < 0.05) acids were produced
in lactate broths. The final pH of lactate fermentates compared to lactose-based was sig-
nificantly higher (6.49 = 0.04 vs. 4.16 + 0.21, resp., p < 0.05).

When PAB were cultivated in Na lactate broth, the lactate was practically depleted.
The concentration of propionic and acetic acids was around 7.2-8.6 g-L-' and 3.3-3.9 g-L,
accordingly. Amounts of acids produced in lactate broths differed across the strains (Table
2). Regarding the main metabolite —propionic acid —concentration in fermentates, the
highest outcome was reached by PAB strains A, C, ] and T being similar (p > 0.05); at the
same time, for strain E, it was significantly lower (p < 0.05) compared to strains A and T.
The highest acetic acid outcome was reached by strains A, C and T. The highest succinic
acid concentration of 1.34 g-L-! was determined in the fermentate of strain T —it was sig-
nificantly higher (p <0.05) than all other strains that were producing succinic acid at quan-
tities less than 0.5 g-L-1. The P/A ratio in most lactate broth fermentates was slightly above
2 regardless of the PAB strain used (i.e., around 2.2). The pH of the broths at the end of
fermentation was around 6.4-6.6, being close to the neutral. As the initial pH of the broths
was ~6.2, no acidification had been taking place there.

When PAB were grown in broth with added lactose, the amount of propionic acid
produced was around 3.5-4.3 g L; the acetic acid concentration was 1.4-2.2 g-L-.
Amounts of acids produced in lactose broths differed across the strains. The P/A ratio in
lactose-derived fermentates had a larger amplitude compared to lactate-derived. It was
significantly higher (p < 0.05) for PAB strains A, C and T (i.e., 2.3-2.6) than strains E and ]
(~1.95). The pH of the broths at the end of fermentation was around 3.8-4.4. The signifi-
cantly lower compared to other strains” pH (p < 0.05) was reached by strains C and T (pH
3.84 £ 0.02 and 4.06 £ 0.01, respectively); the pH differences were significant also between
both strains C and T (p < 0.05). Both mentioned strains (C and T) also produced lactic acid
(2.40£0.12 and 0.17 + 0.02 g-L, resp.) in lactose-based broth.

Biomass growth was observed in both carbon source substrate mediums (Figure 1).
For all PAB strains, except strain T, it was significantly higher (p < 0.05) when the carbon
source was lactose. For the strain T, it was similar in both mediums (p > 0.05). Average
biomass increase comparing biomass concentration at inoculation and the end of the ex-
periment was around 200-fold in lactose, while 75-fold in the lactate medium; therefore,
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lactose is better as a carbon source for biomass production. Also biomass yield was higher
in lactose-based broths and was strain-dependent (Table 3). In the lactate medium, strain
T had the highest (p < 0.001) biomass yield, while strain ] had the lowest (p < 0.05). In
lactose-supplemented broth, the highest outcome of biomass was produced by strain J (p
< 0.05) but the lowest was produced by strains A, C and T (p < 0.05). We calculated the
quantity of consumed substrates, outcomes of propionic and acetic acids, as well as sub-
strate conversion efficiencies. Results are shown in Table 3.

Table 3. Substrate consumption, conversion efficiency and outcomes of main acids and biomass by
different PAB strains cultivated in lactose- or lactate-based broths.

Substrate Conversion Ef-

Acid Titers and Yields . o
Broth PAB Consumed ficiency, % Biom
T 0 e Strain Substrate, Propionic Acid Acetic Acid Provioni Yie;) d ass .
yp gL Titer, gL Yield. gt Titer, g-L-1 Vield it r(:i)szinlc Acetic Acid 1 88
Theoretical* Observed 88" Theoretical* Observed &8
A 15.94 8.74 (8.35+0.21) 2(0.52 £ 0.01) = 3.54 (384 f 0.09) ((;)02{4)1: (95.56 +2.42) a (12()2.25)2;; (0.06 +0.00) =
(8.08+0.47) (0.51+0.03) (370+025) (023+ (92.53+536) (104.52+ o
C 15.94 8.74 - - 3.54 » 0.02) o - 7.04) e (0.03 +0.00)
Lactate- (7.18 £ 0.36) (0.45=0.02) (332+0.14) (0.21+ ,(93.87 £3.99) "
based 15.94 8.74 b b 3.54 b 001)® (82.16 £ 4.18) b (0.03 +0.01)
| 15.94 o7a 790 1;0.23) (0.50 1;0.01) 351 (@sieoge (©02F (O1452261) (925229) o000
al al 001) b ab b
T 15.94 8.74 (8.61 £0.51) 2(0.54 + 0.03) = 3.54 (3.87 f 0.17) ((;)Ozf)f (98.52 +5.83) a (14059;.71)9ai (0.09 +0.00) ©
(10.13 £2.29) (5.55 + 1.25) (4.20+0.26) ,(225+051) (1.68+0.01) (0.17+ (78.16+22.32) (76.63 W
A . N N (0.43+0.12) . ) 0.04) . 1754y (0142004)
(12.40 + 1.67) . . (276+037) (1.840.04) (0.15+ (64.1114.36) (67.07+ .
C : (6.80 + 0.91) (4.26 + 0.28) (0.35 = 0.08) A - 0.02)+ A 1063 (0122002
Lactose- (9.12+0.53) (5.00 +0.29) . ,(203£0.12) (2.15£0.06) (0.24+ , (10594 = b
hoced N (4.20 +0.10) (0.46 = 0.02) . i 0o1ye B416£327)0 ToLNT (02220.02)
(8.58 +0.58) (4.70+0.32) (3.54+0.03) ,(1.91£0.13) (1.83£0.05) (0.21+ ,(96.18 £ 8.90) .
T N N N (0.41+0.03) . . 002y (75:40+566) o (0.43 +0.02)
(11.72 £ 4.92) (6.43 +2.70) (3.77 +0.38) ,(261£1.09) (1.43£0.07) (0.13+ (65.68+33.51) (60.65 R
T . N N (0.36+0.18) . . 0.06) % A 217w (0112005

