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This research was focused on whey ultrafiltration permeate (UF) fermentation by genetically unmodified (wild) organisms. We
chose five classical Propionibacterium (Prb) strains that are attributed to the dairy subclass. The optimal temperature for Prb
growth is around 28-30°C, however, for energy saving purposes the aim of this study was to observe the organic acid, especially
propionic acid (PA) and biomass production of the chosen Prb (DSM 20273 Acidipropionibacterium acidipropionici = A, DSM
20272 Acidipropionibacterium acidipropionici = B; DSM 4902 Prb. freudenreichii = E; DSM 20535 Acidipropionibacterium
jensenii = J; DSM 20276 Acidipropionibacterium thoenii = T) at the room temperature (22+0.5°C). As expected, all the strains
were able to convert lactose into acid, however, with different efficiency, thus the production of PA by Prb is strain-dependent.
The higher productivity of PA was observed in samples with strains T, J, and B in a 26-day period, however, it should be noted
that also the strain E showed high efficiency in a shorter (6-day) period. The highest concentration of PA was produced by strain
T, and it reached 3.7+0.13 g L™! within a 26-day period. The concentration of the PA produced depends on the duration of
fermentation, and on the proportions of other acids produced as well. An individual strain initially can produce PA more slowly
than others, but over time can be effective, which may be related to adaptation to environmental conditions. We also observed
the presence of background microflora in whey permeates — most likely lactic acid bacteria. Lactic acid was produced most
rapidly and was the most abundant acid produced from whey UF.
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INTRODUCTION

Utilizing waste products that are generated from technological processes is one of the significant problems
of producer companies and environment specialists (Piwowarek et al., 2018). Manufacture of cheese and curd
produces by-product — whey, which constitutes approximately 85% of the milk as raw material (Panesar et al.,
2007). Whey is high in organic matters and therefore its potential for environmental pollution is high (Morales et
al., 2006). Often whey is not processed but sold further to biogas plants as raw material at a low price. Many dairy
companies find it difficult to process whey and lactose. Currently many dairy companies in Latvia seek options for
byproduct conversion into new products. Microbial bioconversion might be one of the feasible options for whey
valorization. Whey is a valuable resource — it retains about 55 % of total milk nutrients (Panesar et al., 2007) and
has relatively high— lactose content — 4.6 —5.2 % (Bergeman, 2003). Whey UF also is a cheap and valuable source
of raw material. Besides lactose (35-50 g/L) it contains trace elements: 3-11 mg iron, 1-3 mg copper, 30-33 mg zinc,
and 0.5-0.8 mg manganese per 100 g of the dry matter, as well as vitamins: 80 mg vitamin A, 5-6 mg thiamin, 5-10
mg pyridoxin, 15-20 mg riboflavin, 50-60 mg calcium pantothenate, 0.1-0.3 mg biotin, 0.02-0.05 mg cobalamin and
20-40 mg vitamin C per 100 g of the dry matter. Therefore, whey and permeates can be used as a substrate for many
microbial fermentations (Moulin, Galzy, 1984). A perspective way to use whey is the production of organic acid-
based products. Lactose can be fermented by the Propionibacterium (Prb) into propionic (PA) and acetic acids as
their main fermentation products, and nowadays due to the problems associated with increased oil prices and the
benefits of eco-friendly production, biological PA biosynthesis emerges as a competitor to chemical synthesis
(Ammar, Philippidis, 2021; Gonzalez-Garcia et al., 2017; Alonso et al., 2015; Vidra, Nemeth, 2018). Propionic acid
is generally regarded as safe (GRAS) and can be applied as a preservative in animal feed, grains, and human food
(Wang et al., 2015). PA has recently found applications also in the cosmetic, precursor for plastics, and
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pharmaceutical industries (Gonzalez-Garcia et al, 2017). However, because of the low PA vyield, caused partly by
strong end-product inhibition, low productivity, and product purity, bio-based PA is limited and more expensive
than its chemical synthesis (Wang et al., 2015; Vidra, Nemeth, 2018). This research was focused on whey UF
fermentation by genetically unmodified (wild) organisms. We chose five classical Prb strains which are attributed
to the dairy Prb subclass. The optimal temperature for Prb growth is around 28-30°C (Piwowarek et al., 2018;
Vorobjeva, 1999), however, for energy-saving purposes the aim of the current research was to study the organic
acid and biomass production of the chosen Prb at the room temperature (22+£0.5 °C).

