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Dairy propionibacteria are Gram positive Actinomycetota, routinely utilized as
starters in Swiss type cheese making and highly appreciated for their probiotic
properties and health promoting effects. In this work, within the frame of a circular
economy approach, 47 Propionibacterium and Acidipropionibacterium spp. were
isolated from goat cheese and milk, and ewe rumen liquor, and characterized in
view of their possible utilization for the production of novel pro-bioactive food
and feed on scotta, a lactose rich substrate and one of the main by-products
of the dairy industry. The evaluation of the Minimum Inhibitory Concentration
(MIC) of 13 among the most common antibiotics in clinical practice revealed
a general susceptibility to ampicillin, gentamycin, streptomycin, vancomycin,
chloramphenicol, and clindamycin while confirming a lower susceptibility to
aminoglycosides and ciprofloxacin. Twenty-five isolates, that proved capable of
lactose utilization as the sole carbon source, were then characterized for functional
and biotechnological properties. Four of them, ascribed to Propionibacterium
freudenreichii species, and harboring resistance to bile salts (growth at 0.7-
1.56 mM of unconjugated bile salts), acid stress (>80% survival after 1h at pH 2),
osmostress (growth at up to 6.5% NaCl) and lyophilization (survival rate >80%),
were selected and inoculated in scotta. On this substrate the four isolates
reached cell densities ranging from 8.11 + 0.14 to 9.45+ 0.06 Log CFU mL* and
proved capable of producing different vitamin B9 vitamers after 72 h incubation
at 30°C. In addition, the semi-quantitative analysis following the metabolomics
profiling revealed a total production of cobalamin derivatives (vitamin B12) in
the range 0.49-1.31mgL"? thus suggesting a full activity of the corresponding
biosynthetic pathways, likely involving a complex interplay between folate cycle
and methylation cycle required in vitamin B12 biosynthesis. These isolates appear
interesting candidates for further ad-hoc investigation regarding the production
of pro-bioactive scotta.

pro-bioactive scotta, propionibacteria, by-products valorization, vitamin B12, vitamin
B9, circular economy
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1. Introduction

Due to the increasing awareness of consumers on the importance
of a healthy diet, both the scientific community and the agri-food
industry are being engaged in the development of high-quality novel
foods that, by delivering prebiotics, probiotics, microbial metabolites,
and bioactive compounds, may combine synbiotic (prebiotic plus
probiotic) or pro-bioactive (probiotic plus bioactive compounds)
properties (Cunningham et al., 2021). Since fermented foods are the
best candidates to reach such objective (Beltran-Barrientos et al., 2016;
Revuelta et al., 2018; Rocchetti et al., 2019; Tiss et al., 2020; Diez-
Ozaeta and Astiazaran, 2022), the screening of microbes with suitable
biotechnological and functional properties is required. Among the
possible microbial candidates, propionibacteria seem to fit the
purpose. The family Propionibacteriaceae includes the genera
spp.» spp.»
Pseudopropionibacterium spp., and Cutibacterium spp. (Scholz and
Kilian, 2016). Strains of P. freudenreichii and A. acidipropionici
(formerly Propionibacterium acidipropionici) are commonly utilized

Propionibacterium Acidipropionibacterium

in dairy industry as starters for Swiss cheese ripening (Thierry and
Maillard, 2002; Thierry et al., 2005). During this process they ferment
lactate and produce propionic and acetic acids and variable amounts
of CO, (Thierry and Maillard, 2002; Thierry et al., 2005). Moreover,
they are capable to produce vitamins of group B (B9 and B12),
conjugated linoleic acid, trehalose, bacteriocins and organic acids, and
are known for their probiotic properties and health promoting effects
(Cousin et al., 2011; Rabah et al., 2017; Piwowarek et al., 2018). In
particular, P freudenreichii modulates the composition of gut
microbiota (Bouglé et al., 1999; Seki et al., 2004) due to the production
of bifidogenic factors that avoid the settlement of pathobiont
Bacteroides while favoring the colonization of bifidobacteria (Isawa
et al,, 2002). Selected strains of P. freudenreichii are metabolically
active in rat and human gut and show pro-apoptotic properties,
mainly due to the production of short chain fatty acids and other
molecules such as 1,4-dihydroxy-2-naphthoic acid, that may
be beneficial for the treatment and/or prevention of colon cancer, to
alleviate the symptoms of colitis, obesity and metabolic syndrome, and
to decrease chemotherapy side effects (Lan et al., 2007; Cousin et al.,
2011; Deutsch et al., 2017; Do Carmo et al., 2017; Ma et al., 2020; An
etal., 2021). P. freudenreichii extends the mean lifespan of C. elegans
by activating the innate immune system via the p38 MAPK pathway,
involved in stress response, and the TGF-f pathway associated with
anti-inflammation processes in the immune system (Kwon et al.,
2016). Moreover, short chain fatty acids and cell wall components,
such as surface and cytoplasmatic proteins contribute to
P. freudenreichii immunomodulatory effect (Rabah et al., 2017). In
particular, SlpB and SIpE (surface proteins), and HsdM3, predicted as
cytoplasmic protein, are involved in immunomodulation and
adhesion to human intestinal epithelial cells (Deutsch et al., 2017; Do
Carmo et al., 2017).

All these strain-dependent properties are accompanied by slow
growth, efficient utilization of low nutrients concentrations, and the
production of an arsenal of proteins involved in multistress perception,
adaptation, detoxification, and macromolecules repair (Falentin et al.,
2010). P freudenreichii
environmental conditions that may be encountered during industrial

Accordingly, tolerates unfavorable

production or throughout the different gastrointestinal tracts (GITs) of
animals and human (Leverrier et al., 2005). Moreover, it exerts
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antimicrobial activity due to the production of bacteriocins and organic
acids (Tharmaraj and Shah, 2009) and antifungal peptides (Lind et al.,
2007). All these are useful properties for probiotic and industrial
application of this species. Similar to P, freudenreichii, also some strains
of the species A. acidipropionici are considered probiotic for human and
animals (Arganaraz-Martinez et al., 2016; Rabah et al., 2017). Based on
this evidence, both P. freudenreichii and A. acidipropionici have been
granted the European QPS (Quality Presumption of Safety) and
P, freudenreichii the American GRAS (Generally Recognized as Safe)
status (Cousin et al., 2011; Rabah et al., 2017).

Besides their symbiotic or pro-bioactive properties, another
important requirement for novel fermented foods is their economic
and environmental sustainability and their production through the
valorization of low-cost by-products of the agri-food industry goes in
this direction. Scotta also called “secondary cheese whey” or “ricotta
cheese exhaust whey;” is one of such by-products. It is obtained by
thermal flocculation of whey proteins and contains an average of 5%
lactose and about 0.7-1% proteins. Due to its high biological and
chemical oxygen demand (BOD and COD about 50,000 and
80,000mg/L, respectively), it is an environmental high-strength
wastewater pollutant whose disposal constitutes a considerable cost
for cheese production plants (Sansonetti et al., 2009, 2010; Carvalho
etal., 2013; Mostafa, 2013). In addition, other problems encountered
in scotta disposal include uneconomical transport due to its high-
water content and the difficulty of prolonged storage because of its
susceptibility to microbial spoilage. The reverse side of the coin is that
scotta retains a nutritional value and is therefore a low-cost substrate
for bio-based productions. Accordingly, so far, scotta has been
proposed for the extraction of lactose by crystallization (Pisponen
et al., 2013), for the production of lactic acid (Secchi et al., 2012),
bioethanol (Sansonetti et al., 2009; Zoppellari and Bardi, 2013), sports
fermented beverages and synbiotic drinks (Maragkoudakis et al., 2016;
Tirloni et al., 2020), bioactive peptides (Monari et al., 2019; Cabizza
et al,, 2021) and starters for pecorino romano PDO cheese (Chessa
et al, 2020). However, still much can be done regarding the
exploitation of scotta. Considering that scotta production in Italy
reached 750,000 tons in 2019 (Cabizza et al., 2021) and that Sardinia,
with an estimate of more than 250,000 tons of scotta per year, is one
of the major contributors to the national production of this
by-product, the implementation of further processes for its
valorization could have important repercussions on the sustainability
of the dairy sector.

In this context, the general objectives of this work were the
characterization of a library of Propionibacterium and
Acidopropionibacterium (PABs) isolates from goat cheese and milk,
and ewes rumen and the evaluation of their functional and
biotechnological properties for the production of pro-bioactive scotta.

2. Materials and methods
2.1. Culture media

Media used were the following: modified APIS0CH medium:
Lactose 2%; Tryptone 1%; Yeast Extract 0,5%; K,HPO, 250 ppm; MnSO,
50 ppm, Bromocresol purple 170 ppm; YEL: Sodium lactate 1,25%;
Tryptone 1%; Yeast Extract 1%; K,HPO, 328 ppm; MnSO, 56 ppm (agar
2% when needed); YEL,,.ys: as YEL without Yeast Extract; YELactose:
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TABLE 1 Species and origin of the isolates utilized.

Origin
Isolate Goat Goat milk Ewe rumen
cheese
P. freudenreichii STAC3 STAC8/11 STAC5
STAC 4 STAC 11 STAC 7
STAC 4.1 STAC 13 STAC 10
STAC 14 STAC 19 STAC 25
STAC 14.1 STAC 19.1 STAC 30
STAC 16 STAC 35
STAC 16.1 STAC 38
STAC 32 STAC 40
STAC 42.1 STAC 42
N37 STAC 46
N112 STAC 47
N17.2
PF2
A. jensenii STAC 1 STAC 45 STAC 23
N24
A. acidipropionici N26 STAC17.1 STAC 43
N114 STAC 31 N71
N117 STAC 36 N76
N84 N82
N100 SNY
A. thoenii N60

Lactose 2%; Tryptone 1%; Yeast Extract 1%; K,HPO, 328 ppm; MnSO,
56 ppm (agar 2% when needed); MRS broth (deMan Rogosa and Sharpe
medium, VWR, Italy), Iso-Sensitest Agar (Oxoid, Basingstoke, UK).
Scotta composition was as follows: Scotta 1: Lactose 4.5%; ash 0.52%;
fat 12.5%; protein 0.89%; dry weight 6.38%; pH 6.06. Scotta 2: Lactose
4.0%; ash 2.26%; fat 0.14%; protein 2.15%; dry weight 8.08%; pH 6.23.

2.2. Propionibacteria isolation

Isolation of bacteria was carried out from goat cheese (8 samples)
and goat milk (12 samples) collected from 3 farms located in east cost
of Sardinia and from rumen liquor (9 samples) picked up from ewes in
a farm located at Porto Torres as reported by Correddu et al. (2019) and
Table 1. For PAB isolation 10mLg™" of sample was homogenized in a
stomacher bag for 5 min and serially diluted in peptone water solution.
100 pL aliquots of the homogenized sample and of each dilution were
spread, in double, over YEL medium and incubated for 5 days at 30°C
under anaerobic condition (Merck, Microbiology Anaerocult®). At end
of incubation, propionibacteria typical colonies (beige, red-brownish,
yellow, beige-brownish, brown-yellowish, red colonies) were picked and
purified in the same medium for further analysis.

2.3. Isolates identification

Pure cultures were grown under static conditions at 30°C in 10mL
liquid YEL. After 72h cells were harvested by centrifugation
(14,000 rpm for 3 min) and total genomic DNA was extracted with
GeneMATRIX Bacterial & Yeast Genomic DNA Purification Kit
(EurX, Gdansk, PL) according to the manufacturer instructions,
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visualized on 1% agarose gel in TBE and quantified
spectrophotometrically. Universal primers W001
(5"-AGAGTTTGATCMTGGCTC-3") and w002

(5’-GNTACCTTGTTACGACTT-3") utilized for the
amplification of 16S rDNA. PCR reactions were performed on a
MyCycler Thermal Cycler System (BioRad. Milano, IT) in 50 uL
reaction mixture containing 1pL template DNA (approximately
20ng), 1.25U Taq Polymerase (Promega), 1 x reaction buffer (Mg 2+
free), 2.5 mM MgCl,, 200 pM DNTPs, 1.2 uM each of W001 and W002
primers. PCR reactions were run for 35 cycles as follows: denaturation
at 94°C for 405, annealing at 50°C for 305, and elongation at 72°C for
90s. An initial denaturation step at 94°C for 4min and a final 7-min

were

extension at 72°C were performed. The PCR products were visualized
on a 1% agarose gel in 1 x Tris-borate-EDTA buffer (Chemidoc XRS
BioRad, Carlsbad, CA, USA) and quantified spectrophotometrically
(Spectrostar nano BMG-Labtech). ExoCleanUp FAST PCR (VWR,
Milano, IT) was utilized for the purification of the amplicons prior to
DNA sequencing at service facility (Macrogen, Milano, IT). DNA
sequencies were aligned by means of BioEdit “sequence alignment
editor” (Informer Technologies, Inc.). Sequencies were then compared
with those available in GenBank database through BLASTn program.’