The results are expressed as mean value + standard deviation (n = 3); *theoretical titers of acids were
calculated according to the molar concentrations of consumed substrates and metabolites in the fer-
mentation equations (see Equations (1), (2), (7) and (8)); »><de values with different superscript let-
ters in the same column and in the same substrate type indicate significant differences (p <0.05).

Results show that the amount of lactose consumed was 8.6-12.4 g-L-! or 12.6-20.0%
of the initial lactose amount; significant differences were observed between strains C and
E (p < 0.05). Lactate conversion efficiency to propionic acid was 82-99%; it was strain-
dependent (p < 0.05). Lactose conversion efficiency to propionic acid was lower (64-84%),
being similar for all strains (p > 0.05) (Table 3).

3.2. Results of Propionic Acid Bacteria Antimicrobial Effects Study

The PAB fermentates used in the inhibition test (lactate fermentates of PAB species
E, T and A) were selected based on our previous experiments, considering the lactate fer-
mentates with the most promising results (results not published). To investigate whether
bacteriocins may be involved in the inhibition of pathogens, the antimicrobial activity of
proteinase K-treated fermentates was tested. In addition, minimum inhibitory concentra-
tions of pure organic acids—lactic, propionic, acetic and formic acid —against the afore-
mentioned foodborne pathogens were determined. This experiment aimed to find out the
effect of PAB fermentates on the inhibition of pathogens and also to find out whether the
inhibition is mainly due to the effect of acids or specific proteins (bacteriocins) are in-
volved. According to the information available in the literature, many bacteriocins are
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thermally stable [11,23]; therefore, proteinase K digestion was performed to eliminate
their possible activity. We hypothesized that if proteinase treatment reduces the inhibitory
effect of the tested product, we can assume that proteins (most likely bacteriocins) con-
tribute to the inhibition. The antimicrobial effects of the fermentates produced by PAB
were tested.

3.2.1. Pathogen Growth Dynamics throughout the Total Incubation Period (12 h)

Pathogen growth dynamics reflecting the antimicrobial effects of PAB fermentates
are shown in Figure 2.
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Figure 2. Growth dynamics of E. coli (a), K. pneumoniae (b), P. aeruginosa (c), B. subtilis (d) and S.
aureus (e) in a 12 h inhibition test. Error bars represent the standard deviation of optical density at
600 nm of at least three independent wells (1 = 3); AU- absorbance units; FS-E, FS-T, FS-A —filter-
sterilised fermentates of PAB strains Propionibacterium freudenreichii (E), Acidipropionibacterium
thoenii (T) and Acidipropionibacterium acidipropionici (A); FSP-E, FSP-T, FSP-A —filter-sterilised and
treated with proteinase K fermentates obtained from the respective PAB strains.
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The results show that the growth of pathogens in the presence of fermentates was
weakened in all cases. Inhibition, which was observed with samples with added protein-
ase-treated fermentates, indicates that the inhibition was assured mostly by acids. E. coli,
P. aeruginosa and B. subtilis were inhibited by both types of fermentates —untreated (FS-
E,T,A) and treated with proteinase (FSP-E,T,A) throughout the total incubation period (12
h). K. pneumoniae was inhibited by both types of fermentates during the first 7-8 h and
then only by proteinase-untreated fermentates (FS-E,T,A). S. aureus was inhibited by all
fermentates practically throughout the 12 h period, except for the fermentate FSP-A,
which inhibited its growth only in the first 7 h.