MATERIALS AND METHODS

Microorganisms were obtained from the Leibniz Institute DSMZ culture collection (German Collection of
Microorganisms and Cell Cultures, GmbH). Following strains were used: DSM 20273 Acidipropionibacterium
acidipropionici  (Propionibacterium arabinosum) = A; DSM 20272 Acidipropionibacterium acidipropionici
(Propionibacterium pentosaceum) = B; DSM 4902 Prb. freudenreichii subsp. shermanii = E; DSM 20535
Acidipropionibacterium jensenii = J; DSM 20276 Acidipropionibacterium thoenii = T. Original lyophilized cultures were
propagated in Na lactate broth for 1 day at 30+0.5 °C, then streaked on sodium agar plates and incubated anaerobically
for 14 days at 30£0.5 °C in anaerostat, using an anhydrous, anaerobic gas generator, Oxoid AN0035 bags. The cultures
were subcultured three times prior to inoculation. One colony of each strain was transferred from the sodium lactate agar
plate into a Falcon tube containing 50 mL of fresh medium and incubated for 3 days at 30+0.5 °C. The medium was
composed of 63.77 g L lactose monohydrate, 6.06 g L yeast extract (Biolife, Italy), and salts: diammonium phosphate
2 g L?, potassium dihydrogen phosphate 1 g L*, magnesium sulfate heptahydrate 0.01 g L, calcium chloride hexahydrate
0.01 g L, cobaltous chloride hexahydrate 0.01 g L™, ferrous sulfate heptahydrate 0.005 g L and manganese sulfate
monohydrate 0.0025 g L*. The preculture was harvested by centrifugation (10 min at 6000 rpm) and washed twice with
the sterile saline solution (9 g L NaCl).

Fermentation media. Whey UF (lactose content 46 g L) was used as a sole fermentation media and substrate.
Whey UF produced from mixed (acid and sweet) whey was obtained from the dairy company “Smiltenes Piens” JSC and
inoculated with each of the 5 Prb strains. The cells were inoculated with a final biomass concentration to be approx.
OD600 0.042. Blank samples without added bacteria were studied as a negative control (O).

Fermentation was performed in the 500 mL glass flasks sealed with sterile cotton plugs and covered with Al foil
to avoid media evaporation. Flasks were then placed at 22 + 0.5 °C room temperature for 26 days. The flasks were not
shaken except for gentle agitation at the time of sampling.

Sample collection and storage. Samples were harvested at different time points aseptically, by carefully mixing
the content of the flasks beforehand. Samples for organic acid content analyses were poured into the smaller sealable
tubes and kept at — 18°C temperature until further analysis.

Analytical methods: pH was measured by a pH meter Jenway 3520 (Barloworld Scientific Ltd., Staffordshire, UK).

Biomass growth was monitored as OD measurements at 590 nm using spectrophotometer Jenway 6705
(Barloworld Scientific Ltd., Staffordshire, UK).