2.4. Physiological characterization

Pure cultures were grown under static conditions at 30°C in 10mL
liquid YEL. After 72h cells were harvested by centrifugation
(14,000 rpm for 3min), resuspended in sterile water to final ODgy,=0.2.
For qualitative evaluation of lactose utilization, 24 well microplates
containing 990 pL of modified API50CH medium were inoculated
with 10 pL of cell suspension prepared as above described. Microplates
were incubated under anaerobic conditions (Anaerocult A system,
Merck, Darmstadt, Germany) for 7 days at 30°C. The production of
acid from lactose was determined based on bromocresol purple color
change (de Freitas et al., 2015). For the evaluation of the kinetics of
growth on lactose, cells were inoculated to a final ODgs, = 0.01 in
200 pL YELactose within 96 well microplates. For the assessment of
growth kinetics on lactose plus lactate YELactose was added with
increasing concentration of Na lactate (0.0, 1.5, 3.0, and 6.0gL™).
Growth was measured automatically every hour at ODgs, using a
SPECTROstar nano microplate spectrophotometer (BMG Labtech,
Ortenberg, Germany). Carrying capacity (final ODgs), specific growth
rate (p), lag phase duration (1), and area under the curve (AUC) were
determined by fitting the growth curves with the Bayesian
non-parametric model developed by Tonner et al. (2020).

2.5. Characterization for functional
properties

Acid tolerance response was evaluated as described by Jan et al.
(2000). Briefly, cells grown for 24h in 10mL YEL were diluted 1/1,000
into 50mL YEL. During exponential growth this culture was again
diluted 1/1,000 in 50 mL fresh YEL medium. When the culture reached
5 x 10° cells mL™" (ODgs,=0.5), bacterial cells were harvested by

1 https://blast.ncbi.nlm.nih.gov/Blast.cgi/
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centrifugation (4,000 rpm x 8 min), resuspended in 50 mL YEL, vz pH
4.5 for 30 min at 30°C and centrifuged as before, prior to inoculation,
into an equal volume YEL, vz pH 2. Residual cell viability was evaluated
at time 0 and after 60 min by viable plate count in YEL agar (Jan et al.,
2000). For a positive control of growth, the same experiment was carried
out in YEL,,,yz medium. Bile salts tolerance was assessed in terms of
minimum inhibitory concentration (MIC) of a mixture of 50% Na
cholate and 50% Na deoxycholate. Briefly, YEL medium was added with
increasing concentration of Bile Salts (SIGMA Aldrich, B8756) ranging
from 0.012 to 3.125mM within 24 well microplates containing 1 mL and
inoculated with 10° cells mL™". Microplates were incubated under
anaerobic conditions for 48 h after which MIC was determined as the
minimum concentration inhibiting growth. Osmotic stress and biofilm
formation were assessed as indicated by Deptula et al. (2017) 10 uL cells
suspension was inoculated in 190 pL YEL medium containing 1,5%; 3
and 6.5% NaCl (0.3, 0.5, and 1.1M respectively) within 96 well
microplates to a final ODgy, =0.05. Growth was measured as ODsys after
7 days using a SPECTROstar nano microplate spectrophotometer (BMG
Labtech, Ortenberg, Germany). At day 7 all cultures were tested for
biofilm formation. To do that planktonic cells were removed by rising
microplates twice in tap water. Wells were filled with 100mL of
cristalviolet 1%, incubated for 10min RT and rinsed repeatedly in cool
tap water until water remained clear. Plates were allowed to dry at RT
and after dissolving the biofilm with acetic acid 30% under shaking
(30min 300rpm) cell density was read at ODsy.

2.6. Resistance to lyophilization

Two hundred mL of pure cultures grown in YEL for 72h at 30°C
were harvested by centrifugation (8 min at 4,000 rpm). The resulting cell
pellet was taken to —20°C for 24h and subsequently lyophilized at
—50°C and <0.1 mbar for 48h with a FreeZone 8 Liter -50C Benchtop
Freeze Dryers (Labconco Corporation Kansas City, MO, USA). Viability
was evaluated by viable plate count prior to and after lyophilization. For
that lyophilized biomass was rehydrated in 200 mL peptone water, after
which serial dilutions were plated on YEL Agar plates and viable plate
count was carried out after 5days incubation at 30°C.

2.7. Growth kinetics and biomass
production in scotta

Pure cultures were grown under static conditions at 30°C in 10mL
liquid YEL. After 72h cells were harvested by centrifugation (4,000
rpm for 8 min), resuspended in 10mL sterile water, inoculated in
120mL scotta to a final concentration of 1x10° cell mL™" and
incubated for 72 h at 30°C under static conditions. Viable plate count
was carried out on YEL Agar plates at time 0 (inoculum) and after 24,
48, and 72 h. Two technical replicates of two biological replicates were
carried out on two different scotta sampled in two dairy industries
located in north-west Sardinia.

2.8. Analytical methods

Mean chemical composition of scotta was analyzed according to
the method described by Cabizza et al. (2021). Acetic and propionic
acids analysis was carried out by solid phase micro extraction followed
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by gas chromatography mass spectrometry. Briefly, 1.0 mL of scotta
sample were placed into a 20 mL SPME vial (75.5 % 22.5 mm) that was
tightly closed using a septum. After 10 min of equilibration at 40°C, a
100 pm PDMS/DVB/CAR (Polydimethylsiloxane/Divinylbenzene/
Carboxen) coated fiber (Supelco, Sigma Aldrich, St. Louis, MO, USA)
was injected through the septum and suspended in the headspace. The
fiber was exposed to the volatiles for 20 min; it was then retracted,
removed from the vial, and placed immediately into the injector of the
GC. Thermal desorption was performed in the injector at a
temperature of 250°C for 5min in splitless injection mode. Prior to
and after each analysis, the fiber underwent a further bake-out step for
5min at 250°C. The chromatographic separation was accomplished
using the following temperature program: 40°C hold for 4 min, then
increased to 150°C at a rate of 5.0°C min~!, held for 3min, then
increased to 240°C at a rate of 10°C min™", and finally held for 12 min.
Helium was used as the carrier gas at a constant flow of 1 mLmin™".
Quantification of acetic acid and propionic acids was accomplished by
means an external calibration on three levels of concentration. A stock
solution of each standard was prepared by weighting it accurately into
a 10 mL volumetric flask. The resulting stock solution was diluted with
scotta free of acetic and propionic acid in order to obtain three
reference solutions at decreasing concentrations. For each compound
the calibration curves were made by linear regression by plotting the
peak area of external standard against their known concentrations.
Both compounds were quantified by a selected ion monitoring (SIM)
method setting the quadrupole to filter the ions 60 for acetic acid and
73 and 74 for propionic acid. Each analysis was performed in
duplicate, and the results were expressed as g L™

For the untargeted metabolomics analysis, fermented and
non-fermented scotta samples were thawed at RT, and then 1mL
aliquots were extracted by using 4mL of a methanol/water (both LC
-MS grade, from Sigma-Aldrich) 50/50 solution (vol/vol) according
to an ultrasound-assisted extraction (10 min at maximum power, 120
Watt) to disrupt microbial cells. After that, samples were vortexed and
centrifuged at 4,500 g for 10 min to remove large biomolecules, such
as proteins. Supernatants were filtered through 0.22um cellulose
syringe filters in UHPLC vials for further HRMS targeted analysis. The
untargeted UHPLC-HRMS analysis was done using a Q-Exactive
Focus Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Scientific) coupled to a Vanquish UHPLC pump and equipped with
heated electrospray ionization-II probe (Thermo Scientific; Rocchetti
and O’Callaghan, 2021). The chromatographic separation was based
on a water-methanol (both liquid chromatography-MS grade, from
Sigma-Aldrich) gradient elution (0.5-98% acetonitrile in 12 min),
using 0.1% formic acid as phase modifier, and using an Agilent Zorbax
Eclipse Plus C18 column (50x2.1mm, 1.8 pm). The column was
re-equilibrated up to 18 min with 99.5% water. The flow rate was
200pLmin~', and the injection volume was 6pL. The mass
spectrometer was calibrated using Pierce TM positive ion calibration
solution (Thermo Fisher Scientific). The H-ESI parameters were the
following: sheath gas 40 (arb), auxiliary gas (20), spray voltage 3.5kV,
capillary temperature 320°C, S-lens RF level 50, auxiliary gas heater
temperature 50°C. The HRMS was done in the Full MS1 isotopic
method (resolution 70,000 FWHM), in the range 300-1,600 m/z,
setting the following scan parameters: AGC target 1e® and maximum
injection time (IT) 50 ms. The raw data generated by UHPLC-HRMS
were then processed using the software MS-DIAL (version 4.70). The
putative annotation (level 2 of confidence typical of untargeted
metabolomics-based experiment) was reached via spectral matching
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against the comprehensive databases FooDB?, using a tolerance for
mass accuracy of 5ppm. For the semi-quantification of cobalamin
derivatives and vitamers of folic acid, we used standard solutions of
vitamin B12 (cyanocobalamin) and folic acid (B9) (both purchased
from Sigma-Aldrich) at different concentration levels (namely: 500,
250, 50, 25, and 2.5pgL™"), considering coefficients of determination
(R?)>0.98.

2.9. Antibiotic susceptibility

Minimum inhibitory concentrations (MIC) of different antibiotics
were determined using broth microdilution method according to the
protocol ISO 10932:2010. In particular, bacterial isolates were
inoculated in 96 microwell plates containing serial two-fold dilutions
of the following antibiotics: ampicillin, amoxicillin, ciprofloxacin,
clindamycin, chloramphenicol, erythromycin, gentamicin,
streptomycin, kanamycin, spectinomycin, tetracycline, trimethoprim/
sulfamethoxazole and vancomycin. The MIC values obtained were
interpreted according to the criteria proposed by EFSA (2012). For
trimethoprim/sulfamethoxazole the CLSI break point proposed from
Corynebacterium spp. and Lactococcus spp. >4/76 was considered. For
spectinomycin the ECOFF of Staphylococcus aureus (>128) was
considered. For ciprofloxacin the CLSI break point for Gram positive
anaerobes (CLSI, 2018) were used MIC90 and MIC50 were evaluated
as the lowest concentration of the antibiotic at which 90 and 50% of

the isolates were inhibited, respectively.

2.10. Statistical analyses

All experiments were carried out in triplicate (at least four
technical replicates of tree biological replicates) unless otherwise
stated. Data were subject to analysis of variance (Anova) and Tuckey
HSD post-hoc test. Additionally, the software MetaboAnalyst 5.0° and
SIMCA 17 (Umetrics, Sweden) were used for multivariate statistics
(unsupervised hierarchical clustering and supervised OPLS-DA) to
extrapolate the biomarker compounds (VIP) and their Fold-Change
(FC) variations against the non-fermented samples.

3. Results

3.1. Isolation and identification of
propionibacteria

Forty-seven isolates showing PAB typical colony (beige,
red-brownish, yellow, beige-brownish, brown-yellowish, red colonies)
on YEL agar plates were obtained from 29 samples of goat milk and
cheese and from ewe’s rumen liquor sampled in three different areas of
Sardinia. Molecular identification of the isolates, based on BLAST
analysis of 16S rDNA sequencies, led to their identification as
Propionibacterium and Acidopropionibacterium spp. Twenty-nine

2 www.foodb.ca; last accessed: June 2023.
3 https://www.MetaboAnalyst.ca/
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isolates (corresponding to 62%) were ascribed to P. freudentreichii, most
of them coming from milk (45%) and cheese (38%) with 5 isolates (17%)
from rumen liquor. Of the remaining isolates, 13 (26.5%) were identified
as A. acidopropionici, 4 as A. jensenii and 1 as A. thoenii (Table 1).