Interestingly, in some samples with added FSP-type fermentates, a pathogen growth-
promoting effect was observed (compared to samples without added fermentates and to
samples with FS-fermentates)—after the first hours of inhibition, some FSP fermentates
treated with proteinase stimulated the growth of pathogens (see Figure 2b,e for K. pneu-
moniage and S. aureus). The more intensive growth of pathogens in these samples compared
to other samples could be explained by the consumption of released amino acids from
proteinase-cleaved proteins (bacteriocins).

3.2.2. The Survival Rate of Pathogens after 10 h of Incubation

The inhibitory effects were evaluated based on the calculated survival rate of patho-
genic microorganisms after 10 h of incubation while the exponential phase of growth was
still observed. The results are summarized in Table 4.

Table 4. Antimicrobial effects of PAB fermentates against B. subtilis, E. coli, K. pneumoniae, P. aeru-
ginosa and S. aureus after 10 h incubation.

PAB Strains Pro-

Survival Rate, % Does Treatment The Inhibition

Tested Path- . Tested Fermentate Type The Differ- with Proteinase Potential of FS-
ducing Fermen-
ogens tates FS FSP ence (FSP - Decrease the In- Type Fermen-
FS), % hibitory Effect? * tates **
E (58.08 £2.04)2 (58.26 +1.80) = 0.18 no moderate
E. coli T (52.45+0.29)2 (53.84 +3.48) 2 1.38 no moderate
A (57.11+0.97)a  (62.00 +1.24) " 4.89 yes moderate
E (94.33+091)» (121.56+2.35)" 27.23 yes weak
K. pneumoniae T (84.68 £1.97)2 (108.85+3.45)¢b 2417 yes weak
A (83.72+0.99)2 (109.33 +1.44)® 25.61 yes weak
E (2.73 £0.60) 2 (1.96 +0.25) -0.77 no strong
P. aeruginosa T (2.06 £ 0.24) 2 (1.05+0.05) b -1.01 no strong
A (7.70+£0.84) 2 (4.09+0.63) -3.62 no strong
E (33.13+2.80)a (22.35+4.17)" -10.78 no moderate
B. subtilis T (20.50+2.73) 2 (17.50 £ 3.59) = -3.00 no strong
A (48.07£2.63)2 (50.52 +8.23) 2.45 no moderate
E (1142 +1.18)a  (70.06 £4.76) ® 58.65 yes strong
S. aureus T (25.21+2.47)2 (108.78 + 3.60) ® 83.57 yes strong
A (45.02+4.14)» (128.45+8.99)® 83.42 yes moderate

The results are expressed as mean value + standard deviation (n = 3); FS = filter-sterilized; FSP =
filter-sterilized and treated with proteinase K; #° values with different superscript letters in the same
row indicate significant differences (p < 0.05); * yes—if the difference (FSP - FS) is positive and sig-
nificant; no—all other cases; ** the assessment of the inhibitory potential is based on the survival
rate of pathogens when treated with FS-type fermentates: 0-30% = strong; 31-60% = moderate and
61-100% = weak inhibition; PAB strains: E— Propionibacterium freudenreichii, T— Acidipropionibacte-
rium thoenii, A— Acidipropionibacterium acidipropionici.



Fermentation 2023, 9, 26

12 of 22

The antimicrobial efficacy of proteinase K-untreated (‘natural’) fermentates varied
depending on the pathogen. The strongest antimicrobial effect of PAB fermentates after
10 h incubation was against P. aeruginosa (whose survival rate was only 2-8%). Less pro-
nounced, still on a rating scale a strong or moderate inhibitory efficiency of PAB fermen-
tates was observed against E. coli, B. subtilis and S. aureus—pathogen survival rate was 52—
58%, 21-48% and 11-45%, respectively. The weakest inhibitory efficacy of PAB fermen-
tates was observed against K. pneumoniae (survival rate 84-94%). When different PAB
strains were compared, none of them was a distinct leader in all tested pathogens’ inhibi-
tion. All PAB strains showed a strong inhibitory effect against P. aeruginosa, a moderate
effect against E. coli and weak inhibition of K. pneumonia. Compared to other pathogen
inhibition, the inhibition of B. subtilis and S. aureus was more strain-dependent: against B.
subtilis the strongest efficacy (less than 30% survivors after 10 h of incubation) was shown
by PAB strain T, and against S. aureus by PAB strains E and T. Overall, the weakest (p <
0.05) inhibitory effect was observed for PAB strain A (which can be seen in the inhibition
of such microorganisms as P. aeruginosa, B. subtilis and S. aureus). Differences in the inhib-
itory effect of the tested PAB strains are shown in the supplementary material (Figure S1).

