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Abstract

:

Anaerobic fermentation of organic compounds is used in many biotechnological processes and has been the subject of much research. A variety of process conditions and different growth media can be used to obtain microbial metabolites. The media must be free from contamination before fermentation. Sterilization is most often achieved by applying heat or other treatments, such as ozonation. Sterilization of liquid media using ozone can be very beneficial, but this method introduces high concentrations of residual oxygen, which inhibit anaerobic processes. Deoxidation is therefore necessary to remove the oxygen from ozonated broths. This study evaluates the effectiveness of three deoxidation agents for two kinds of fermentation media based on malt or molasses: ultrasound, iron(II) sulfate, and Metschnikowia sp. yeast. The time needed for deoxidation varied, depending on the kind of broth and the deoxidation agent. In general, the dynamics of oxygen removal were faster in malt broth. A comparative analysis showed that yeast biomass was the most effective agent, achieving deoxidation in the shortest time. Moreover, the fully deoxidated broth was supplemented with yeast biomass, which is rich in biogenic substrates, expressed as a protein content of 0.13–0.73 g/L. Application of Metschnikowia sp. may therefore be considered as an effective strategy for simultaneous deoxidation and nutrient supplementation of broths used in anaerobic biotechnological processes.
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1. Introduction


Microbial contamination can affect the yields from all types of fermentation media. The conventional method of decontamination is heat sterilization. However, the type and quantity of the contamination, as well as the composition of the media, may have an important influence on its effectiveness. Moreover, heat treatment is an energy-intensive process, which requires special equipment and is chemically invasive. For example, during the production of molasses-based broths, undesirable changes in the composition of the broth may occur, in particular the sedimentation of colloids or the appearance of melanoidins—dark brown products of the condensation of sugars and amino acids produced by Maillard reactions [1]. Therefore, new methods of sterilization are sought that are effective, cost-comparable, and safe for the environment.



Ozone has a high oxidation potential and can be an effective antimicrobial agent against a wide range of microorganisms. Ozonation provides similar antimicrobial effects to thermal sterilization [2]. In the United States, ozone is Generally Recognized as Safe (GRAS) and is permitted for use in food treatment, storage and processing. It is becoming a popular alternative to traditional antimicrobial agents such as chlorine, chlorine dioxide and organic acids, because it spontaneously decomposes to oxygen leaving no residue [3,4]. This triatomic form of oxygen is used in many industrial processes, including disinfection, removal of fermentation inhibitors (NO2 and SO2) and micro-pollutants, enhancement of flocculation/coagulation-decantation, reduction of disinfection by-products and the elimination of color, odor and taste [5,6]. Colloids and suspended toxic compounds present a particularly important problem in many microbial fermentation processes. Ozonation is also a safe method of removing toxic compounds, such as bisphenol A, which disturbs the endocrine system in humans and animals [7]. In our laboratory, the energetic costs of ozonation were comparable to those of heat treatment calculated for 500 mL broths, but for scaled-up processes the total costs should be evaluated individually for each kind of broth and type of fermentation.



The problem with using ozone as a sterilizing agent is that the process introduces considerable residual oxygen into the fermentation medium, which inhibits biotechnological processes which use anaerobic microorganisms [8]. Conventional anaerobic processes should take place in a strictly anaerobic environment or with little access to free oxygen. Oxygen levels above 0.01 mg/L in the fermentation chamber lead to the inhibition of methanogenic archaea [9]. To remove oxygen from the fermentation medium, various reducing chemicals may be used. For example, US Patent No. 5178796 describes a method for removing dissolved oxygen from aqueous solutions using the salt of ketogluconic acid. US Patent No. 4524015 sets out a procedure for oxygen absorption with ascorbic acid. Butler et al. proposed a technique for removing oxygen using N2 gas [10]. Various inorganic reducers can also remove oxygen [11]. Other studies have suggested L-cysteine hydrochloride or 2-merkaptoethanol as reducing agents [12]. However, some reducers, especially those based on sulphides, may be toxic to microbial cells [13].