3.2. Assessment of antibiotic susceptibility

The MICs of 13 antibiotics, nine of which recommended by EFSA,
were evaluated according to protocol ISO 10932:2010. The distribution
of the MICs differed between P, freudenreichii and Acidipropionibacterium
spp. for all tested antimicrobials, except for amoxicillin to which all
isolates proved resistant (Tables 2, 3). P. freudenreichii isolates appeared
susceptible to ampicillin, vancomycin (with just one isolate showing a
MIC of 8mg/L), clindamycin, gentamycin, and streptomycin (EFSA,
2008). Eighty-two percent of the isolates could be considered susceptible
to chloramphenicol. Ciprofloxacin exerted limited effect on PABs since
48% of the isolates were resistant with a MIC>2 mg/L (CLSI break point
for Gram positive anaerobes). Four isolates proved resistant to
kanamycin with a MIC>64mg/L (EFSA, 2008) and 13% to tetracycline
(EFSA ECOFF >2mg/L). For erythromycin, 24% of the isolates appeared
resistant according to the current EFSA ECOFE Most of the isolates
(83%) could be considered susceptible trimethoprim/sulfamethoxazole,
according to CLSI break point for Corynebacterium spp. and Lactococcus
spp., while 71% of them were resistant to spectinomycin (Table 2 and
Supplementary Table 2). Regarding Acidipropionibacterium spp., all of
them proved susceptible to ampicillin, chloramphenicol and
clindamycin (except for one isolate), gentamycin, streptomycin,
trimethoprim/sulfamethoxazole, and vancomycin. Seven of them
appeared resistant to tetracycline, three to ciprofloxacin and 2 to
kanamycin (Table 3). Overall, MIC90 of P. freudenreichii isolates was
higher than that of Acidipropionibacterium spp. for 6 antibiotics tested
(CHL, ERY, KAN, SPE, STR and VAN) and lower for three antibiotics
(Supplementary Table 1). Moreover, four P. freudenreichii (STAC 13,
STAC 16, STAC 47, N17.2) had three antibiotic resistances and two
Acidipropionibacterium spp. (STAC 17.1 and N26) presented four
antibiotic resistances. On the contrary, no antibiotic resistances were
reported for three P. freudenreichii (STAC 7, STAC 19, N112) and six
Acidipropionibacterium spp. (STAC 36, N24, N84, N117 and SNY)
isolates.

3.3. Growth on lactose containing medium

Since lactose is the main carbon source in scotta, the 47 PABs
were inoculated on modified API 50CH medium to evaluate lactose
fermentation ability. At first, the acidification, and consequent color
change of the medium from purple to red, orange and yellow,
corresponding to no acidification (—), low (+), average (++) and
high acidification (+++), respectively, was evaluated. Twenty-two
isolates (21 P. freudenreichii and one A. acidipropionici), that showed
no medium acidification, were considered uncapable of lactose
fermentation, and therefore excluded from the present screening.
Of the remaining 25 isolates that showed various extent of medium
acidification, 9 were ascribed to the species P. freudenreichii, 12 to
A. acidopropionici, 3 to A. jensenii and 1 to A. thoenii. All these
isolates were assessed for their growth kinetics on YELactose. To do
that 200 growth curves were obtained and fitted by the growth
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TABLE 2 Propionibacterium freudenreichii antibiotic susceptibility.

Isolate AMP AMX CHL CIP CcC ERY GENT KAN SPE STR TET T/S (mgL™?)
(mgL™) (mgL?) (mgL™?) (mgL™) (mgL™) (mgL™) (mgL- (mgL™?) (mgL™) (mgL™) (mgL™?)

STAC 3 0.5 >128 2 4 0.0625 0.03125 4 64 >256 8 1 2/38 1
STAC 4 2 >128 2 2 0.0625 025 2 256 >256 32 05 0.0625/1.1875 1
STAC 4.1 0.0625 >128 2 4 0.125 0.0625 0.5 32 >256 2 0.5 0.0625/1.1875 8
STAC 5 0.5 >128 4 2 0.125 0.5 2 16 64 1 0.5 2/38 2
STAC7 05 >128 2 2 0.25 0.03125 8 16 >256 16 05 0.25/4.75 2
STAC 8/11 0.5 >128 2 4 0.0625 0.0625 05 16 >256 1 0.5 0.0625/1.1875 1
STAC 10 0.5 >128 2 2 0.0625 4 8 64 64 16 0.5 0.25/4.75 0.5
STAC 11 0.125 >128 1 2 0.0625 0.0625 1 32 >256 1 025 0.03125/0.593 1
STAC 13 1 >128 1 64 0.125 8 2 64 8 2 4 0.0625/1.1875 0.5
STAC 14 0.5 >128 2 4 0.5 0.03125 0.5 16 >256 4 025 0.0625/1.1875 1
STAC 14.1 0.0625 >128 1 4 0.0625 0.03125 4 32 >256 2 0.5 2/38 1
STAC 16 1 >128 2 8 0.0625 0.5 32 4 >256 32 32 8/152 1
STAC 16.1 05 >128 2 2 4 05 32 8 >256 32 1 8/152 1
STAC 19 0.03125 >128 1 4 0.03125 0.03125 2 16 >256 4 025 0.125/2.375 1
STAC 19.1 0.5 >128 2 2 0.03125 0.0625 1 8 16 2 4 0.25/4.75 1
STAC 25 025 >128 4 2 0.03125 0.03125 8 64 >256 16 05 0.5/9.5 0.5
STAC 30 0.03125 >128 2 4 0.125 0.0625 0.5 32 >256 2 0.5 0.03125/0.593 0.5
STAC 32 1 >128 2 4 0.0625 025 1 256 >256 32 0.5 0.0625/1.1875 1
STAC 35 05 >128 2 4 0.03125 0.125 0.5 8 >256 4 1 0.0625/1.1875 1
STAC 38 0.5 >128 2 0.5 0.03125 0.5 0.5 4 8 1 025 0.25/4.75 0.5
STAC 40 0.5 >128 4 2 0.125 2 4 32 128 4 1 4176 2
STAC 42 025 >128 2 4 0.125 0.5 8 256 >256 32 0.5 0.015625/0.295 1
STAC 42.1 2 >128 2 2 0.0625 1 8 64 16 8 2 0.5/9.5 0.5
STAC 46 0.03125 >128 05 4 0.0625 1 4 64 >256 4 05 0.125/2.375 1
STAC 47 0.125 >128 4 0.25 0.125 >8 0.5 2 64 1 64 0.25/4.75 1
N17.2 0.5 >128 1 8 0.03125 0.5 1 256 >256 0.5 1 0.0625/1.1875 1
N37 0.125 >128 2 4 0.125 0.0625 0.5 64 256 2 05 0.0625/1.1875 1
N112 0.5 >128 1 2 0.0625 0.0625 8 32 >256 8 1 0.125/2.375 0.5
PF2 0.5 >128 4 2 0.0625 32 2 16 >256 2 1 0.0625/1.1875 1
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TABLE 3 Acidipropionibacterium spp. antibiotic susceptibility.
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Isolate AMP AMX CHL CIP cC ERY GENT KAN SPE STR TET T/S (mgL™?) VAN
(mgL?) (mgL?) (mgL™) (mgL™?) (mgL™?) (mgL?) (mgL?) (mgL™) (mgL™?) (mgL™?) (mgL?) (mgL?)
STAC 1 0.03125 >128 05 2 0.03125 0.0625 05 32 8 1 1 0.0625/1.1875 05
STAC 17.1 025 >128 2 4 025 8 32 256 >256 32 1 1/19 1
STAC 23 0.5 >128 2 4 0.0625 0.0625 8 8 8 2 4 0.0625/1.1875
STAC 31 1 >128 1 1 nd 0.0625 2 8 16 2 4 0.0625/1.1875 05
STAC 36 1 >128 1 1 0.0625 0.125 2 16 32 2 2 0.0625/1.1875 1
STAC 43 1 >128 0.5 0.25 0.0625 0.0625 1 8 8 1 4 0.0625/1.1875 0.25
STAC 45 05 >128 05 0.5 0.0625 025 2 8 8 2 8 0.0625/1.1875 05
N24 05 >128 2 1 025 0.03125 1 16 16 2 2 0.125/2.375 05
N26 2 >128 4 2 0.0625 2 8 128 64 16 4 0.5/9.5 1
N60 05 >128 2 05 05 0.0625 05 8 1 1 2 0.0625/1.1875 025
N71 1 >128 2 1 0.0625 0.0625 1 4 8 1 4 0.0625/1.1875 05
N76 1 >128 1 0.5 0.0625 0.03125 1 16 8 05 05 0.0625/1.1875 05
N82 2 >128 0.5 1 0.0625 0.0625 1 8 8 1 4 0.0625/1.1875 025
N84 0.5 >128 2 1 0.0625 0.0625 1 8 16 1 2 0.0625/1.1875 0.25
N100 1 >128 0.5 1 0.125 0.0135 1 8 16 16 2 0.03125/0.593 05
N114 1 >128 2 8 0.125 2 8 16 >256 16 1 476 1
N117 1 >128 2 1 0.0625 0.0625 4 32 8 4 1 2/38 05
SNY 05 >128 1 05 0.125 0.0625 1 8 4 1 1 0.0625/1.1875 05
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model of Tonner et al. (2020) to evaluate carrying capacity, lag phase
duration (A), growth rate (n) and area under the curve (AUC). This
last parameter integrates the contributions of the lag phase duration,
growth rate, and carrying capacity into a single value, thus
somewhat summarizing the growth curve. As reported in Table 4,
A. jensenii STAC 1 showed the highest growth rate
(#=0.616+£0.044h™") and the shortest lag phase (1=9.0+1.0h).
Isolates A. jensenii STAC 45, A. acidipropionici N76 and
P. freudenreichii STAC 10, and STAC 4 showed a relatively high
growth rate, ranging from 0.19 to 0.29h™", and differed greatly in lag
phase duration (from 4.1 +4.8h in STAC 45 to 73.1+3.5h in STAC
4). The remaining isolates showed poor growth on this medium
with p ranging from 0.018h™" to 0.12h™" and variable lag phase
duration. Accordingly, generation time (g), that under optimal
conditions is about 5-6 h, varied markedly among strains ranging
from 1.109+0.02 to 30.37+0.53h (data not shown). Most of the
isolates showed comparable ODss, except for the A. acidipropionici
N114, STAC 36, STAC 43, and P. freudenreichii STAC 46, that
showed the best performances on YELactose (FDR adjusted p
value < 0.05). Acidipropionibacterium spp. N100, N60, STAC 45 and
P. freudenreichii N112 displayed the higher AUC values, followed by
Acidipropionibacterium spp. N117, N24, N26, N76, N82, N84,
STAC1, STAC 31, STAC 36, and STAC 43. The lowest AUC values
were measured in Acidipropionibacterium spp. N71, N117 and in
P. freudenreichii STAC 46, STAC 4, and STAC 42.1. Based on these
parameters, all the isolates were subdivided into four clusters by the
k-means algorithm (Figure 1). Most of them (namely P. freudenreichii
N112, PF2, STAC 4.1 and Acidipropionibacterium spp. N24, N26,
N60, N84, STAC 31, STAC 36, and STAC 43) were included in
cluster 1 and showed a slow average growth rate (0.095h™") and an
intermediate lag phase duration (34.87h) but reached a high
carrying capacity (1.383 ODss) and the highest AUC (258.53). On
the contrary, the three isolates grouped in cluster 2 (A. acidipropionici
N76 and A. jenseni STAC 1, and STAC 45) adapted rapidly (average
A=7.46h) and grew fast (average p=0.387h"") on YELactose but
reached a lower AUC (247.47) due to a lower carrying capacity
(0.847 ODgsp). Isolates in cluster 3 (A. acidpropionici N114, N71 and
P, freudenreichii STAC 10, STAC 4, and STAC 46) were characterized
by a higher carrying capacity (ODgs,=1.402) with a low AUC
(148.105) because of the most extended lag phase (average
A=65.74h). Lastly, strains in cluster 4 (A. acidpropionici N117, N82,
SNY, and P. freudenreichii STAC13, STAC30, and STAC 42.1)
performed poorer in YELactose with an overall AUC of 143.55 that
resulted from the slowest growth rate (average x=0.056h7"),
carrying capacity (ODgs,=0.7954) and long lag phase (average
1=30.56h).