3.2.3. Antimicrobial Compounds Involved in the Inhibition of Pathogenic
Microorganisms

Results show that for P. aeruginosa and B. subtilis inhibition is likely due to acids but
not due to protein antimicrobials; the inhibition of E. coli, in general, is also likely due to
acids; however, in the case of PAB strain A fermentate, a protein cleaved by the proteinase
K could also be involved in the inhibition, but its role could be rather insignificant because
calculated difference in survival rates of pathogens (FSP minus FS) is only 4.89% (Table
4). The protein that is cleaved by the proteinase (bacteriocin/-s) is likely to play a signifi-
cant role in the inhibition of K. pneumoniae and also a major role in the inhibition of S.
aureus, whose survival rate differences (FSP minus FS) were 24-27% and 59-83%, accord-

ingly.

3.2.4. Antimicrobial Effects of Pure Organic Acid Exposure

In the next phase of the study, the minimum inhibitory concentrations (MICs) of the
pure acids (lactic, propionic, acetic and formic) against the same pathogen species were
determined to compare the antimicrobial effects of pure acids and fermentates. Propionic
acid and acetic acid were selected as the main PAB metabolic products, while lactic and
formic acids were chosen as one of the most popular antimicrobial acids used in the food
industry and agriculture. The MICs of organic acids inhibiting E. coli, K. pneumoniae, P.
aeruginosa, B. subtilis and S. aureus are summarized in Table 5.

Table 5. The minimum inhibitory concentrations (MIC) of organic acids against the tested patho-
gens.

Tested Microor- MIC, mM:-L!
ganisms Lactic Acid Propionic Acid Acetic Acid Formic Acid
E. coli (9.9+0.1) (70+£02)" (6.8+04)" (6.0+0.0) «
K. pneumonige ~ (12.1+0.5) 2 (6.1+£0.1)" (6.2+£0.1)" (6.7+0.7)b
P. aeruginosa (8.1£0.0) (5.7+04)" (5.5£04)" (5.3£0.7) b
B. subtilis (6.1£0.1)° (3.6+03)" (4.3£0.1)¢ (5.6+0.6) 2
S. aureus (14.0+0.2) 2 (10.2+0.9)° (10.9+0.8) P (11.0+£0.3) P

The results are expressed as mean value + standard deviation (n = 3); 2b< values with different su-
perscript letters in the same row indicate significant differences (p < 0.05).

MIC concentrations of the tested acids ranged from 3.6-14.0 mM-L-. B. subtilis was
the most sensitive, but S. aureus was the most resistant microorganism to acid exposure.
When the inhibitory effects of individual acids were compared, the lactic acid in most
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cases was significantly weaker. The results show that against E. coli the strongest (p <0.05)
was formic acid, followed by propionic and acetic acids with similar MICs (p > 0.05), but
lactic acid was significantly weaker (p < 0.05). Inhibitory capacity (MIC) of propionic, ace-
tic and formic acids against K. pneumoniae was similar, but lactic acid was significantly
weaker (p < 0.05). The same was observed regarding P. aeruginosa and S. aureus. Against
B. subtilis, propionic acid had the strongest inhibitory effect (p < 0.05), followed by acetic
acid, but formic and lactic acids had the weakest effect. Summarizing the above, the anti-
microbial efficacy of organic acids against the tested pathogens can be ranked in the
following order:

e E. coli: formic > propionic = acetic > lactic;
e K. pneumonia, P. aeruginosa, S. aureus: propionic = acetic = formic > lactic;
e B.subtilis: propionic > acetic > lactic = formic.

Analyzing the antimicrobial effects of pure organic acid exposure, it should be noted
that the effectiveness of organic acids in the inhibition of the growth of microorganisms
depends on their dissociation properties represented by the acid dissociation constant
(pKa). pKa value describes the pH value at which the acid is available 50% in its dissoci-
ated and undissociated form, respectively. The theoretical pKa values of the tested acids
can be arranged in the following order: propionic acid (4.87), acetic acid (4.76), lactic acid
(3.86) and formic acid (3.75) [42]. Antimicrobial effect by weak acids can be reached by
rapid diffusion of undissociated molecules through the cell plasma membrane; dissocia-
tion of these molecules within cells liberates protons, thus acidifying the cytoplasm and
preventing growth [43,44]. As the pKa value of an organic acid is responsible for its inhib-
iting effects on microorganisms, the inhibitory potential of acids should follow the same
order (from the highest to the lowest: propionic, acetic, lactic and formic acid). At the same
time, the actual pH of the fermentates determines the concentration of undissociated acid
potentially harmful to microorganisms. The results of broth pH (from the experiment of
MICs determination) depending on the concentration of the corresponding acid are
shown in Figure 3a. The actual concentration of the undissociated acid might differ from
the total acid concentration within the solution. We calculated concentrations of undisso-
ciated acids (HA) using the Henderson-Hasselbalch equation; the results are presented in
Figure 3b.
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Figure 3. The relationship between the molar concentration of the acid and the pH of the medium
(a) and undissociated acid concentration (b) in broth from the experiment of MICs determination.