The aim of the present study was to compare three processes for the deoxidation of fermentation media following ozonation treatment—ultrasound, the non-toxic inorganic reducer (FeSO4) and biomass of Metschnikowia sp. yeast—as possible alternatives to toxic chemical redactors which may inhibit biotechnological processes. The effectiveness of the three deoxidation agents was investigated for two types of fermentation media, based on malt or molasses. Molasses is an important byproduct of the sugar industry. A viscous, dark-colored runoff syrup, its composition varies widely, due mainly to differences in the raw materials and technological processes used for its production. Molasses consists of fermentable carbohydrates and non-sugar substances: mineral and trace elements, such as potassium, sodium, calcium, magnesium, iron, and copper, followed by a number of proteins, non-nitrogen substances, and vitamins [14]. Beet molasses contains particularly high levels of potassium (around 3.6%). However, the iron content is usually very low (3–11 mg/100 g) [15]. Another type of culture medium commonly used in microbial processes is malt broth. This medium also contains different fermentable sugars (glucose, fructose, maltose, or sucrose) and it is widely used for the production of various biotechnological products [16,17]. To the best of the authors’ knowledge, this is the first report concerning the use of these three deoxidation agents with ozonated broths for anaerobic biotechnological processes.




2. Materials and Methods


2.1. Broths


Molasses broths (MSB) (5P) were obtained from three samples of sugar beet molasses (Dobrzelin Sugar Factory, Lodz region, Poland, 52.2333° N 19.6167° E) in 2018. Table 1 presents the chemical compositions of the molasses samples used in the study, according to the producer’s specifications.



Malt broth (MB) (12P) was made from commercial granulate No. 53493 (Merck-Millipore) and used as the control culture medium.




2.2. Ozonation


Ozone gas was produced in an ozone generator (Ozone Generator BMT 83 N, BMT Messtechnik, Berlin, Germany). Pure oxygen was supplied via an oxygen cylinder (Air Products Ltd., Warsaw, Poland). The flow rate was controlled using an oxygen flow regulator. The ozone concentration was recorded using an ozone analyzer (Ozone Analyzer BMT 963, BMT Messtechnik, Berlin, Germany). The malt and molasses broths (500 mL) were processed in a 1000-mL ozone bubble column (Figure 1A,B). A stream of ozone was bubbled through at a flow rate of 0.4 L/min to a concentration of 100 g O3/m3 for 20 min at ambient temperature (18–20 °C) [2].



Control of the Ozonation Process


The molasses broth was contaminated with vegetative cells of Candida humilis yeast, Geotrichum candidum mold, and Bacillus subtilis spore-forming bacteria. Bacillus spp. have often been identified as typical spoilage bacteria in sugar beet molasses [18]. C. humilis and G. candidum have been isolated as fungal contaminants of dark fermentations [19]. After tyndallization (pasteurization at 80 °C, three times at 24 h intervals), the molasses broth (2P) was inoculated with microbial suspensions (106 CFU/mL). The levels of microbial contamination in the molasses broth was verified on agar culture media using the plate count method (Table 2).





2.3. Deoxidation Methods


2.3.1. Physical Oxygen Removal Using Ultrasound


Samples of the MB and MSB broths were placed in a 500 mL glass reactor and subjected to ultrasonification using a UP400S ultrasonic device (Hielscher, Teltow, Germany). The operating power and frequency of the sonicator were 400 W and 24 kHz, respectively. The adjustable amplitude was 60% and the duty cycle was set to 0.5.




2.3.2. Chemical Oxygen Removal by FeSO4


To ozonated medium (500 mL) with an oxygen content of more than 16 mg O2/L was added pure FeSO4 (Merck KGaA, Darmstadt, Germany) at a dose of either 0.1 g/500 mL or 0.01 g/500 mL. The suspension was allowed to stand at 25 °C.




2.3.3. Biological Oxygen Removal by Metschnikowia sp. Yeast


An inoculum of 50 mL (10% v/v) Metschnikowia sinensis LOCK1143 suspension with a cell concentration of 5 × 106–1 × 107 CFU/mL was transferred to 500 mL of ozonated medium. The suspension was left at 25 °C. During incubation, the oxygen content in the liquid medium was measured continuously. Another experiment was carried out under the same conditions using a lower yeast dose of 5 mL (1% v/v).