3.4. Functional properties of lactose
fermenting PABs

Functional properties of the 25 PABs showing growth on
YELactose were assessed in vitro in terms of resistance to bile salts,
and to acid and osmotic stress. To assess bile salts resistance, the 25
PABs isolates were challenged with increasing concentrations of
unconjugated bile salts (from 0.012 to 3.125 mM). More than half
of the isolates proved resistant to 1.56 mM and 10 of them resisted
0.78 mM unconjugated bile salts (Table 5). In parallel, acid stress
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TABLE 4 Growth kinetics in YELactose.

Strain Carrying Growth Lag

capacity rate (h!)  phase (h)

(OD650)

STAC 1 0.35+0.06h | 0.616+0.044a 9.0£1.000 | 244290 def
STAC 4 146=0.09ab | 0302+0.022b | 73.1%3.50a = 138%12k
STAC4.1  146+0.03ab | 0.115+0.006d = 24.8+1.20h | 254+10cde
STAC 10 147£0.03ab | 0295£0.038b = 712%10a 161%7ii
STAC 13 0.53+0.03g | 0.026+0.001fg = 36.6=4.0ef 158+2 i
STAC 30 0.62+0.05g | 0.031+0.004efg 274+14gh | 173+9hi
STAC 31 148+0.04ab | 0.1060011d = 349=48fg | 211+10fg
STAC 36 1.54£001a | 0.120£0.001d | 33.605fg | 232+3efg
STAC42.1  0.28+0.02h 0.018+0.003g | 52.9+12.8¢ 72+6L
STAC 43 1.51£0.04ab | 0.114%0.009d = 32.0+28fg | 229%6efg
STAC 45 1.14+0.06f | 0.239+0.063 bc 414481 | 281+11abc
STAC 46 1.53£0.05ab | 0.120+0.012d = 65.0+2.1ab = 163+42ii
N24 143£0.02ab | 0.096+0.002d = 247+0.6h | 246=9 def
N26 1.34+022cd | 0.079+0.016def =~ 30.0+14gh | 270+8bed
N60 12£004ef | 0.081+0.002de = 27.9+11gh = 289+2ab
N71 14£0.04abc | 0.091+0.007d  41.8+2.0de = 154x14jk
N76 1.34£0.03 cde | 0.197+0.090 ¢ 944651 | 217+23efg
N82 136+0.05bcd  0.086£0.026de | 261+3.6gh = 224x5efg
N84 1.34+0.07cd | 0.104+0.009d = 27.6+29gh | 195+23gh
N100 143+0.06abc | 0.083+0.026de | 274+14gh  311+17a
N112 135£0.07cd | 0.073+0.002def = 26.6+19gh | 298+16ab
N114 1.54+0.05a  0.076=0.007 def | 57.6+2.7 bc 156+3 i
N117 1.31£0.05de | 0.085+0.029de = 30.5+41gh = 222+34efg
PF2 1.52£0.04ab | 0.116+0.017d | 49.6%28cd = 290*3ab
SNY 1.23£0.13ef  0.092£0.015d | 309+3.1gh = 156%20ii

Results are mean + std of four technical replicates of two biological replicates. Different letters
in the same column indicate values significantly different as determined by Tukey-HSD test
(p<0.05).

tolerance of the 25 isolates was evaluated. Acidification is a common
practice in the food industry to prevent spoilage by alterative or
pathogenic microorganisms. Moreover, fermented food bacteria
transit through the stomach where they are exposed to pH values
ranging from 1 and 2. Since Propionibacterium spp. acid stress
tolerance increases after the exposure to a sub-lethal acid stress
(Jan et al.,, 2000), all isolates were kept at pH 4.5 for 30 min before
being transferred to pH 2.0 for 60 min. P. freudenreichii N114, N76
and A. acidipropionici N84, did not survive sub-acid pre-treatment.
After 60 min at pH 2 Acidipropionibacterium spp. STAC 1, STAC 23,
STAC 31, STAC 36, N24, N26, N60, N71, N82, N100, N117 showed
<1% viability while STAC 43, STAC 45, and P. freudenreichii STAC
30, STAC 46, N112 and PF2 showed <50% viability. The remaining
four isolates, namely STAC 4, STAC 4.1, STAC 10 and STAC 42.1,
showed a remarkable resistance to acid stress (Table 5) with an
average of Log 9.00+0.21 CFUmL™ after 60min at pH 2.0
(Table 6). These four isolates were therefore subjected to further
characterization. As for osmostress resistance, NaCl showed a dose
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FIGURE 1

Principal component analysis (PCA) biplot of strains and growth variables. The magnitude of the vectors shows the strength of their contribution to
each PC. Vectors pointing in similar directions indicate positively correlated variables, vectors pointing in opposite directions indicate negatively
correlated variables, and vectors at proximately right angles indicate low or no correlation. Colored concentration ellipses (size determined by a
0.95-probability level) show the observations grouped by mark class as determined by K-means clustering algorithm.

dependent effect on overall growth, although with some significant
differences among strains. P. freudenreichii STAC 4.1 and STAC 42.1
proved the best growers for NaCl concentrations up to 3%. At 6.5%
none of them overcome ODsy;=0.6 (Table 7). Limited biofilm
formation was observed solely in P. freudenreichii STAC 4.1 at
6.5% NaCl.

3.5. Biotechnological properties of selected
PABs

Lactate is the preferred carbon source for dairy PABs (Piveteau,
1999). To evaluate to which extent lactate improves growth in lactose
containing medium, growth kinetics of STAC 4, STAC 4.1, STAC 10
and STAC 42.1 were assessed on YELactose without (0) and with 1.5,
3 and 6gL™" lactate. The effects of the inoculated strain (first
independent variable), and of the concentration of lactose (second
independent variable) on maximum cell density, growth rate and
duration of lag phase (dependent variables) were evaluated by
two-way ANOVA. As expected, PABs cell density significantly
(p<0.05) increased with lactate concentration, although in a strain
dependent fashion (Figure 2). Particularly, the Tukey’s HSD post-hoc
test indicated that the shift from 0gL™" to 1.5gL™" of lactate were
sufficient to significantly (p <0.05) increase final cell density. This
effect was particularly evident for STAC 42.1, that, although reaching
the lowest cell density in all condition tested, more than tripled ODgs,
when going from 0 to 1.5gL™" lactate. Regarding the growth rate, this
was not significantly affected (p=0.960) by the addition of lactate to
the culture media. On average, lag phase duration significantly
(p<0.05) decreased from 50.2 to 30.7 h in the presence of lactate. The
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strongest reduction (4.3 fold) was observed in STAC 42.1 that showed
the lowest lag phase in the presence of lactate.

Since it is commonly utilized for the stabilization of probiotics in
novel foods, the impact of lyophilization on cell viability was also
evaluated. As shown in Figure 3, residual viability after lyophilization
ranged from 88 to 99%, although no membrane stabilizers were added
prior to the treatment.

3.6. Growth kinetics and metabolomics
profiling in scotta

STAC 4, STAC 10, STAC 4.1 and STAC 42.1 were inoculated in
two scotta samples differing in pH and composition and coming from
two dairy industries differing in the technological level. Growth
monitoring for 72 h revealed that in scotta the four isolates reached
the stationary phase after 48 h, although differing in final cell density
(Table 8 and Supplementary Figure 1). In scotta 1, the best and the
least growers were STAC 4 and STAC 42.1 that reached 9.45 and 8.89
Log CFU mL™", respectively. In scotta 2, STAC 4 and STAC 10 reached
comparable cell densities (9.15 and 9.12 Log CFU mL™, respectively)
while STAC 4.1 and STAC 42.1 stopped growth at lower cell densities
(about 8.11 and 8.57 Log CFU mL™, respectively). Propionic and
acetic acids production were in accordance with growth performances.
Thus, STAC 4 and STAC 42.1 were the best and the least propionic
acid producers, and the same trend was observed also for acetic acid
(Table 8). P/A molar ratio was generally higher than that found on
lactose containing medium by Unigunde et al. (2023) and comparable
on the two scotta for all isolates except for STAC 42.1. This showed the
highest P/A ratio, reaching 4.61 in scotta 1 (Table 8). The metabolomics
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TABLE 5 Bile salts and acid stress resistance.

Strain Bile salt resistance Acid stress
(mM) resistance (%)
STAC 1 1.56 <1
STAC 4 0.78 >50
STAC 4.1 1.56 >50
STAC 10 1.56 >50
STAC 23 0.78 <1
STAC 30 0.78 <50
STAC 31 1.56 <1
STAC 36 1.56 <1
STAC 42.1 0.78 >50
STAC 43 1.56 <50
STAC 45 0.78 <50
STAC 46 1.56 <50
N24 0.78 <1
N26 1.56 <1
N60 0.78 <1
N71 1.56 <1
N76 0.78 Ns
N82 1.56 <1
N84 1.56 Ns
N100 1.56 <1
N112 0.78 <50
N114 0.78 Ns
N117 1.56 <1
PF2 1.56 <50
SNY 1.56 <1

Bile salts resistance is expressed in terms of MIC of unconjugated bile salts. Acid stress
resistance is expressed in terms percentage of residual cell viability after 30 min pre-
treatment at pH 4.5 and 60 min treatment at pH 2. Ns indicates isolates not surviving pre-
treatment at pH 4.5. Results are representative of at least four technical replicates of three
biological replicates.

TABLE 6 Viable plate counts following 60 min at pH 2.0.

Isolate Log CFUmL*t0 Log CFUmL™t1
STAC 4 8.819+0.026 b 8.910+0.235 be
STAC 4.1 8.265+0.039 ¢ 8.508+0.014 ¢
STAC 10 9.454+0.037 a 9.113+0.023 ab
STAC 42.1 9.416+0.055 a 9.500+0.460 a

Results are mean + std of four technical replicates of three biological replicates. Different
letters in the same column indicate values significantly different as determined by Tukey-
HSD test (p<0.01).

approach revealed a clear matrix effect, likely due to inherent
differences in technological processing between the two scotta samples
under investigation. Figure 4A (i.e., heat map) clearly divided the
scotta samples in two clusters according to the scotta considered,
while highlighting also different performances of the selected isolates
during the fermentation. Besides, the supervised prediction models
(OPLS-DA score plots) reported in Figure 4B allowed to confirm the
clear modifications of the chemical profiles due to the fermentation
step, thus providing the hyperspace separation between and within
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groups. The UHPLC-HRMS profiling approach also allowed the semi-
quantification of both vitamin B9 vitamers and cobalamin-derivatives
in both scotta samples (Table 8), although a matrix effect could
be clearly noticed. The folates content ranged between 0.03 (STAC
42.1 in scotta 2) and 0.16 mgL~" (STAC 10 in scotta 2). Regarding
cobalamin-derivatives (vitamin B12), the lowest range was recorded
for STAC 4 in scotta 1 (0.49mgL™"), while the isolates performed
better in scotta 2 (Table 8), recording an average content of 1.28 mgL™".
Finally, the prediction ability of the different vitamers was extrapolated
for the prediction models reported in Figure 4B when considering
both scotta 1 and scotta 2. It was interesting to notice that for both
models, a higher prediction ability was observed for folate derivatives;
the most predictive and discriminant metabolite following the
fermentation of scotta 1 was 5-Methyl-THF (VIP score=1.55), while
Dihydrofolic acid (DHF) was the most discriminant compound of the
fermented scotta 2 (VIP score=1.33). The VIP scores and the LogFC
variations recorded vs. the non-fermented scotta samples are reported
in Supplementary Table 3.

4. Discussion

The production of innovative healthy, safe, and sustainable novel
food and feed is a “leitmotiv” within the scientific community and
the agri-food sector (Willett et al, 2019), and the search for
multidisciplinary approaches that optimize their production,
according to a circular economy strategy, is now compulsory
(Gongalves and Maximo, 2022). Here, with the aim of evaluating the
possibility to utilize PABs for the valorization of scotta, 47 dairy and
ruminal isolates ascribed to Propionibacterium spp. and
Acidipropionibacterium spp. were first characterized for antibiotic
resistance and growth kinetics on lactose containing medium and
then screened for functional and biotechnological properties prior
to being evaluated for the production of bioactive molecules
in scotta.