It can be seen (Figure 3b) that the concentration of undissociated formic acid and
lactic acid in the broths was about two times lower than the concentration of undissociated
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propionic acid and acetic acid. This aspect might explain why lactic acid at an equivalent
pH is less effective when compared with acetic and propionic acids as antimicrobials
against tested microorganisms. It can be seen that the HA concentration of formic acid in
the pH range from 4 to 6.5 (Figure 3 a,b) is also relatively low, but unlike lactic acid, it
inhibits the growth of the tested pathogens (except B. subtilis) no less strongly than the
active antimicrobial agents (acetic acid and propionic acid). We hypothesize that its anti-
microbial effect could be related to its small molecular size, which allows it to diffuse
across biological membranes more quickly compared to propionic acid or acetic acid [45].
Therefore, the presence of acids other than lactic acid (e.g., propionic, acetic, formic) in-
creases the preservative effect of the culture that has been described earlier [46].

We compared the inhibitory effects of fermentates and pure acids. Although the acid
concentrations in fermentates are many times higher (ca. 104-116 mM propionic acid and
61-64 mM acetic acid) than their corresponding MIC concentrations (4 to 12 mM-L), the
inhibitory effects of the fermentates can be considered as relatively weak. This discrep-
ancy, as concluded above, seems to be related to the existent concentration of the undis-
sociated acetic or propionic acid within fermentates. It has been known previously that
weak-acid preservatives appear to share a common mode of action; despite their various
chemical structures, they all become increasingly potent as antimicrobial agents at more
acidic pH values [43,44]. The initial pH of the growth media (after mixing the ingredients
to start the inhibition test) was 6.8-7.0 for FS-type fermentates and 6.5-6.7 for FSP-type
fermentates, and the pH in the growth environment was close to neutral. Using the Hen-
derson-Hasselbalch equation (Equation (6)), we calculated the undissociated acid (HA)
concentration of propionic and acetic acid of the given fermentates (e.g., pH 6.5) and the
desirable pH to increase antimicrobial properties of fermentate (Table 6).

Table 6. The concentration of undissociated acids in the fermentates depending on pH.

1 i- The Acid Pre-
Comparable Vari e Acid Pre Acid Concentra-

ants of Fermentate sentin Fer- ] pKa HA, mM-L1 A-, mM-L!
tion, mM-L?
pH mentate
ioni 1 4.87 2
6.5 (actual) proplc?mc 00 8 98
acetic 60 4.76 1 59
. propionic 100 4.87 19 81
5.5 (advisabl
(advisable) acetic 60 476 9 51

pKa—pKa value of organic acid; HA —concentration of undissociated acid; A-—concentration of
dissociated acid.

Obviously, HA concentration was well below MIC concentrations (see MIC concen-
trations in Table 5 for comparison). Therefore, the reason why the antimicrobial effect of
fermentates was weaker than could be expected (knowing their acid concentrations) is
related to its relatively high pH (pH = 6.5-6.7), which did not promote protonation of the
acids. When we model acidification of the fermentates with the same propionic and acetic
acid concentrations to pH 5.5, undissociated form concentrations of acetic and propionic
acids increase above their respective MIC concentration, and the antimicrobial properties
of the product improve (Table 6).

4. Discussion
4.1. Assessment of the Results of the Fermentation Study

Our results show that both lactose and lactate can be used as the substrate for propi-
onic acid fermentation, confirming literature data [47,48]; however, the fermentative pro-
duction of propionic acid and acetic acid was considerably higher when lactate was added
as the carbon source. As previously described, the fermentation metabolism of PAB differs
depending on the C source used. When sugar is available, PAB use the EMP pathway.
Fermentation of 3 moles of glucose produces 4 moles of propionic acid, 2 moles of acetic
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acid, 2 moles of CO:2 and 12 moles of ATP. When lactate is the initial substrate, fermenta-
tion results in the production of 2 moles of propionic acid, 1 mole of acetic acid, and 1
mole of COz. This process produces 1 mole of ATP per nine carbons, and therefore propi-
onic acid bacteria usually grow very slowly [47]. Proposed metabolism of pyruvate in P.
freudenreichii by Turgay et al. [26] is shown in Figure 4.
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Figure 4. Lactose and lactate fermentation by propionic acid bacteria [26, distributed under a Crea-
tive Commons Attribution] (1 —Methylmalonyl-CoA carboxytransferase, 2—Methylmalonyl-CoA
mutase, 3—Pyruvate dehydrogenase, 4 —Fumarate reductase, 5— Aspartate ammonia-lyase).