2.4. Analytical Methods


The oxygen concentration was measured continuously using a CCO-505 oxygen meter (Elmetron, Zabrze, Poland) connected to a computer. Control points were established for 30-min intervals. The initial concentration of oxygen after ozonization exceeded 16 mg O2/L in each of the broths. If the oxygen concentration did not change over three consecutive measuring points, the experiment was terminated.



Yeast cell concentration was evaluated using the classical plate count method and YPD agar (Merck) (Table 2). The sugar concentration in the culture broth was determined according to the method described by Periyasamy et al. [20]. A 5 mL sample was taken and dissolved in 100 mL of distilled water, then mixed with 5 mL of 1 N HCl acid (Merck KGaA, Darmstadt, Germany) and heated at 70 °C for 10 min. The obtained sample was neutralized by adding 1 N NaOH (Merck KGaA, Darmstadt, Germany), diluted to 1000 mL and poured into burette. Next, 5 mL of Fehling A and 5 mL of Fehling B were mixed with 10–15 mL of distilled water in a conical flask. Methylene blue indicator (Merck KGaA, Darmstadt, Germany) was added. The conical flask solution was titrated with burette solution under boiling conditions until the disappearance of any blue color. The sugar concentration was calculated using the formula: sugar concentration (g/L) = [(dilution factor × Fehling factor)/titrate value] × 100.



Crude protein content was determined using the Kjeldahl method [21] (ISO 1871). Ash content was evaluated according to Method OIV-MA-AS2-04 [22].




2.5. Statistics


Means with standard deviations were calculated from the data obtained from three independent experiments. The mean values of the adhesion results were compared using one-way repeated measures analysis of variance (ANOVA; OriginPro 8.1, OriginLab Corp., Northampton, MA, USA). The results were compared with the control samples (without treatment). Values with different letters are statistically different (p < 0.05). a—p ≥ 0.05; b—0.005 < p < 0.05; c—p < 0.005.





3. Results and Discussion


3.1. Ozonation Process and Effectiveness of Sterilization


To evaluate the efficiency of sterilization by ozone, the molasses broth was contaminated with bacteria Bacillus subtilis LOK0819 and the fungal isolates Candida humilis and Geotrichum candidum. The incubation conditions used for the microbial strains are presented in Table 2. The initial populations of the microorganisms in the contaminated molasses broth were approximately 105 CFU/mL.



The time needed to destroy the microbial cells varied, depending on the kind of microorganism and the type of cells (vegetative cells or spores). The vegetative yeast cells were inactivated within 15 min of ozone treatment, whereas the spores and arthroconidia were inactivated after 20 min (Figure 2). Similar results were obtained in studies conducted by Dziugan et al. [2], in which raw beet juice was artificially contaminated using a mixed microbial population of Bacillus subtilis, Leuconostoc mesenteroides, Geobacillus stearothermophilus, Candida spp., and Aspergillus brasiliensis. The time needed for sterilization did not exceed 30 min.




3.2. Deoxidation Methods


3.2.1. Physical Oxygen Removal by Ultrasound


Ultrasound treatment resulted in a decrease in oxygen concentration, to 2 mg/L in all experiments (Figure 3). However, the time needed for oxygen removal varied, depending on the kind of broth. Oxygen removal was faster in MB broth (within 4.5 h) than in MSB medium (after 7.5 h). With ultrasound treatment, the time required for oxygen removal was around 8 h shorter in comparison to the controls for each type of broth, although total removal of oxygen (full deoxidation) was not achieved. According to the literature, ultrasound increases heat transfer, due to bulk movement of molecules within fluids. The process of convection is governed by at least two mechanisms. The first is acoustic streaming, in which momentum from directed propagating sound waves is transferred to the liquid, causing it to flow in the direction of the sound. Acoustic streaming increases with insonation intensity. The second and more prominent mechanism which enhances convection is known as microstreaming. This effect is produced by cavitating gas bubbles in the liquid. Therefore, any ultrasound in a liquid produces additional convective transport through acoustic streaming [23]. Despite these well-known mechanisms, a method for removing oxygen from liquid culture media using ultrasound has not previously been described.