Antibiotic resistance is an undesirable trait that needs to
be thoroughly assessed in food-related bacteria to limit the
spreading of antimicrobial resistance genes to intestinal microbiota
(Altieri, 2016). Few papers report on intrinsic or “natural”
resistance of dairy PABs to several antibiotics, among which
sulphonamides, nalidixic acid, oxacillin, aminoglycosides
(streptomycin, kanamycin, and gentamycin), 1st and 2nd
generation quinolones, polypeptides, colistin, metronidazole,
fosfomycin and semisynthetic penicillin (i.e., amoxicillin)
(Cummins and Johnson, 1992; Meile et al., 2008; Suomalainen
et al.,, 2008). These resistances do not appear to be encoded by
plasmids or other mobile genetic elements (Altieri, 2016; Deptula
et al,, 2017), although a unique strain of P. freudenreichii carrying
three genes coding for putative antibiotic resistance-related
proteins within a genomic island flanked by mobile genetic
elements was found (Deptula et al., 2017). On the other hand,
propionibacteria are susceptible to most p-lactams (penicillin G
and A, ampicillin, cefalosporins) as well as to cyclins (tetracycline)
(Suomalainen et al., 2008; Darilmaz and Beyatli, 2012; Yuksekdag
et al., 2014; Campaniello et al., 2015). Here, susceptibility to
ampicillin was confirmed for dairy and rumen PABs isolates.
Moreover, all the isolates proved susceptible to gentamycin and

streptomycin and most of them could be considered susceptible to
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TABLE 7 Osmotic stress resistance and biofilm formation.

10.3389/fmicb.2023.1223741

Isolate NaCl 0% NaCl 1.5% NaCl 3% NaCl 6.5%
Osmotic stress STAC 4 0.867+0.066 ¢ 0.737+0.027 b 0.690+0.028 ¢ 0.444+0.015a
resistance STAC 4.1 1.113+0.116 b 1.318+0.240 a 0.873+0.026 b 0.363+0.022 b
STAC 10 0.906+0.020 ¢ 0.824+0.211b 0.712+0.042 ¢ 0.544+0.193 a
STAC 42.1 1.369+0.062 a 1.173+0.084 a 1.016+0.061 a 0.436+0.020 a
Biofilm formation STAC 4 0.172+0.054 a 0.210£0.043 a 0.224+0.030 a 0.099+0.091 b
STAC 4.1 0.216+0.035 b 0.180+0.019 be 0.111+0.018 ¢ 0.513+0.129 a
STAC 10 0.299+0.057 a 0.201+0.031 b 0.198+0.057 b 0.183+0.059 b
STAC 42.1 0.238+0.072 a 0.248+0.044 a 0.285+0.083 a 0.294+0.030 a

Osmotic stress resistance and biofilm formation were evaluated after 7 days on YEL w/o (0%) and with increasing concentrations of NaCl. Osmotic stress resistance is expressed as ODsys.

Biofilm formation is expressed as ODsy,. Results are mean + std of at least 5 technical replicates of three biological replicates. Different letters in the same column indicate values significantly

different (p <0.05).
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chloramphenicol and clindamycin as reported by Campaniello et al.
(2015). Macrolides showed different effects, with PABs isolates
being generally susceptible to vancomycin and tetracycline but not
to erythromycin. Erythromycin resistance has already been
reported for P. acnes where it may be due to a mutation on the 23S
ribosomal RNA (Ross et al., 2001). Similarly, in P. freudenreichii
T82 strain, mutations at G2294A and G2295A in the 23S rRNA are
responsible for resistance to macrolide antibiotics (Piwowarek
et al., 2021). Resistance to ciprofloxacin, here confirmed in 48% of
the isolates, is generally due to mutations in the QRDR region
(Quinolone Resistance Determining Region) of gyrA subunit of
DNA gyrase (Spencer and Panda, 2023) but the molecular basis for
this phenotype should be elucidated in propionibacteria.
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Amoxicillin resistance is in line with propionibacteria higher
resistance to semisynthetic penicillins as compared to penicillin G
(Stackebrandt et al., 2006). So far, no guidelines for the evaluation
of propionibacteria antimicrobial susceptibility have been released.
Most of the information available for this taxonomic group derive
from studies on P. acnes (Nord and Oprica, 2006) and no clinical
breakpoints for food-related propionibacteria are registered in
EUCAST or CLSIL. Thus, although a meaningful analysis of
propionibacteria antibiotic susceptibility will be possible solely
following the release of the clinical breakpoints for these bacteria,
the results here reported may contribute to elucidate the
distribution and extent of antibiotic resistance in this group of
food-related bacteria.
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Lactose utilization in P. freudenreichii is conferred by a genomic
island that harbors the genes encoding a sodium galactoside
symporter, a 3-galactosidase and an UDP glucose-4-epimerase on a
mobile element (Loux et al., 2015). Accordingly, the lactose negative
phenotype correlates with the absence of this genomic island (de
Freitas et al., 2015). While Loux et al. (2015) reported that lactose is
degraded in a binary mode (yes or no without any difference in color
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intensity during phenotyping step), here different degrees of APIS0CH
acidification were observed. Further characterization of PABs isolates
growth kinetics on YELactose highlighted significant differences in
terms of carrying capacity, lag phase duration and growth rate. Growth
rate varied between 0.018+0.003 and 0.616+0.0044h™" with an
average of 0.134h™", higher than that reported by other authors on
lactose containing medium (0.08 £0.02h™") (Sabater et al., 2019).
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TABLE 8 Analyses of fermented scotta.

10.3389/fmicb.2023.1223741

Strain Acetic acid Propionic acid Total Folate Total
(gL™ (gL™ Eg.(mglL?) = Cobalamin Eq.
(mgL™)
Scotta 1 STAC 4 9.45+0.06 2 1.00£0.037 a 334402232 3.34 0.14+0.003 a 0.4940.05b
STAC4.1 9.18+0.04 2 0.84+0.002 b 2.83+0.078 b 3.36 0.07+0.003 b 1.01+0.20 a
STAC10 9.29+0.03 2 0.99+0.029 a 2.98+0.085 b 3.01 0.06+0.004 ¢ 1.22+0.19a
STAC42.1 8.89+0.11a 0.36+0.028 ¢ 1.66+0.031 ¢ 4.61 0.07+0.003 b 1.19+0.18 a
Scotta 2 STAC 4 9.15+0.14a 1.07+0.024a 3.58+0.263 a 335 0.06+0.005 ¢ 1.24+0.07a
STAC4.1 8.11+0.142 0.99+0.010 b 3.12+0.048 b 3.15 0.14+0.001 b 1.31+0.18 2
STAC10 9.12£0.18a 1.04+0.003 a 3.44+0.053 ab 331 0.16+0.006 a 1.30+0.10 a
STAC42.1 8.57+0.10a 0.62+0.000 ¢ 2.3+0.000 ¢ 371 0.03+0.005 d 1.29+0.12a

Results are mean + std of two technical replicates of two biological replicates. Different letters in the same column indicate values significantly different (p <0.05). Eq., Equivalents.
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In vivo experiments indicated that propionibacteria probiotic
potential depends mainly on the release of beneficial metabolites
including acetate, propionate (Cousin et al., 2011) and bifidogenic
factors (Isawa et al., 2002) that enhance human gut immunity.
Moreover, in compliance with their ecology, propionibacteria
generally display in vitro high tolerance to simulated human upper
gastrointestinal tract conditions as compared to other probiotics.
P. freudenreichii bile salts stress tolerance seems to be mediated by
the induction of a general stress-response that also include the
induction of superoxide dismutase and cysteine synthase (Leverrier
et al.,, 2003). Accordingly, the twenty-five PABs isolates proved
resistant to concentrations of unconjugated bile salts that fit with

Frontiers in Microbiology

their survival in the gut (Mallory et al, 1973; Northfield and
McColl, 1973). On the contrary, most of the isolates showed more
limited survival to 1 h treatment at pH 2. Since acid stress tolerance
is an indispensable feature for probiotics survival in the gastro-
intestinal tract and to enhance the biosynthesis of organic acids
(Guan and Liu, 2020), solely STAC 4, STAC 4.1, STAC 10 and STAC
42.1 that passed this screening test, were further characterized for
osmostress resistance and biofilm formation. Salinity is about
~0.9% in gut contents (Fordtran et al., 1965), although variations
in water content of the large intestine may cause osmotic
fluctuations, and higher salt concentrations may occur in the lateral
intercellular spaces and crypts (Chatton and Spring, 1995; Spring,
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1998). Interestingly, although with significant differences (p <0.05),
the four isolates proved resistant to NaCl concentrations that were
largely higher than that found in the gut. Propionibacteria are also
known to adhere to intestinal cells (Zarate et al., 2016) and to
counteract invasive pathogens such as Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, and Salmonella enterica through
competitive adhesion or co-aggregation mechanisms (Vesterlund,
2006; Darilmaz and Beyatli, 2012; Hajfarajollah et al., 2014; Nair
and Kollanoor-Johny, 2017; Barzegari et al., 2020). In accordance
with the observation that biofilm formation may be triggered by
suboptimal or stressful conditions (Cavero-Olguin et al., 2019), a
moderate production of biofilm was observed in STAC 4.1 at the
highest NaCl concentration. However, these results were obtained
in polystyrene microplates treated for tissue culture. Thus, a
different behavior could be expected in untreated microplates that,
according to Guyomarc'h et al. (2020), may boost biofilm formation
due to the establishment of hydrophobic bonds between polystyrene
and cell surface components.

Santivarangkna et al. (2007) reported that lyophilization affects
cell viability through the induction of proteins denaturation and
inactivation and cell membrane and DNA damage. Interestingly, the
four isolates proved resistant to lyophilization with an average of 8.5
Log mL" viable cells in rehydrated lyophilized biomass and residual
viability of 88%, higher than that found by other authors in YEL
medium (<50%) (Gaucher et al., 2020). Thus, while Gaucher et al.
(2019) managed to increase survival to lyophilization by triggering
the induction of a stress response in P. freudenteichii cells, here, viable
lyophilized preparations of the four isolates were easily obtained with
no additional treatments.

Propionic acid is a known inhibitor of fungal growth, widely
utilized as preservative by the agrifood industry. While it is mainly
obtained through the petrochemical route (Unigunde et al., 2023),
its production from agrifood by-products represents a more
sustainable and environmentally friendly processes. Accordingly,
P freudenreichii fermentates containing, among the others,
propionic and acetic acids and bacteriocins, find application as
natural shelf-life extenders with the commercial names
MicrogardTM (Du pont Danisco) and Inhibit 3600 DairyTM
(Mezzoni Foods). When inoculated in scotta STAC 4, STAC 4.1,
STAC 10 and STAC 42.1 produced propionic and acetic acids in a
strain- and substrate-dependent fashion. Since propionic acid
biosynthesis is NADH consuming and propionibacteria modulate
the production of propionic and acetic acids to maintain their redox
balance (Turgay et al., 2022), the observed increase in P/A ratio
could be an indication of NAD/NADH imbalance, thus highlighting
the need to optimize the composition of scotta to gather higher and
balanced concentrations of organic acids.