The following equations for the fermentation can be written for the production of the
general metabolites via the dicarboxylic acid pathway from lactate (Equation (7)) and lac-
tose (Equation (8)) [47,49]:

3 CHsCHOHCOOH (lactate) — 2CHsCH2COOH (propionate) + 1 CHsCOOH (acetate) + 1 CO2+1 H20  (7)

3 C12H22011 (lactose) — 3 CsH1206 (glucose/galactose) — 4 CHsCH2COOH (propionate) + 2 CHs:COOH

(acetate) + 2 CO2 + 2 H.0 ®

Equations (7) and (8) show that if the initial lactose and Na lactate molar concentra-
tions are equivalent, amounts of acids produced in the lactose medium theoretically
should be higher than in the lactate medium. Initial lactose or lactate molar concentrations
were (.18 mol-L; therefore, from this amount of lactose, 0.24 M of propionate should be
obtained (separately from both glucose and galactose) but from lactate only 0.12 M of pro-
pionate. Nevertheless, results of the present study show that if lactose is utilized as a sub-
strate, concentrations of the resulting acids are significantly lower (p < 0.05)—the concen-
tration of propionate produced in the lactose medium is approximately 2-fold lower than
in the Na lactate medium. This low acid production in the lactose-based medium might
be explained by the medium acidification, which makes propionic fermentation self-in-
hibitory [14,50],which therefore inhibited lactose consumption. Indeed, as reviewed by
Ranaei et al. [21], several factors influence the propionic acid concentration and produc-
tivity (culture conditions, the type of bioreactor scale, temperature), but pH is one of the
most important. PAB growth is inhibited both by protons and organic acid anions, as well
as by undissociated propionic and acetic acids [37]. Our results show that in lactate-
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supplemented media acids were produced without the decrease in pH. This could be ex-
plained by the buffering properties of Na lactate. This is in line with previous observations
that growing PAB in a lactate environment provides a fairly uniform pH [37,48]. Literature
also indicates that lactate as a substrate is utilized by PAB much more rapidly than lactose-
derived glucose [51]. As reviewed by Ranaei et al. [21], if pH is kept constant, propionic
acid yields from lactate are higher than from glucose or lactose; moreover, by-product
(succinic acid) production is reduced. Lewis and Yang [48] also observed that compared
to fermentations with lactose or glucose at the same pH, lactate gave a higher propionic
acid yield, lower biomass yield and lower specific growth rate.

Studies show that the optimal pH for PAB growth is 4.6-5.8; below pH 4.5 growth is
stopped [52]. There are various physiological and genetic resistance mechanisms in mi-
croorganisms to survive in an acidic environment, including pH homeostasis, alteration
of cell membranes, regulation of metabolism and repair of macromolecules [50]. It has
been observed that the most sensitive to unfavorable factors (low pH, high concentration
of carbon sources and presence of the end products of metabolism) are cells at the begin-
ning of the exponential phase. At the same time, PAB are able to regulate pH by shifting
it in the direction favorable for growth, if the medium pH in the chemostat is in the range
of 4.4-7.45 [53]. In lactose-based broth, the lowest pH was reached by strains C and T,
which also produced lactic acid; therefore, their physiology could be different from other
PAB strains. This feature has been observed previously by other researchers reporting that
some species of PAB produce lactate from glucose, xylose and arabinose; the quantity of
lactate varies as a function of pH, medium composition, conditions of aeration, nature of
the strain and other conditions (reviewed by [37]). The Kusano et al. [54] study results
indicate that PAB C strain TA-12T, which was isolated from spoiled orange juice, can grow
even at pH 3.2 and produces lactic, propionic and acetic acids as a result of glucose fer-
mentation in a molar ratio of 5:4:2, respectively. Results of lactose-based fermentates also
show that the strain C also produced significantly more succinic and lactic acid than other
strains, but strain T produced more pyruvic acid than other strains (p < 0.05), which can
explain significantly lower pH of their fermentates (p < 0.05). As far as organic acid-pro-
ducing micro-organisms are concerned, a high acid tolerance of industrial strains is par-
ticularly necessary being one of the most important criteria for the selection of strains. As
concluded previously, the major explanation for the low consumption of lactose is the
inhibition of bacteria due to environmental acidification; however, other factors, e.g.,
strain-dependent properties, could influence the consumption as well. Indeed, the ob-
tained results show that lactose consumption and substrate conversion efficiency are
strain-dependent (see Table 3), which is in line with the findings of other studies [37,55].
Improving fermentation yield is the most critical step to achieving economically viable
fermentation [15]. The yield of acids can be influenced not only by strain peculiarities or
physical factors such as pH but also by temperature and the composition of the growth
medium. The lactose metabolism of PAB is influenced by [3-galactosidase. Some cations
such as Mg, Mn?, Li*, Na* and K* acted as stimulators of (3-galactosidase activity,
whereas, for example, Ca?* showed an inhibitory effect [56]. Regarding the proportions of
produced acids, a higher concentration of propionic acid often is considered an ad-
vantage. The ratio of P/A acids demonstrates overall fermentation stoichiometry. By esti-
mating this ratio, we can see if fermentation follows reaction stoichiometry as it is set in
Equations (7) and (8). Indeed, fermentation results (Table 2) demonstrate that the P/A ratio
was around or slightly above 2 being close to the theoretical (=2) [47,57]. According to the
literature data, the P/A ratio tends to vary depending on various circumstances [58,59]
including previously mentioned conditions and metabolic characteristics of PAB strains.
The increase in CO: tension can lead to a higher P/A ratio in the fermentation of glucose
that can explain the widely varying P/A ratios reported in the literature because the ex-
periments of other investigators have been carried out under varying conditions of pH
and with different types of buffers [58]. The presence of the TCA cycle in PAB is another
factor that could explain differences in amounts and relative proportions of propionate,
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acetate and CO2 produced —in the presence of Oz and limiting lactate concentrations, part
of the lactate is completely oxidized to CO:z via the TCA cycle [57]. The acidity level of the
environment also affects the yields and proportions of acids. Our previous studies [18]
and the literature [57] indicate that the formation of propionate is promoted at lower pH,
thus increasing the P/A ratio. Differences in P/A ratios may also be due to altered amino
acid metabolism of some strains —besides the main propionic acid fermentation pathway,
PAB can metabolize aspartate in the presence of lactate with various intermediate stages;
as a result, most of the lactate is fermented into acetate and CO: rather than propionate
[55]. Furthermore, production of other acids (succinic, lactic, pyruvic), as well as the
growth of biomass, can explain the lower than theoretically possible propionic acid out-
come in the present study [26,60,61]. Our results of the biomass yield are in line with lit-
erature information regarding ATP generated —when sugar is available, these bacteria use
a pathway where 12-fold more ATP is produced [47]. Therefore, if biomass growth is de-
sirable, lactose is better as a carbon source. Neutralization of the environmental acidity
during acid production could be a suitable solution to the above-mentioned inhibition
problem, as well as to achieve a higher concentration of acids or their salts with respect to
the stability of the fermentation product (for example, to prevent the evaporation of un-
dissociated volatile acids). Therefore, by media pH control with the inclusion of buffers
or bases for pH adjustment the higher outcome of valuable metabolites and biomass can
be reached [3,21].