3.2.2. Chemical Oxygen Removal by FeSO4


Chemical reducing agents are widely used to prepare culture media for growing obligate anaerobes. Rymovicz et al. [12] screened several reducing agents for use in the preparation of broths for anaerobic cultures, namely sodium sulfite, 2-merkaptoethanol and L-cysteine. Anoxic growth was significantly higher in basal broth without any reducing agent. These compounds may therefore be toxic to microbial cells. Sulfites and other preservatives are used as food additives to limit bacterial contamination [24]. 2-merkaptoethanol is a well-known reducing agent but also has a selective antibacterial effect [25], as does L-cysteine [26]. Therefore, we decided to use a different chemical reducing agent, iron(II) salt FeSO4.



For deoxidation of ozonated malt (MB) and molasses (MSB) broths, iron (II) salt was used at two doses, 0.1 g or 0.01 g per 500 mL sample. The addition of 0.1 g FeSO4 to MB resulted in a decrease in the oxygen concentration to almost zero after 6 h. However, at a dose of 0.01 g the oxygen concentration was 0.83 mg O2/L after 27 h of incubation (Figure 4A). In the case of MSB, complete removal of oxygen occurred after 13 h with a dose of 0.1 g/500 mL. At 0.01g/500 mL, the oxygen concentration decreased to 0.86 mg O2 after 31 h (Figure 4B). The results for 0.1 g/500 mL were considered statistically significant when p < 0.05. In general, the deoxidation process was more effective in the MB broth. However, at a dose of 0.01 g/500 mL the deoxidation effects in both types of broth were similar to the control sample.



Iron (II) salt has low toxic potential and is widely used in microbial culture media for anaerobic cultivation [27]. FeSO4 is used not only as a chemical reducer for anaerobic processes, but also as an important source of iron. Iron is essential for almost all living organisms, as it is used in a wide variety of metabolic processes. For example, cytochromes are involved in a range of metabolic processes, because different species can use different electron donors (i.e., H2, Fe2+, HS−) and electron acceptors (i.e., NO3−, Fe3+, SO42−). Other key microbial metalloenzymes include nitrogenase and hydrogenase, known as Fe proteins. Iron is relatively stable under anoxic conditions. However, biological oxidation of Fe(II) may still occur, with nitrate as the electron acceptor [28].




3.2.3. Biological Removal of Oxygen by Metschnikowia sp. Yeast


The dynamics of oxygen removal by yeast biomass were similar in the two broths, but in the case of MSB the process was slightly slower. In comparison to the lower dose of 1% v/v, 10% v/v yeast suspensions (106–107 CFU/mL) were more effective. In the case of 10% v/v yeast suspensions, the time needed to remove oxygen from the liquid media was 2–5 h, while with 1% v/v suspensions deoxidation required 16–18 h (Figure 5).



The removal of oxygen from culture media for anaerobic processes using yeast biomass is a novel method, which has not been described previously. In the present study, we used a yeast belonging to the Metschnikowia genus. Recently, interest has been growing in microbiological approaches using Metschnikowia strains. This is a lesser known, unconventional weak-fermentative genus, but it has been identified as having technological uses [29]. Numerous studies have shown the great potential of non-Saccharomyces yeasts for use in future industrial biotechnological processes [30,31,32]. To realize and expand this potential, these yeasts must be further developed, including by aligning their positive traits with feedstock processing or environmental modification. Metschnikowia spp. have a strong respiratory metabolism. Their activity, like that of other Crabtree-negative yeasts, requires the availability of oxygen [32]. Crabtree-negative yeasts are, moreover, unable to utilize ethanol as a growth substrate, although ethanol may stimulate cellular O2 consumption. Ethanol produced in fermentation processes inhibits the growth of cells by these yeasts [33]. Given these properties, we therefore selected the little-known yeast Metschnikowia sp. to demonstrate the concept of oxygen removal from culture media for anaerobic processes using yeast biomass.



Metschnikowia sp. is also interesting due to its antagonistic effects against potential spoilage microorganisms, including fungi and bacteria [34,35]. Apart from their typical tolerance to oxidative stress and the usual routes of competition for nutrients and space, these yeasts offer other unique features and modes of biocontrol. Metschnikowia spp. are able to secrete extracellular lytic enzymes, chitinase and glucosidases, which contribute to the overall antifungal effect. The antagonistic action of Metschnikowia spp. is also based on depletion of iron, which is necessary for the growth of plant pathogens [34]. It has been reported that strains of M. pulcherrima are able to prevent the growth of food-borne human pathogens, such as Listeria monocytogenes and Salmonella enterica [36]. Therefore, using Metschnikowia spp. may not only be a useful strategy for oxygen removal but also a natural method of biocontrol, to avoid potential contamination of broth culture media.