The content of propionic, lactic, and acetic acids was determined by HPLC. Samples were pretreated according to
the method of Le Lay et al. (2016) with modifications: fermentation broth samples were centrifuged 20 min at 4°C and
15000 rpm, then 0.5 mL of the supernatant were mixed with 1 mL of 0.02 n H,SO, to decrease the pH of the samples
below 2.5 that ensures the dominance of undissociated forms of volatile fatty acids (Alkaya et al., 2009). Then samples
were vortexed for 20 s and frozen for at least 2 h for protein precipitation in -18+1 °C temperature. Before analysis
samples were melted and 0.5 mL of the buffer solution was added; then samples were centrifuged (Centurion Scientific
K241R PrO-Research) at 4 °C 15000 rpm for 20 min. Before HPLC analysis by Prominence system (Shimadzu LC-20)
with DAD SPD-M20A detector and Nucleosil 100-5 C18 column (Macherey-Nagel), the supernatants were filtered
through 0.45 pum pore-sized nylon filters. HPLC mobile phase with isocratic elution was buffer solution containing 14.36
g L* potassium dihydrogen phosphate and 20 mL acetonitrile acidified with ortho-phosphoric acid to pH 2.8. The volume
of the injected sample was 10 pL, flow rate 1.0 mL min' at +25°C. The injected sample volume was 10 pL. The acid
peaks were identified by the retention times of the standards of each acid. To quantify, curves were drawn from the peak
area against the concentration of standard (g L™2).

Statistical methods. All results are mean values from biological triplicates. Statistical analyses were made using
the Microsoft Office program Excel. Data are presented as the mean + standard deviation (STDEV) unless explained
otherwise. The hypotheses suggested were tested by Student’s t-test; factors were considered significant if p<0.05.

RESULTS

As a result of acidogenic activity, media total acidity, expressed as pH value, of the samples with added Prb
gradually decreased from the initial pH 6.40 to around pH 4.74 on day 26 (Fig. 1). The most rapid decrease in pH occurred
during the first 3 days. The slow decrease of the pH in the remaining fermentation period indicates a decline in the
metabolic activity of microflora due to the end-product inhibition.
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Figure 1. Changes of the pH during UF fermentation by different Prb strains (AVER+SEM)

The decrease of the pH in blank samples (O) is most likely related to the activity of the background microflora
(mainly lactic acid bacteria). The rapid accumulation of lactic acid during the first 6 days is most likely due to the presence
of lactic acid bacteria (Fig. 2c). Lactic acid was already in the raw material, and it was 2.2 g L. Kinetics of the propionic,
acetic, and lactic acids content in fermentation media is shown in Figure 2. Regarding all fermentation period, the increase
in PA content in all Prb samples was gradual (Fig. 2a), while the largest quantity of the acetic acid increased relatively
rapidly — during the first 6 days (Fig. 2b). That can be associated with the metabolic activity of Prb and of the background
microflora, e.g., heterofermentative lactic acid bacteria (Panesar et al., 2007). Similarly, during the first 6 days, the
accumulation of lactic acid peaked, see Fig. 2c. However, lactic acid was consumed later (after the 61 day of fermentation)
by Prb. Indeed, it is known, that Prb metabolize lactic acid and convert it into propionate, acetate, and CO; (Johns, 1951;
Wang et al., 2015).
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Figure 2 a, b, ¢ — content of propionic, acetic, and lactic acids (g L) in the UF permeate broth during fermentation (AVER+SEM),
d — ratio of the contents of propionic and acetic acids

Regarding PA production, the highest concentration — 3.71 g L™* — was reached by strain T on day 26, followed by
strains J and B (2.50 and 2.49 g L1). The strain T was also the most effective PA producer within 6 and 16-day periods,
followed by strain J. The less effective producers of PA within the 16-day period were strains A, B and E. Interestingly
that initially, strain’s B production of PA was the lowest, but after the 6-day period, its rate increased quite rapidly,
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surpassing even strains A and E at the end of the fermentation. Lactic acid was produced most rapidly and was the most
abundant organic acid produced from whey UF.