4.2. Assessment of the Results of Antimicrobial Effects’Study

The tested P. aeruginosa, E. coli, K. pneumonia and S. aureus are representatives of a
group of multidrug-resistant bacteria—the so-called ESKAPE list microorganisms [62].
Therefore, the potential threat posed by the tested microorganism species is not only re-
lated to food spoilage, but also to the overuse of antibiotics, thus endangering both animal
and human life [62]. Results of the present study show that PAB fermentates have the
potential to contribute to the protection against the tested pathogens. Even at neutral pH,
all tested pathogen species, but especially P. aeruginosa, were inhibited by fermentates.
Moreover, with the acidification of fermentates, the antimicrobial effect could be im-
proved as shown through our theoretical calculations or observations elsewhere. The mi-
crobial growth dependence on the concentration of undissociated acids is well demon-
strated. For example, a pH slightly below the pKa of acetic acid strongly inhibits the
growth of Kluyveromyces marxianus, but raising the pH slightly above the pKa of acetic
acid greatly reduces its inhibitory potential [40]. Similar effects of pH are observed in other
studies—a strong inhibitory effect of PAB fermentates on fungus was seen mainly at pH
3, compared to a weaker effect at pH 5 and no effect at pH 7 [22]. Interestingly, for propi-
onic acid, relative to either pH or acid alone, the combinatorial effects of propionic acid x
pH are significantly more growth-inhibitory than any other organic acid and pH combi-
nation [63]. In addition, the resulting antimicrobial effect is usually based on a combina-
tion of the effects of organic acids and other bacterial metabolites [64]. Our results show
that the main principle for inhibition of the pathogenic bacteria is acid formation affirming
previous information [7]; however, we observed that other antimicrobial compounds
(bacteriocin-like substances) are involved in the inhibition too. Inhibition of S. aureus ,es-
pecially , depends on the activity of bacteriocins. To a lesser extent bacteriocins are in-
volved in K. pneumonia inhibition too. Warminska—Radyko and Laniewska—-Moroz [65]
also observed the antibacterial activity of bacteriocin-like metabolites synthesized by Pro-
pionibacterium acidipropionici towards Gram-negative bacteria belonging to Enterobacteri-
aceae [64]. Interest in bacteriocins as food biopreservatives is increasing because of their
high stability in a wide range of pH values and temperatures [26,64]. Moreover, interest
in complex food biopreservatives obtained from natural sources is growing because of the
spread of antimicrobial resistance—a global and increasing problem. Moreover, the use
of bacteriocin-producing strains is being considered an attractive approach for controlling
foodborne pathogens in the gastrointestinal tract; therefore, the knowledge gained by this
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study may also be useful in evaluating the antimicrobial potential of PAB as prospective
probiotic organisms in humans and animals [26,28,29,32,60]. Coliforms (especially the
genera Escherichia and Klebsiella) are called opportunistic pathogens and are responsible
for a wide variety of infections. At the same time, many species are representatives of
normal intestinal flora. Coliforms, S. aureus and P. aeruginosa cause infections not only in
humans but also in animals, e.g., mastitis in cows [66]. Some of them have become re-
sistant to the most common antibiotics. Pseudomonas spp. is an aerobic, non-spore-form-
ing, gram-negative, rod-shaped bacteria. Previous studies have shown that these microbes
are particularly responsible for the spoilage of dairy products because they produce ther-
mostable lipolytic and proteolytic enzymes that reduce the quality and shelf life of pro-
cessed milk and dairy products (such as cheese, UHT milk, butter and yogurt) (reviewed
by [67,68]). Pseudomonades also spoil a wide range of other food products: meat, fish, wa-
ter, fruits and vegetables [69]. Regarding health risks, Pseudomonas spp. does not pose a
serious risk to public health; however, P. aeruginosa is the most pathogenic species among
Pseudomonas spp. Belonging to risk group II, it is an opportunistic pathogen and one of
the main bacteria that cause nosocomial infections in hospitals affecting immunocompro-
mised individuals. Therefore, it can also cause serious and even fatal diseases (reviewed
by [68,69]). Sorbic and benzoic acids have widespread usage as food preservatives, but at
the same time, they have a poor ability to reduce P. aeruginosa growth [63]. Since P. aeru-
ginosa was the microorganism most affected by PAB fermentates in this study, products
of PAB fermentation could be of interest in related applications. Moderate or strong inhi-
bition was observed against B. subtilis—a spore-forming bacterium that poses several
threats to the food industry because it can tolerate processing and several measures de-
signed to destroy vegetative cells. B. subtilis has been identified as one of the microorgan-
isms capable of forming biofilms that result in food spoilage. It can grow, survive and
cause spoilage in meat and potatoes [10]. Spore-forming bacteria also pose the greatest
spoilage threat to dairy products, causing serious economic losses, equipment deteriora-
tion and reputational damage to food companies [70].