The biomass of these yeasts may be a source of biogenic compounds, C, N, and S, which are present in proteins, lipids and carbohydrates, as well as of growth stimulators, including amino acids and vitamins that are needed in fermentation processes [37,38]. The supplementation of fermentation broths with yeast is not a new strategy. Yeast extracts, yeast peptones, yeast autolysates, and inactive yeasts are very important constituents of various culture media used to grow many microorganisms [38]. Furthermore, it has been shown that yeast extracts promote various types of anaerobic fermentation with Clostridium spp. [39,40].



The complex nutrients (amino acids, vitamins, organically-bound trace elements, and micro-nutrients) in whole cells may be released during fermentation. Therefore, we decided to use living yeast cells for deoxidation, which would die in anaerobic processes due to their respiratory metabolism. In this way, the yeast biomass would enrich little by little the nutritional value of the fermentation broths.



The sugar, protein, and ash contents in the fermentation broths after supplementation with yeast biomass and deoxidation processes are presented in Figure 6.



The yeast biomass contents of the molasses worts, after the removal of oxygen from the MSB broths with initial doses of 1% v/v and 10% v/v, were 3 × 106 CFU/mL and 1 × 107 CFU/mL, respectively. This gave protein contents of 0.13–0.73 g/L. In the case of MB broth, the protein content was 0.14–0.69 g/L, depending on the time to total deoxidation. A similar tendency was observed for ash content. However, the sugar concentration decreased after incubation periods longer than 16–18 h, reaching 5–8 g/L. This was an effect of the growth of yeast cells in the ozonated broths. Therefore, a better method of deoxidation is the use of yeast cells in large quantities. This shortens the process time and the sugar content remains almost as high as before deoxidation.



On the basis of our results, Metschnikowia sp. may be considered an attractive biological agent for the simultaneous deoxidation and nutrient supplementation of broths used for the cultivation of anaerobes in various biotechnological processes.





3.3. Comparison of Deoxidation Methods


Figure 7 shows the effectiveness of oxygen removal in two kinds of fermentation broth. We compared the oxygen concentration after 2 h in MB broth (Figure 5A) and after 4.5 h in MSB medium (Figure 5B), after at least one deoxidation agent (in this case yeast biomass) had completely reduced the oxygen content. As can be seen, the most effective method for complete oxygen removal was the application of yeast biomass at a dose of 10% v/v. Total deoxydation occurred within 2 h for MB broth and after 4.5 h in the case of MSB broth. Chemical reduction by FeSO4 at a dose of 0.1 g/500 mL led to total deoxidation after 4 h or 6 h, depending on the type of broth (Figure 4). Ultrasound was not able to achieve total oxidation (Figure 3).





4. Conclusions


In this study, a comparative analysis of treatments using ultrasound, FeSO4, and biomass of live Metschnikowia sp. yeast showed that yeast biomass was the most effective deoxidation agent. Not only did it enable the removal of oxygen within only 2–4.5 h, but it also supplemented the broths with additional sources of nutrients. These compounds could then be released into the culture media and, in this way, stimulate fermentation processes. This new but simple strategy significantly supports deoxidation processes, helps to improve the microbiological safety of the fermentation media, and increases the pool of available organic compounds that can be used in anaerobic courses. However, further research is required for the development of biological deoxidation, and the economic feasibility of simultaneous oxygen removal and nutrient supplementation should be investigated at the industrial scale.







Author Contributions


E.P., J.D., D.K. conceived and designed the experiments; J.D., P.D., W.C.W., K.S. performed the ozonation process and chemical studies; E.P., D.K., J.B. performed the microbiological studies; E.P, J.D., D.K. wrote the article.




Funding


This work was supported by the National Centre for Research and Development, Poland (grant number BIOSTRATEG2/297310/13/NCBiR/2016.