The ratio of propionic and acetic acids contents (Rp/a) was calculated to understand which bacteria strain gives a
higher proportion of the PA in the product. Higher concentrations of PA in various applications are considered an
advantage, as the antimicrobial capacity of acetic acid against some microorganisms, e.g., fungi, bacteria, and molds, is
weaker. In our study, the highest Rp/a was reached by the strain T which was also the most effective producer of PA (Fig.
2d). The general observation — Rp/a was gradually increased during the fermentation while at the same time the pH was
decreased. A moderate negative linear correlation (r = 0.71) between the pH value and the Rp/a in fermentation samples
with added Prb was seen in the current study (Fig. 3).
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Figure 3. Correlation between the pH and Rp/a Figure 4. Changes of optical density during UF fermentation

by different Prb strains (AVER+SEM)

Theoretically, propionate is the primary fermentation product of Prb (Piwowarek et al., 2018). Yet, lactic acid and
part of the acetic acid produced in the current study may have been originated from the action of background microflora
(heterofermentative lactic acid bacteria) as seen in blank samples, and therefore, the obtained results don’t reflect the
activity of Prb alone. In view of this, in the current study, Rp/a higher than 1 was reached after 6 days or in some samples
(B and E) even after 16 days of fermentation, except for strain A, for which this value exceeded 1 already in 6 days.

The growths of bacterial biomass expressed as OD changes are shown in Fig. 4. The most pronounced increase in
biomass during the 26-day period was observed in the samples with strains T and J (Fig.4). Considering the long total
fermentation time, the growth of all strains was relatively slow, especially that of strain B. It must be concluded that
similarly to acids, also biomass could be increasing at the expense of background microflora multiplication as seen from
biomass increase in blank samples, and this result does not reflect the growth of Prb alone.

CONCLUSIONS AND DISCUSSION

Considering the choice of the most suitable Prb strains for acid production, it is important to reflect that the
differences in the growth rate and acid production efficiency of various strains could be affected by the characteristics
and nutritional requirements of individual strains. According to the review of Piwowarek et al. (2018), Propionibacterium
from P.freudenreichii, P.jensenii, P.thoenii, and P.acidipropionici species (that also are represented in the current study)
seem to be the most appropriate for the biotechnological production of propionic acid. According to the review of
Gonzalez-Garcia et al. (2017), wild-type P. acidipropionici is more competitive in PA production than other native
producers. In the current study, a distinct leader in PA production during the whole fermentation period was the strain T.
The highest amount of PA produced by strain T within the 26-day period was 3.7+0.13 g L'* and it was higher compared
to 3.10 g L™ reached by P. acidipropionici (strain ATCC 4875) as a steady-state concentration in the study of Morales et
al. (2006) fermenting cheese whey UF (containing 50 g L™* lactose with separately autoclaved and added trypticase buffer
solution, containing yeast extract, trypticase, K;HPQ,, and MnSQ.) at 30°C, in flasks flushed with nitrogen gas and
agitated. P. acidipropionici strains A and B used in the current study were less efficient in PA production compared to
Morales et al. (2006). In the current study strains A and B produced significantly lower (p<0.05) PA amounts (1.51+0.02
and 2.49+0.37 g L%, respectively) as strain T, within the 26-day period. Looking to the same fermentation time (26d), the
strains B and J, as well Prb strains A and E were similar in the production of PA.

When choosing the most appropriate strain for PA production, it must be taken into consideration that the content
of the PA produced depends on the duration of fermentation, and on proportions of other acids produced. As can be seen
in the case with strain B, an individual strain initially can produce PA more slowly than others, but over time can be
effective, that may be related to adaptation to environmental conditions and differential oxygen tolerance.