Industrial applications of P. freudenreichii also include the
production of group B vitamins (Rabah et al., 2017). These, besides
occurring in dark green leafy vegetables, beans, peas and nuts
(vitamin B9), and foods of animal origin (vitamin B12) (Watanabe
and Bito, 2018; Singh, 2022), are also synthetized by probiotic
bacteria and the possibility to obtain them by fermentation is
gaining increasing importance, also due to the reduction of the
consumption of animal-origin foods (Poore and Nemecek, 2018).
Accordingly, P. freudenreichii was utilized to obtain functional
sweet whey enriched in group B vitamins (Huang et al., 2019).
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Here, STAC 4, STAC 4.1, STAC 10 and STAC 42.1 proved capable
of producing vitamins B9 and B12 metabolites, although with clear
semi-quantitative differences on the two scotta samples. Therefore,
looking at both the folates distribution and the annotation of some
key metabolites (such as S-Adenosyl-Methionine, the cofactors
NAD, NADH, NADP, NADPH and several nucleotides from
guanosine and adenosine; Supplementary Table 4) associated to
the metabolic profile of P. freudenreichii, a certain interplay
between the folate cycle and methylation cycle can be hypothesized,
being this
adenosylcobalamin metabolism (Piwowarek et al., 2018; Liu et al.,

latter widely described to contribute to
2021). In particular, it is known that, in P freudenreichii,
adenosylcobalamin is coproduced together with the main product
propionic acid (Liu et al., 2021), as confirmed in this work as well
(Table 8). Thus, on the one side, the biosynthetic pathways for
these two vitamins can be considered active in the four isolates,
although further studies are needed to discover the potential
metabolic regulation mechanisms, which would help remove the
bottlenecks of vitamin B12 production in Propionibacterium. On
the other side, scotta composition, that is strictly dependent on
ricotta cheese yield and the technological conditions employed
during ricotta cheese making (Cabizza et al., 2021), greatly affects
vitamins production. Interestingly, the amount of vitamins B9 and
B12 metabolites produced in scotta 2, with no precursor addition,
by the three isolates in pure culture, were the same order of
magnitude of that reported by Hugenschmidt et al. (2011) when
co-culturing Lactobacillus plantarum and P. freudenreichii on
sweet whey permeate. Indeed, when grown in YELactose plus
lactate the selected PABs isolates showed significant increases in
carrying capacity. Thus, the impact of scotta co-inoculation of
selected dairy PABs with lactate producing lactobacilli on the
production of vitamins and shelf-life extenders deserves to
be further explored.

In conclusion, 47 PABs isolates were molecularly identified,
characterized for antibiotic susceptibility and lactose utilization,
and selected based on unconjugated bile salts tolerance and acids
stress resistance. Four P. freudenreichii harboring resistance to bile
salts, acid stress, osmostress and lyophilization were inoculated in
scotta. On this substrate, the four isolates reached cell densities
ranging from 8.11+0.14 to 9.45+0.06 Log CFU mL™" and proved
capable of producing different vitamin B9 vitamers. In addition,
the four isolates showed a total production of cobalamin-
derivatives (vitamin B12) in the range 0.49-1.31mgL™"' thus
supporting the full activity of the corresponding biosynthetic
pathways, likely involving a complex interplay between folate cycle
and methylation cycle required in vitamin B12 biosynthesis. These
isolates appear interesting candidates for further investigation
regarding the production of pro-bioactive scotta.

Data availability statement

The original data presented in the study, and included in the
Supplementary Material, are deposited in Mendeley Data and
publicly available at:
2£337gz8pr/1 (V1)

2£337gz8pr/2 (V2).

https://data.mendeley.com/datasets/
and https://data.mendeley.com/datasets/

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1223741
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://data.mendeley.com/datasets/zf337gz8pr/1
https://data.mendeley.com/datasets/zf337gz8pr/1
https://data.mendeley.com/datasets/zf337gz8pr/2
https://data.mendeley.com/datasets/zf337gz8pr/2

Coronas et al.

Author contributions

FF and IM contributed to conception and design of the study. RC
and FF carried out investigation. GLP, AG, GR, and ML performed
the chemical analyses. GZ performed the statistical analysis. IM wrote
the first draft of the manuscript and acquired the financial support. All
authors contributed to manuscript revision, read, and approved the
submitted version.

Funding

This research was partially supported by the Agritech National
Research Center and received funding from the European Union
Next-GenerationEU (Piano Nazionale di Ripresa e Resilienza
(PNRR) - Missione 4 Componente 2, Investimento 1.4 - D.D. 1032
17/06/2022, CN00000022). This manuscript reflects only the
authors’ views and opinions, neither the European Union nor the
European Commission can be considered responsible for them. RC
scholarship was funded by Fondazione di
(Proscotta-2022 PI IM).

Sardegna

References

Altieri, C. (2016). Dairy propionibacteria as probiotics: recent evidences. World J.
Microbiol. Biotechnol. 32:172. doi: 10.1007/s11274-016-2118-0

An, M., Park, Y.-H., and Lim, Y.-H. (2021). Antiobesity and antidiabetic effects of the
dairy bacterium Propionibacterium freudenreichii MJ2 in high-fat diet-induced obese
mice by modulating lipid metabolism. Sci. Rep. 11:2481. doi: 10.1038/
541598-021-82282-5

Arganaraz-Martinez, E., Babot, J. D., Lorenzo-Pisarello, M. ., Apella, M. C., and Perez
Chaia, A. (2016). Feed supplementation with avian Propionibacterium acidipropionici
contributes to mucosa development in early stages of rearing broiler chickens. Benef.
Microbes 7, 687-698. doi: 10.3920/bm2016.0077

Barzegari, A., Kheyrolahzadeh, K., Hosseiniyan Khatibi, S. M., Sharifi, S.,
Memar, M. Y., and Zununi Vahed, S. (2020). The battle of probiotics and their derivatives
against biofilms. Infect. Drug. Resist. 13, 659-672. doi: 10.2147/IDR.S232982

Beltrdn-Barrientos, L. M., Hernandez-Mendoza, A., Torres-Llanz, M. ],
Gonzalz-Cordova, A. F, and Vallejo-Cordoba, B. (2016). Fermented milk as
antihypertensive functional food. J. Dairy Sci. 99, 4099-4110. doi: 10.3168/
jds.2015-10054

Bouglé, D., Roland, N., Lebeurrier, E, and Arhan, P. (1999). Effect of propionibacteria
supplementation on fecal bifidobacteria and segmental colonic transit time in healthy
human  subjects.  Scandinavian J.  Gastroenterol. 34, 144-148. doi:
10.1080/00365529950172998

Cabizza, R., Fancello, E, Petretto, G. L., Addis, R., Pisanu, S., Pagnozzi, D., et al. (2021).
Exploring the DPP-IV inhibitory, antioxidant and antibacterial potential of ovine
“Scotta” hydrolysates. Foods 10:3137. doi: 10.3390/foods10123137

Campaniello, D., Bevilacqua, A., Sinigaglia, M., and Altieri, C. (2015). Screening of
Propionibacterium spp. for potential probiotic properties. Anaerobe 34, 169-173. doi:
10.1016/j.anaerobe.2015.06.003

Carvalho, F, Prazeres, A. R., and Rivas, J. (2013). Cheese whey wastewater:
characterization and treatment. Sci. Total Environ. 445-446, 385-396. doi: 10.1016/j.
scitotenv.2012.12.038

Cavero-Olguin, V. H., Hatti-Kaul, R., Cardenas-Alegria, O. V., Gutierrez-Valverde, M.,
Alfaro-Flores, A., Romero-Calle, D. X, et al. (2019). Stress induced biofilm formation
in Propionibacterium acidipropionici and use in propionic acid production. World J.
Microbiol. Biotechnol. 35:101. doi: 10.1007/s11274-019-2679-9

Chatton, J. Y., and Spring, K. R. (1995). The sodium concentration of the lateral
intercellular spaces of MDCK cells: a microspectrofluorimetric study. J. Membr. Biol.
144, 11-19. doi: 10.1007/BF00238412

Chessa, L., Paba, A., Daga, E., Caredda, M., and Comunian, R. (2020). Optimization
of scotta as growth medium to preserve biodiversity and maximise bacterial cells
concentration of natural starter cultures for Pecorino Romano PDO cheese. FEMS
Microbiol. Lett. 367:fnaal10. doi: 10.1093/femsle/fnaal10

CLSI (2018). M11: methods for antimicrobial susceptibility testing of anaerobic bacteria,
9th ed. Available at: https://clsi.org/standards/products/microbiology/documents/m11/

Frontiers in Microbiology

10.3389/fmicb.2023.1223741

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1223741/
full#supplementary-material

Correddu, E, Fancello, F, Chessa, L., Atzori, A. S., Pulina, G., and Nudda, A. (2019).
Effects of supplementation with exhausted myrtle berries on rumen function of dairy
sheep. Small Rumin. Res. 170, 51-61. doi: 10.1016/j.smallrumres.2018.11.003

Cousin, E. ], Mater, D. D., Foligine, B., and Jan, G. (2011). Dairy propionibacteria as
human probiotics: a review of recent evidence. Dairy Sci. Technol. 91, 1-26. doi: 10.1051/
dst/2010032

Cummins, C. S., and Johnson, J. L. (1992). “The genus Propionibacterium” in The
prokaryotes: a handbook on the biology of Bacteria: ecophysiology, isolation, identification,
applications. ed. A. Balow (New York: Springer), 834-849.

Cunningham, M., Azcarate-Peril, M. A., Barnard, A., Benoit, V., Grimaldi, R.,
Guyonnet, D, et al. (2021). Shaping the future of probiotics and prebiotics. Trends
Microbiol. 29, 667-685. doi: 10.1016/j.tim.2021.01.003

Darilmaz, D. O., and Beyatli, Y. (2012). Acid-bile, antibiotic resistance, and inhibitory
properties of propionibacteria isolated from Turkish traditional home-made cheeses.
Anaerobe 18, 122-127. doi: 10.1016/j.anaerobe.2011.10.002

De Freitas, R., Madec, M.-N,, Chuat, V., Maillard, M. B., Abeijon-Muksdi, M. C., and
Falentin, H. (2015). New insights about diversity within Propionibacterium freudenreichii
argue against its division into subspecies. Dairy Sci. Tech. 95, 465-477. doi: 10.1007/
s13594-015-0229-2

Deptula, P, Chamlagain, B., Edelmann, M., Sangsuwan, P, Nyman, T. A., Savijoki, K.,
etal. (2017). Food-like growth conditions support production of active vitamin B12 by
Propionibacterium freudenreichii 2067 without DMBI, the lower ligand base, or cobalt
supplementation. Front. Microbiol. 8:368. doi: 10.3389/fmicb.2017.00368

Deutsch, S. M., Mariadassou, M., Nicolas, P,, Parayre, S., Le Guellec, R., Chuat, V., et al.
(2017). Identification of proteins involved in the anti-inflammatory properties of
Propionibacterium freudenreichii by means of a multi-strain study. Sci. Rep. 7:46409. doi:
10.1038/srep46409

Diez-Ozaeta, L, and Astiazaran, O. J. (2022). Fermented foods: an update on evidence-
based health benefits and future perspectives. Food Res. Int. 156:111133. doi: 10.1016/j.
foodres.2022.111133

Do Carmo, E L. R., Rabah, H., Huang, S., Gaucher, E, Deplanche, M., Dutertre, S., et al.
(2017). Propionibacterium freudenreichii surface protein SlpB is involved in adhesion to
intestinal HT-29 cells. Front. Microbiol. 8:1033. doi: 10.3389/fmicb.2017.01033

EFSA (2008). Technical guidance - update of the criteria used in the assessment of
bacterial resistance to antibiotics of human or veterinary importance. EFSA J. 6, 1-15.
doi: 10.2903/j.efsa.2008.732

EFSA (2012). Guidance on the assessment of bacterial susceptibility to
antimicrobials of human and veterinary importance. EFSA J. 10:2740. doi: 10.2903/j.
efsa.2012.2740

Falentin, H., Deutsch, S.-M., Jan, G., Loux, V., Thierry, A., Parayre, S., et al. (2010).
The complete genome of Propionibacterium freudenreichii CIRM-BIA1T, a hardy
Actinobacterium with food and probiotic applications. PLoS One 5:¢11748. doi: 10.1371/
journal.pone.0011748

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1223741
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1223741/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1223741/full#supplementary-material
https://doi.org/10.1007/s11274-016-2118-0
https://doi.org/10.1038/s41598-021-82282-5
https://doi.org/10.1038/s41598-021-82282-5
https://doi.org/10.3920/bm2016.0077
https://doi.org/10.2147/IDR.S232982
https://doi.org/10.3168/jds.2015-10054
https://doi.org/10.3168/jds.2015-10054
https://doi.org/10.1080/00365529950172998
https://doi.org/10.3390/foods10123137
https://doi.org/10.1016/j.anaerobe.2015.06.003
https://doi.org/10.1016/j.scitotenv.2012.12.038
https://doi.org/10.1016/j.scitotenv.2012.12.038
https://doi.org/10.1007/s11274-019-2679-9
https://doi.org/10.1007/BF00238412
https://doi.org/10.1093/femsle/fnaa110
https://clsi.org/standards/products/microbiology/documents/m11/
https://doi.org/10.1016/j.smallrumres.2018.11.003
https://doi.org/10.1051/dst/2010032
https://doi.org/10.1051/dst/2010032
https://doi.org/10.1016/j.tim.2021.01.003
https://doi.org/10.1016/j.anaerobe.2011.10.002
https://doi.org/10.1007/s13594-015-0229-2
https://doi.org/10.1007/s13594-015-0229-2
https://doi.org/10.3389/fmicb.2017.00368
https://doi.org/10.1038/srep46409
https://doi.org/10.1016/j.foodres.2022.111133
https://doi.org/10.1016/j.foodres.2022.111133
https://doi.org/10.3389/fmicb.2017.01033
https://doi.org/10.2903/j.efsa.2008.732
https://doi.org/10.2903/j.efsa.2012.2740
https://doi.org/10.2903/j.efsa.2012.2740
https://doi.org/10.1371/journal.pone.0011748
https://doi.org/10.1371/journal.pone.0011748

Coronas et al.