The use of fermentation liquids in the food and agro-industry can have several ad-
vantages over the use of concentrated acids. Fermentates can be used in natural or con-
centrated forms. The combined effect of different antimicrobial compounds on the growth
of unwanted microorganisms is likely to result from the interaction of many effects [63].
Knowing the good antifungal activity of PAB [8,30,39], the field of application of such
fermented products could be quite wide. For example, PAB food-grade bacterial species
are used as bioprotective cultures—an alternative to chemical preservatives, for example,
to avoid or delay fungal spoilage of dairy products. As PAB biomass is known to be a
source of protein, vitamin B complex, and minerals left in waste bacterium cells, it can be
used for increasing the nutritional value of food or animal feed products [1,37,60]. Exper-
imental evaluation should be conducted on a case-by-case basis to determine whether a
particular product is an appropriate choice for a particular application. Therefore, further
research on the antimicrobial or antifungal effects of PAB fermentates, their forms of use
(e.g., direct application on food, in coatings or edible films [9], in the form of microcap-
sules [71]), as well as their compatibility with different food products or raw materials
would be valuable.

5. Conclusions

1. The knowledge gained in the present study can help to model the acquirement of
acid metabolites and biomass from several PAB strains. The results show that the
fermentative production of propionic and acetic acid is considerably influenced by
the added carbon source. Lactose broth fermentation resulted in a significant pH re-
duction, and propionic and acetic acids” outcomes were significantly lower (p <0.05)
than when using lactate as a carbon source.

2. Biomass production in lactose was significantly higher (p <0.05) than in lactate-based
broths.
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3. When comparing the propionic acid bacteria strains, significant differences were ob-
served for the production of acids and resulting pH in both types of fermentates (p <
0.05). Acid production, lactose consumption, substrate conversion efficiency to acetic
acid, as well as biomass production was strain-dependent. At the same time, lactose
conversion efficiency to propionic acid and propionic acid yield were similar for all
strains (p = 0.05).

4.  Results show that antimicrobial efficacy is strain-dependent. The strongest inhibitory
effect was demonstrated by fermentates of all tested PAB strains against Pseudomonas
aeruginosa, by strain Acidipropionibacterium thoenii against Bacillus subtilis and by
strains Propionibacterium freudenreichii and Acidipropionibacterium thoenii against
Staphylococcus aureus.

5. Bacteriocins are likely to play a significant role in the inhibition of Staphylococcus au-
reus and Klebsiella pneumonia, while Escherichia coli, Pseudomonas aeruginosa and Bacil-
lus subtilis are inhibited by acids. To increase the antimicrobial activity of fermentates,
we recommend acidifying the fermentate or fermentate-supplemented medium to at
least pH 5.5.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/fermentation9010026/s1, Figure S1. The comparison of in-
hibitory effects of PAB strains towards B. subtilis, E. coli, K. pneumoniae, P. aeruginosa and S. aureus
after 10 h incubation.
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