Numerous studies have focused on optimizing the fermentation process to improve propionate production.
According to the other scientist’s findings, one technique to improve the yield of acids is to restrict biomass production
(Gonzalez-Garcia et al., 2017, Wang et al., 2013). This has been done by restricting nutrient availability (Scott et al.,
2006) and by reducing the pH which also favors propionate production over acetate (Zhuge et al., 2013; Feng et al., 2010).
The last observation is in line with our results, as a moderate negative linear correlation (r = 0.71) between the pH value
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and the Rp/a in fermentation samples was found. Johns (1951) observed that the increase in CO- tension has led to a
higher Rp/a in the fermentation of glucose and concluded that this is a part of the explanation of the widely varying Rp/a
reported in the literature because the experiments of other investigators have been carried out under varying conditions
of pH and with different types of buffers. PA production can also be improved by extractive fermentation, using
immobilized culture and/or genetically engineering methods, as well as other carbon sources. For example, immobilized
mutant cells of P. acidipropionici (strain ATCC 4875) a fibrous-bed bioreactor with glucose as a carbon source produced
a relatively very high amount of PA — 71.8 g L™ (Suwannakham, Yang, 2005). Temperature can also play an important
role in the acid formation and the growth rate of Prb. As found by Vorobjeva and Kozyreva (1967), then at 48 °C the
growth is completely inhibited; at 37 °C the growth rate is higher than at 30 °C or 22 °C. However, Zodrow et al. (1967)
observed that in long-term cultures the temperature optimum for growth was observed at 18 °C. At this temperature, the
largest accumulation of corrinoids was also found. But the maximal growth and vitamin accumulation were reached in
14 days, which is not economically sound for industrial production (Vorobjeva, 1999).

Regarding the other organic acids present in the product (fermentation broth), e.g., acetic acid, it is not always
undesirable — together with other organic acids, it can provide a greater antimicrobial effect. Besides lowering the pH, it
is an excellent antimicrobial additive that has wide antibacterial and antifungal activities and can be regarded as a desirable
metabolite to ensure general antimicrobial effects. Acetic acid has been used primarily to limit bacterial and yeast growth
rather than mold growth, however also some molds are sensitive to this acidulant (Doores, 2002). Also, lactic acid
presence can be regarded as desirable in fermentation products for its antimicrobial properties. The fast acid production
and rapid increase in environmental acidity suppress the pathogenic microorganisms’ activity (Widyastuti, Febrisiantosa,
2014). Lactic acid and lactates serve as a carbon source for Prb and even stimulate the acid production better than lactose
as was observed in the studies of EI-Hagarawy et al. (1957) in comparative experiments with five strains of P.shermanii
in lactose and lactate media. The total acid production at two days in lactate media approximated that produced at eight
days in lactose media.