Fordtran, J. S., Rector, E. C., Ewton, M. E, Sotor, N., and Kinney, J. (1965). Permeability
characteristics of the human small intestine. J. Clin. Invest. 44, 1935-1944. doi: 10.1172/
JCI105299

Gaucher, F, Kponouglo, K., Rabah, H., Bonnassie, S., Ossemond, J., Pottier, S., et al.
(2019). Propionibacterium freudenreichii CIRM-BIA 129 Osmoadaptation coupled to
acid-adaptation increases its viability during freeze-drying. Front. Microbiol. 10:2324.
doi: 10.3389/fmicb.2019.02324

Gaucher, F, Rabah, H., Kponouglo, K., Bonnassie, S., Pottier, S., Dolivet, A., et al.
(2020). Intracellular osmoprotectant concentrations determine Propionibacterium
freudenreichii survival during drying. Appl. Microbiol. Biotechnol. 104, 3145-3156. doi:
10.1007/s00253-020-10425-1

Gongalves, M. L., and Maximo, G. J. (2022). Circular economy in the food chain:
production, processing and waste management. Circ. Econ. Sustain. doi: 10.1007/
$43615-022-00243-0, [Epub ahead of print]

Guan, N., and Liu, L. (2020). Microbial response to acid stress: mechanisms and
applications. Appl. Microbiol. Biotechnol. 104, 51-65. doi: 10.1007/
s00253-019-10226-1

Guyomarc'h, E, Francius, G., Parayre, S., Madec, M. N, and Deutsch, S. M. (2020).
Surface properties associated with the production of polysaccharides in the food bacteria
Propionibacterium  freudenreichii. Food Microbiol. 92:103579. doi: 10.1016/j.
fm.2020.103579

Hajfarajollah, H., Mokhtarani, B., and Noghabi, K. A. (2014). Newly antibacterial and
antiadhesive lipopeptide biosurfactant secreted by a probiotic strain, Propionibacterium
freudenreichii. Appl.  Biochem. Biotechnol. 174, 2725-2740. doi: 10.1007/
s12010-014-1221-7

Huang, S., Rabah, H., Ferret-Bernard, S., Le Normand, L., Gaucher, E, Guerin, S., et al.
(2019). Propionic fermentation by the probiotic Propionibacterium freudenreichii to
functionalize whey. J. Funct. Foods 52, 620-628. doi: 10.1016/j.jff.2018.11.043

Hugenschmidst, S., Miescher Schwenninger, S., and Lacroix, C. (2011). Concurrent
high production of natural folate and vitamin B12 using a co-culture process with
Lactobacillus plantarum SM39 and Propionibacterium freudenreichii DF13. Process
Biochem. 46, 1063-1070. doi: 10.1016/j.procbio.2011.01.021

Isawa, K., Hojo, K., Yoda, N., Kamiyama, T., Makino, S., Saito, M., et al. (2002).
Isolation and identification of a new bifidogenic growth stimulator produced by
Propionibacterium freudenreichii ET-3. Biosci. Biotechnol. Biochem. 66, 679-681. doi:
10.1271/bbb.66.679

Jan, G., Rouault, A., and Maubois, J.-L. (2000). Acid stress susceptibility and acid
adaptation of Propionibacterium freudenreichii subsp. shermanii. Lait 80, 325-336. doi:
10.1051/1ait:2000128

Kwon, G., Lee, J., and Lim, Y. H. (2016). Dairy Propionibacterium extends the mean
lifespan of Caenorhabditis elegans via activation of the innate immune system. Sci. Rep.
6:31713. doi: 10.1038/srep31713

Lan, A,, Bruneau, A., Philippe, C., Rochet, V., Rouault, A., Hervé, C., et al. (2007).
Survival and metabolic activity of selected strains of Propionibacterium freudenreichii in
the gastrointestinal tract of human microbiota-associated rats. Br. J. Nutr. 97, 714-724.
doi: 10.1017/S0007114507433001

Leverrier, P., Dimova, D., Pichereau, V., Aufiray, Y., Boyaval, P, and Jan, G. (2003).
Susceptibility and adaptive response to bile salts in Propionibacterium freudenreichii:
physiological and proteomic analysis. Appl. Environ. Microbiol. 69, 3809-3818. doi:
10.1128/AEM.69.7.3809-3818.2003

Leverrier, P, Fremont, Y., Rouault, A., Boyaval, P, and Jan, G. (2005). In vitro tolerance
to digestive stresses of propionibacteria: influence of food matrices. Food Microbiol. 22,
11-18. doi: 10.1016/j.fm.2004.05.003

Lind, H., Sjogren, J., Gohil, S., Kenne, L., Schniirer, J., and Broberg, A. (2007).
Antifungal compounds from cultures of dairy propionibacteria type strains. FEMS
Microbiol. Lett. 271, 310-315. doi: 10.1111/j.1574-6968.2007.00730.x

Liu, ], Liu, Y., Wu, J., Fang, W,, Jin, Z., and Zhang, D. (2021). Metabolic proﬁling
analysis of the vitamin B12 producer Propionibacterium freudenreichii. Microbiology
10:e1199. doi: 10.1002/mbo3.1199

Loux, V., Mariadassou, M., Almeida, S., Chiapello, H., Hammani, A., Buratti, J., et al.
(2015). Mutations and genomic islands can explain the strain dependency of sugar
utilization in 21 strains of Propionibacterium freudenreichii. Genomics 16:296. doi:
10.1186/512864-015-1467-7

Ma, S., Yeom, J., and Lim, Y. H. (2020). Dairy Propionibacterium freudenreichii
ameliorates acute colitis by stimulating MUC2 expression in intestinal goblet cell in a
DSS-induced colitis rat model. Sci. Rep. 10:5523. doi: 10.1038/541598-020-62497-8

Mallory, A., Kern, E J., Smith, J., and Savage, D. (1973). Patterns of bile acids and
microflora in the human small intestine: I Bile acids. Gastroenterology 64, 26-33. doi:
10.1016/S0016-5085(73)80088-5

Maragkoudakis, P., Vendramin, V., Bovo, B., Treu, L., Corich, V., and Giacomini, A.
(2016). Potential use of scotta, the by-product of the ricotta cheese manufacturing
process, for the production of fermented drinks. J. Dairy Res. 83, 104-108. doi: 10.1017/
5002202991500059x

Meile, L., Le Blay, G., and Thierry, A. (2008). Safety assessment of dairy
microorganisms: Propionibacterium and Bifidobacterium. Int. ]. Food Microbiol. 126,
316-320. doi: 10.1016/j.ijfoodmicro.2007.08.019

Frontiers in Microbiology

10.3389/fmicb.2023.1223741

Monari, S., Ferri, M., Russo, C., Prandi, B., Tedeschi, T., Bellucci, P, et al. (2019).
Enzymatic production of bioactive peptides from scotta, an exhausted by-product of
ricotta cheese processing. PLoS One 14:€0226834. doi: 10.1371/journal.pone.
0226834

Mostafa, A. A. (2013). Treatment of cheese processing wastewater by physicochemical
and biological methods. Int. J. Microbiol. Res. 4, 321-332. doi: 10.5829/idosi.
ijmr.2013.4.3.81118

Nair, D. V. T,, and Kollanoor-Johny, A. (2017). Effect of Propionibacterium
freudenreichii on Salmonella multiplication, motility, and association with avian
epithelial cells. Poult. Sci. 96, 1376-1386. doi: 10.3382/ps/pew367

Nord, C. E., and Oprica, C. (2006). Antibiotic resistance in Propionibacterium acnes.
Microbiological and clinical aspects. Anaerobe 12, 207-210. doi: 10.1016/j.
anaerobe.2006.08.001

Northfield, T. C., and McColl, I. (1973). Postprandial concentrations of free and
conjugated bile acids down the length of the normal human small intestine. Gut 14,
513-518. doi: 10.1136/gut.14.7.513

Pisponen, A., Pajumagi, S., Mootse, H., Karus, A., and Poikalainen, V. (2013). The
lactose from ricotta cheese whey: the effect of pH and concentration on size and
morphology of lactose crystals. Dairy Sci. Technol. 93, 477-486. doi: 10.1007/
513594-013-0120-y

Piveteau, P. (1999). Metabolism of lactate and sugars by dairy propionibacteria: a
review. Lait 79, 23-41. doi: 10.1051/1ait:199912

Piwowarek, K., Lipinska, E., Hac-Szymanczuk, E., Kieliszek, M., and Scibisz, I. (2018).
Propionibacterium spp.-source of propionic acid, vitamin B12, and other metabolites
important for the industry. J. Appl. Microbiol. Biotechnol. 102, 515-538. doi: 10.1007/
500253-017-8616-7

Piwowarek, K., Lipiniska, E., Ha¢-Szymanczuk, E., Kot, A. M., Kieliszek, M., and
Bonin, S. (2021). Use of Propionibacterium freudenreichii T82 strain for effective
biosynthesis of propionic acid and trehalose in a medium with apple pomace extract and
potato wastewater. Molecules 26:3965. doi: 10.3390/molecules26133965

Poore, J., and Nemecek, T. (2018). Reducing food's environmental impacts through
producers and consumers. Science 360, 987-992. doi: 10.1126/science.aaq0216

Rabah, H., Do Carmo, F. L. R,, and Jan, G. (2017). Dairy Propionibacteria: versatile
probiotics. Microorganisms 5:24. doi: 10.3390/microorganisms5020024

Revuelta, J. L., Serrano-Amatriain, C., Ledesma-Amaro, R., and Jiménez, A. (2018).
Formation of folates by microorganisms: towards the biotechnological production of
this vitamin. Appl. Microbiol. Biotechnol. 102, 8613-8620. doi: 10.1007/
500253-018-9266-0

Rocchetti, G., Mirgoli, ., Zacconi, C., Lucini, L., and Rebcchi, A. (2019). Impact of
cooking and fermentation by lactic acid bacteria on phenolic profile of quinoa and
buckwheat seeds. Food Res. Int. 119, 886-894. doi: 10.1016/j.foodres.2018.10.073

Rocchetti, G., and O’Callaghan, T. (2021). (2021). Application of metabolomics to
assess milk quality and traceability. Curr. Opin. Food Sci. 40, 168-178. doi: 10.1016/j.
cofs.2021.04.005

Ross, J. I, Snelling, A. M., Eady, E. A., Cove, J. H., Cunliffe, W. ], Leyden, J. J., et al.
(2001). Phenotypic and genotypic characterization of antibiotic-resistant
Propionibacterium acnes isolated from acne patients attending dermatology clinics in
Europe, the U.S.A,, Japan and Australia. Brit. J. Dermatol. 144, 339-346. doi: 10.1046/j.
1365-2133.2001.03956.x

Sabater, C., Fara, A., Palacios, J., Corzo, N., Requena, T., Montilla, A, et al. (2019).
Synthesis of prebiotic galactooligosaccharides from lactose and lactulose by dairy
propionibacteria. Food Microbiol. 77, 93-105. doi: 10.1016/j.fm.2018.08.014

Sansonetti, S., Curcio, S., Calabro, V., and Iorio, G. (2009). Bio-ethanol production by
fermentation of ricotta cheese whey as an effective alternative non-vegetable source.
Biomass Bioenergy 33, 1687-1692. doi: 10.1016/j.biombioe.2009.09.002