Acknowledgments


We would like to thank John Speller for editorial assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chandra, R.; Bharagava, R.N.; Rai, V. Melanoidins as major colourant in sugar cane molasses based distillery effluent and its degradation. Bioresour. Technol. 2008, 99, 4648–4660. [Google Scholar] [CrossRef]

	



Dziugan, P.; Balcerek, M.; Binczarski, M.J.; Kregiel, D.; Kucner, M.; Kunicka-Styczynska, A.; Pielech-Przybylska, K.; Smigielski, K.; Witonska, I.A. Ozonation as an effective way to stabilize new kinds of fermentation media used in biotechnological production of liquid fuel additives. Biotechnol. Biofuels 2016, 9, 150. [Google Scholar] [CrossRef] [PubMed]

	



Guzel-Seydim, Z.B.; Greene, A.K.; Seydim, A.C. Use of ozone in the food industry. LWT Food Sci. Technol. 2004, 37, 453–460. [Google Scholar] [CrossRef]

	



Oner, M.E.; Demirci, A. Ozone for food decontamination: Theory and applications. In Handbook of Hygiene Control in the Food Industry, 2nd ed.; Lelieveld, H.L.M., Holah, J., Gabric, D., Eds.; Woodhead Publishing: Cambridge, UK, 2016; pp. 491–501. [Google Scholar]

	



Ozone Application in Drinking Water. Available online: https://www.lenntech.com/library/ozone/drinking/ozone-applications-drinking-water.htm (accessed on 14 December 2018).

	



Wang, Y.-H.; Chen, K.-C. Removal of disinfection by-products from contaminated water using a synthetic goethite catalyst via catalytic ozonation and a biofiltration system. Int. J. Environ. Res. Public Health 2014, 11, 9325–9344. [Google Scholar] [CrossRef] [PubMed]

	



Kusvuran, E.; Yildirim, D. Degradation of bisphenol A by ozonation and determination of degradation intermediates by gas chromatography–mass spectrometry and liquid chromatography–mass spectrometry. Chem. Eng. J. 2013, 220, 6–14. [Google Scholar] [CrossRef]

	



Botheju, D.; Bakke, R. Oxygen effects in anaerobic digestion—A review. Open Waste Manag. J. 2011, 4, 1–19. [Google Scholar] [CrossRef]

	



McPhail, S.J.; Cigolotti, V.; Moreno, A. Fuel Cell in the Waste-to-Energy Chain. Distributed Generation through Non-Conventional Fuels and Fuel Cells; Springer: London, UK, 2012. [Google Scholar]

	



Butler, I.; Schoonen, M.A.A.; Rickard, A. Removal of dissolved oxygen from water: A comparison of four common techniques. Talanta 1994, 41, 211–215. [Google Scholar] [CrossRef]

	



Luther, G.W.; Findlay, A.J.; MacDonald, D.J.; Owings, S.M.; Hanson, T.E.; Beinart, R.B.; Girguis, P.R. Thermodynamics and kinetics of sulfide oxidation by oxygen: A look at inorganically controlled reactions and biologically mediated processes in the environment. Front. Microbiol. 2011, 6, 62. [Google Scholar] [CrossRef]

	



Rymovicz, A.U.M.; Souza, R.D.; Gursky, L.C.; Rosa, R.T.; Trevilatto, P.C.; Groppo, F.C.; Rosa, E.A.R. Screening of reducing agents for anaerobic growth of Candida albicans SC5314. J. Microbiol. Methods 2011, 84, 461–466. [Google Scholar] [CrossRef]

	



Fukushima, R.S.; Weimer, P.J.; Kunz, D.A. Use of photocatalytic reduction to hasten preparation of culture media for saccharolytic Clostridium species. Braz. J. Microbiol. 2003, 34, 22–26. [Google Scholar] [CrossRef]

	



Šarić, L.Ć.; Filipčev, B.V.; Šimurina, O.D.; Plavšić, D.V.; Šarić, B.M.; Lazarević, J.M.; Milovanović, I.L. Sugar beet molasses: Properties and applications in osmotic dehydration of fruits and vegetables. Food Feed Res. 2016, 43, 135–144. [Google Scholar] [CrossRef]

	



Harris, R.S.; Mosher, L.M.; Bunker, J.W.M. The nutritional availability of iron in molasses. Am. J. Dig. Dis. 1939, 6, 459–462. [Google Scholar] [CrossRef]