Result also can be affected by other nutrient needs of individual strains (Vorobjeva, 1999). In the study of Gorret
et.al (2001) the strain Prb. Acidipropionici DSM 4900 did not grow on the crude milk microfiltrate. As reviewed by
Piwowarek et al. (2016) researchers have concluded that the Propionibacterium spp. belongs to the group of
microorganisms with rich cultivation requirements. In addition to basic compounds essential for growth, a supply of
specific growth factors is necessary: trace elements (iron, magnesium, cobalt, manganese, copper), vitamin B7 (biotin),
vitamin B5 (pantothenic acid), and cysteine hydrochloride. Taking this into consideration, it would be better to avoid the
pasteurization of the raw material to preserve the maximum amount of these valuable nutrients, necessary for the growth
of bacteria, and to diminish the cost of additional nutrients as possible. However, there is an opposite argument why
pasteurization or sterilization of the raw material (whey UF) should be done: the growth of PRB may be hampered by
background microflora in unpasteurized raw material, e.g., lactic acid bacteria, their metabolites, or bacteriophage
infection. As previously mentioned, UF used as the fermentation raw material could contain lactic acid bacteria. These
microorganisms may have been originated from the starter cultures used in the production of cheese and cottage cheese
or from the non-starter cultures — microorganisms of the raw milk microflora survived during milk pasteurization.
According to the summary of Bautista (2014) although pasteurization destroys many spoilage bacteria and lessens the
growth potential of others, heat resistant Lactococcus and Lactobacillus spp. can survive and grow. Also spores of
Bacillus and Clostridium spp. can survive pasteurization temperatures. Species of Lactococcus, Lactobacillus, and
Clostridium spp., Proteus spp., Pseudomonas, Flavobacterium, Bacillus spp., Micrococcus spp. also can survive
pasteurization and cause spoilage of the UF. In addition, these microorganisms that survived during pasteurization can
also get further to processed whey products. They can get into the UF if the filtration of whey does not provide 100 %
sterility to the permeate, or, most probably, can be secondary contamination, as the average filter pore size in ultrafiltration
usually is 0.01-0.1 pum, maximally reaching 0.2-0.25 pum (Alpma.com; Tunick, 2008), that is smaller size as the diameter
of lactic acid bacteria. The presence of lactic acid bacteria in UF was observed also by Yang et al. (1995), but their
presence did not seem to have severe adverse effects on propionic acid production. However, as reported by Alekseeva
et al. (1983), nine out of 22 strains of lactic acid bacteria were antagonistic to Prb, with the greatest inhibition observed
by S. lactis and S. diacetilactis. In the whey filtrate fermentation study by Vedamuthu et al. (1968), filtrates were obtained
by filtering whey through 0.22 um pore-sized Millipore filters. Researchers observed that of the 56 Prb strains tested, 24
cultures comprising six species were inhibited by the whey filtrate. All studied whey samples exhibited inhibitory activity,
regardless of the kind of cheese, source of the sample, or period of the year in which the whey was collected. The inhibitory
activity also was stable at neutral pH, but it was destroyed by heat treatment at 100 °C for ten minutes (Vedamuthu et al.,
1968). These inhibitors may be bacteriocins or other antimicrobial substances produced by lactic acid bacteria, as well as
bacteriophages infection. Individual resistance of various Prb strains to these factors can be different. Some Prb strains
may be more resistant by naturally secreting mucus and thus protecting themselves from bacteriophage or other
environmental factors (Vorobjeva, 1999). It can be concluded, that if the fermentation substrate — UF — is not pasteurized,
the most suitable in terms of antimicrobial resistance strains of Prb should be used. In conclusion, when considering the
suitability of different Prb strains for PA production, it is important to remind that the differences in the growth rate and
acid production efficiency of various strains could be strongly affected by the characteristics and requirements of
individual Prb strains and by the quality of the raw material, as well.
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The main findings of the current study are as follows:

1. As expected, all the strains were able to convert lactose into acid, however, with different efficiency, thus the
production of PA by Prb is strain-dependent. The higher productivity of PA was observed in samples with strains
T, J, and B in a 26-day period, however, it should be noted that also the strain E showed high efficiency in a
shorter (6-day) period. The highest concentration of PA was produced by strain T, and it reached 3.7+0.13 g L™!
within a 26-day period.

2. When choosing the most appropriate strain for PA production, it must be taken into consideration that the
concentration of the PA produced depends on the duration of fermentation, and on proportions of other acids
produced as well. An individual strain initially can produce PA more slowly than others, but over time can be
effective, which may be related to adaptation to environmental conditions and differential oxygen tolerance.

3. The presence of background microflora in whey permeates most likely are lactic acid bacteria that can be either
as natural microflora survived during milk pasteurization, inoculated starter cultures, or secondary contamination
incurred, for example, during UF sampling or transportation

4. To preserve the maximum amount of whey valuable nutrients, necessary for the growth of bacteria, and to
diminish the cost of additional nutrients, the substrate used in fermentation does not have to be pasteurized,
provided that suitable strains of Prb bacteria are used and that the raw material is not contaminated with another
undesirable microflora or bacteriophage infection.

5. Although the presence of lactic acid in the product is desirable since it serves as a carbon source for Prb and
even can stimulate the PA production, the lactic acid bacteria or their metabolites in the raw material may affect
the growth of Prb negatively, which would be worth exploring in future studies.
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