Sansonetti, S., Curcio, S., Calabro, V., and Iorio, G. (2010). Optimization of ricotta
cheese whey (RCW) fermentation by response surface methodology. Bioresour. Technol.
101, 9156-9162. doi: 10.1016/j.biortech.2010.07.030

Santivarangkna, C., Wenning, M., Foerst, P., and Kulozik, U. (2007). Damage of cell
envelope of Lactobacillus helveticus during vacuum drying. J. Appl. Microbiol. 102,
748-756. doi: 10.1111/j.1365-2672.2006.03123.x

Scholz, C. E P, and Kilian, M. (2016). The natural history of cutaneous
propionibacteria, and reclassification of selected species within the genus
Propionibacterium to the proposed novel genera Acidipropionibacterium gen. nov.,
Cutibacterium gen. nov. and Pseudopropionibacterium gen. nov. Int. J. Syst. Evol.
Microbiol. 66, 4422-4432. doi: 10.1099/ijsem.0.001367

Secchi, N., Giunta, D., Pretti, L., Garcia, M. R., Roggio, T., Mannazzu, L., et al.
(2012). Bioconversion of ovinescottainto lactic acid with pure and mixed cultures of
lactic acid bacteria. J. Ind. Microbiol. Biotechnol. 39, 175-181. doi: 10.1007/
$10295-011-1013-9

Seki, K., Nakao, H., Umino, H., Isshiki, H., Yoda, N., Tachihara, R., et al. (2004).
Effects of fermented milk whey containing novel bifidogenic growth stimulator
produced by propionibacterium on fecal bacteria, putrefactive metabolite, defecation
frequency and fecal properties in senile volunteers needed serious nursing-care taking
enteral nutrition by tube feeding. J. Intest. Microbiol. 18, 107-115. doi: 10.11209/
jim.18.107

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1223741
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1172/JCI105299
https://doi.org/10.1172/JCI105299
https://doi.org/10.3389/fmicb.2019.02324
https://doi.org/10.1007/s00253-020-10425-1
https://doi.org/10.1007/s43615-022-00243-0
https://doi.org/10.1007/s43615-022-00243-0
https://doi.org/10.1007/s00253-019-10226-1
https://doi.org/10.1007/s00253-019-10226-1
https://doi.org/10.1016/j.fm.2020.103579
https://doi.org/10.1016/j.fm.2020.103579
https://doi.org/10.1007/s12010-014-1221-7
https://doi.org/10.1007/s12010-014-1221-7
https://doi.org/10.1016/j.jff.2018.11.043
https://doi.org/10.1016/j.procbio.2011.01.021
https://doi.org/10.1271/bbb.66.679
https://doi.org/10.1051/lait:2000128
https://doi.org/10.1038/srep31713
https://doi.org/10.1017/S0007114507433001
https://doi.org/10.1128/AEM.69.7.3809-3818.2003
https://doi.org/10.1016/j.fm.2004.05.003
https://doi.org/10.1111/j.1574-6968.2007.00730.x
https://doi.org/10.1002/mbo3.1199
https://doi.org/10.1186/s12864-015-1467-7
https://doi.org/10.1038/s41598-020-62497-8
https://doi.org/10.1016/S0016-5085(73)80088-5
https://doi.org/10.1017/s002202991500059x
https://doi.org/10.1017/s002202991500059x
https://doi.org/10.1016/j.ijfoodmicro.2007.08.019
https://doi.org/10.1371/journal.pone.0226834
https://doi.org/10.1371/journal.pone.0226834
https://doi.org/10.5829/idosi.ijmr.2013.4.3.81118
https://doi.org/10.5829/idosi.ijmr.2013.4.3.81118
https://doi.org/10.3382/ps/pew367
https://doi.org/10.1016/j.anaerobe.2006.08.001
https://doi.org/10.1016/j.anaerobe.2006.08.001
https://doi.org/10.1136/gut.14.7.513
https://doi.org/10.1007/s13594-013-0120-y
https://doi.org/10.1007/s13594-013-0120-y
https://doi.org/10.1051/lait:199912
https://doi.org/10.1007/s00253-017-8616-7
https://doi.org/10.1007/s00253-017-8616-7
https://doi.org/10.3390/molecules26133965
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.3390/microorganisms5020024
https://doi.org/10.1007/s00253-018-9266-0
https://doi.org/10.1007/s00253-018-9266-0
https://doi.org/10.1016/j.foodres.2018.10.073
https://doi.org/10.1016/j.cofs.2021.04.005
https://doi.org/10.1016/j.cofs.2021.04.005
https://doi.org/10.1046/j.1365-2133.2001.03956.x
https://doi.org/10.1046/j.1365-2133.2001.03956.x
https://doi.org/10.1016/j.fm.2018.08.014
https://doi.org/10.1016/j.biombioe.2009.09.002
https://doi.org/10.1016/j.biortech.2010.07.030
https://doi.org/10.1111/j.1365-2672.2006.03123.x
https://doi.org/10.1099/ijsem.0.001367
https://doi.org/10.1007/s10295-011-1013-9
https://doi.org/10.1007/s10295-011-1013-9
https://doi.org/10.11209/jim.18.107
https://doi.org/10.11209/jim.18.107

Coronas et al.

Singh, J. (2022). “Vitamin B9 in dark green vegetables: deficiency disorders, bio-
availability, and fortification issues” in B-Complex Vitamins - Sources, Intakes and Novel
Applications. ed. J. G. LeBlanc (Rijeka: IntechOpen)

Spencer, A. C., and Panda, S. S. (2023). DNA gyrase as a target for quinolones.
Biomedicine 11:371. doi: 10.3390/biomedicines11020371

Spring, K. R. (1998). Routes and mechanism of fluid transport by epithelia. Annu. Rev.
Physiol. 60, 105-119. doi: 10.1146/annurev.physiol.60.1.105

Stackebrandt, E., Cummins, C. S, and Johnson, J. L. (2006). “Family
Propionibacteriaceae: the genus Propionibacterium” in The prokaryotes, a handbook on
the biology of bacteria. eds. M. Dworkin, S. Falkow, E. Rosenberg, K. H. Schleifer and E.
Stackebrandt (New York: Springer)

Suomalainen, T., Sigvart-Mattila, P., Mitt6, J., and Tynkkynen, S. (2008). In vitro and
in vivo gastrointestinal survival, antibiotic susceptibility and genetic identification of
Propionibacterium freudenreichii ssp. shermanii JS. Int. Dairy J. 18, 271-278. doi:
10.1016/j.idairyj.2007.09.004

Tharmaraj, N., and Shah, N. P. (2009). Antimicrobial effects of probiotics against
selected pathogenic and spoilage bacteria in cheese-based dips. Int. Food Res. J. 16,
261-276.

Thierry, A., and Maillard, M. B. (2002). Production of cheese flavour compounds
derived from amino acid catabolism by Propionibacterium freudenreichii. Lait 82, 17-32.
doi: 10.1051/1ait:2001002

Thierry, A., Maillard, M. B., Richoux, R., Kerjean, J.-R., and Lortal, S. (2005).
Propionibacterium freudenreichii strains quantitatively affect production of volatile
compounds in Swiss cheese. Lait 85, 57-74. doi: 10.1051/1ait:2004036

Tirloni, E., Vasconi, M., Cattaneo, P., Moretti, V., Bellagamba, E, Bernardi, C., et al.
(2020). A possible solution to minimize scotta as a food waste: a sports beverage. Int. J.
Dairy Technol. 73, 421-428. doi: 10.1111/1471-0307.12647

Tiss, M., Zoubeida, S., Nouha, A., Njima, M., Achour, L., and Hamden, K. (2020).
Fermented soy milk prepared using kefir grains prevents and ameliorates obesity, type

Frontiers in Microbiology

17

10.3389/fmicb.2023.1223741

2 diabetes, hyperlipidemia and liver-kidney toxicities in HFFD-rats. . Funct. Foods
67:103869. doi: 10.1016/j.jff.2020.103869

Tonner, P. D, Darnell, C. L., Bushell, F. M. L., Lund, P. A., Schmid, A. K., and
Schmidler, S. C. (2020). A Bayesian non-parametric mixed-effects model of microbial
growth curves. PLoS Comput. Biol. 16:¢1008366. doi: 10.1371/journal.pcbi.1008366

Turgay, M., Bachmann, H.-P, Irmler, S., von Ah, U., Fréhlich-Wyder, M.-T,, Falentin, H.,
et al. (2022). “Bacteria, beneficial: propionibacterium spp. and acidipropionibacterium
spp”” in Encyclopedia of Dairy Sciences (Third Edition). eds. PL.H. McSweeney and J.P.
McNamara (Academic Press), 34-45. doi: 10.1016/B978-0-08-100596-5.23016-3

Unigunde, A., Ciprovica, I., Zolovs, M., Scerbaka, R., and Liepins, J. (2023). Propionic
acid fermentation—study of substrates, strains, and antimicrobial properties.
Fermentation 9:26. doi: 10.3390/fermentation9010026

Vesterlund, S. (2006). Staphylococcus aureus adheres to human intestinal mucus but
can be displaced by certain lactic acid bacteria. Microbiology 152, 1819-1826. doi:
10.1099/mic.0.28522-0

Watanabe, E, and Bito, T. (2018). Vitamin B12 sources and microbial interaction. Exp.
Biol. Med. 243, 148-158. doi: 10.1177/1535370217746612

Willett, W., Rockstrom, J., Loken, B., Springmann, N., Lang, T., Vermeulen, S., et al.
(2019). Food in the Anthropocene: the EAT-lancet commission on healthy diets from
sustainable food systems. Lancet 393, 447-492. doi: 10.1016/S0140-6736(18)31788-4

Yuksekdag, N., Darilmaz, D. O., and Beyatli, Y. (2014). Dairy propionibacterium strains
with potential as biopreservatives against foodborne pathogens and their tolerance-
resistance properties. Eur. Food Res. Technol. 238, 17-26. doi: 10.1007/s00217-013-2066-y

Zirate, G., Palacios, J. M., Villena, J., and Ztfiga-Hansen, M. E. (2016). Inhibition of
enteropathogens adhesion to humanenterocyte-like HT-29 cells by a dairy strain of
Propionibacterium acidipropionici. Benef. Microbes 7, 431-441. doi: 10.3920/BM2015.0144

Zoppellari, F, and Bardi, L. (2013). Production of bioethanol from effluents of the
dairy industry by Kluyveromyces marxianus. New Biotechnol. 30, 607-613. doi: 10.1016/j.
nbt.2012.11.017

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1223741
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/biomedicines11020371
https://doi.org/10.1146/annurev.physiol.60.1.105
https://doi.org/10.1016/j.idairyj.2007.09.004
https://doi.org/10.1051/lait:2001002
https://doi.org/10.1051/lait:2004036
https://doi.org/10.1111/1471-0307.12647
https://doi.org/10.1016/j.jff.2020.103869
https://doi.org/10.1371/journal.pcbi.1008366
https://doi.org/10.1016/B978-0-08-100596-5.23016-3
https://doi.org/10.3390/fermentation9010026
https://doi.org/10.1099/mic.0.28522-0
https://doi.org/10.1177/1535370217746612
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1007/s00217-013-2066-y
https://doi.org/10.3920/BM2015.0144
https://doi.org/10.1016/j.nbt.2012.11.017
https://doi.org/10.1016/j.nbt.2012.11.017

	Propionibacteria as promising tools for the production of pro-bioactive scotta: a proof-of-concept study
	1. Introduction
	2. Materials and methods
	2.1. Culture media
	2.2. Propionibacteria isolation
	2.3. Isolates identification
	2.4. Physiological characterization
	2.5. Characterization for functional properties
	2.6. Resistance to lyophilization
	2.7. Growth kinetics and biomass production in scotta
	2.8. Analytical methods
	2.9. Antibiotic susceptibility
	2.10. Statistical analyses

	3. Results
	3.1. Isolation and identification of propionibacteria
	3.2. Assessment of antibiotic susceptibility
	3.3. Growth on lactose containing medium
	3.4. Functional properties of lactose fermenting PABs
	3.5. Biotechnological properties of selected PABs
	3.6. Growth kinetics and metabolomics profiling in scotta

	4. Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