	



Khattak, W.A.; Khan, T.; Ha, J.H.; Ul-Islam, M.; Kang, M.; Park, J.K. Enhanced production of bioethanol from waste of beer fermentation broth at high temperature through consecutive batch strategy by simultaneous saccharification and fermentation. Enzyme Microb. Technol. 2013, 53, 322–330. [Google Scholar] [CrossRef] [PubMed]

	



Sohrabvandi, S.; Mousavi, S.M.; Razavi, S.H.; Mortazavian, A.M.; Rezaei, K. Alcohol-free beer: Methods of production, sensorial defects, and healthful effects. Food Rev. Int. 2010, 26, 335–352. [Google Scholar] [CrossRef]

	



Bugbee, W.M.; Cole, D.F.; Nielsen, G. Microflora and invert sugars in juice from healthy tissue of stored sugar beets. Appl. Microbiol. 1975, 29, 780–781. [Google Scholar]

	



Detman, A.; Chojnacka, A.; Mielecki, D.; Blaszczyk, M.K.; Sikora, A. Inhibition of hydrogen-yielding dark fermentation by ascomycetous yeasts. Int. J. Hydrogen Energy 2018, 43, 10967–10979. [Google Scholar] [CrossRef]

	



Periyasamy, S.; Venkatachalam, S.; Ramasamy, S.; Srinivasan, V. Production of bio-ethanol from sugar molasses using Saccharomyces cerevisiae. Mod. Appl. Sci. 2009, 3, 32–37. [Google Scholar] [CrossRef]

	



Food and Feed Products. General Guidelines for the Determination of Nitrogen by the Kjeldahl Method; ISO 1871; ISO: Geneva, Switzerland, 2009.

	



Compendium of International Methods of Analysis of Wines and Musts (2 Vol.); Method OIV-MA-AS2-04; OIV: Paris, France, 2018.

	



Pitt, W.G.; Ross, S.A. Ultrasound increases the rate of bacterial cell growth. Biotechnol. Prog. 2003, 19, 1038–1044. [Google Scholar] [CrossRef] [PubMed]

	



Irwin, S.V.; Fisher, P.; Graham, E.; Malek, A.; Robidoux, A. Sulfites inhibit the growth of four species of beneficial gut bacteria at concentrations regarded as safe for food. PLoS ONE 2017, 12, e0186629. [Google Scholar] [CrossRef] [PubMed]

	



Mattern, K.L.; Evans, C.A.; Lara, J.C. Selective antibacterial action of 2-mercaptoethanol on propionibacteria in skin cultures. Appl. Environ. Microbiol. 1979, 37, 177–179. [Google Scholar]

	



Kari, C.; Nagy, Z.; Kovacs, P.; Hernadi, F. Mechanism of the growth inhibitory effect of cysteine on Escherichia coli. J. Gen. Microbiol. 1971, 68, 349–356. [Google Scholar] [CrossRef] [PubMed]

	



Atlas, R.M. Handbook of Microbiological Media, 4th ed.; CRC Press: New York, NY, USA, 2010. [Google Scholar]

	



Konhauser, K.O.; Kappler, A.; Roden, E.E. Iron in microbial metabolisms. Elements 2011, 7, 89–93. [Google Scholar] [CrossRef]

	



Bourdichon, F.; Casaregola, S.; Farrokh, C.; Frisvad, J.C.; Gerds, M.L.; Hammes, W.P.; Harnett, J.; Huys, G.; Laulund, S.; Ouwehand, A.; et al. Food fermentations: Microorganisms with technological beneficial use. Int. J. Food Microbiol. 2012, 154, 87–97. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Johnson, E.A. Biotechnology of non-Saccharomyces yeasts—The ascomycetes. Appl. Microbiol. Biotechnol. 2013, 97, 503–517. [Google Scholar] [CrossRef] [PubMed]

	



Riley, R.; Haridas, S.; Wolfe, K.H.; Lopes, M.R.; Hittinger, C.T.; Göker, M.; Salamov, A.A.; Wisecaver, J.H.; Long, T.M.; Calvey, C.H.; et al. Comparative genomics of biotechnologically important yeasts. Proc. Natl. Acad. Sci. USA 2016, 113, 9882–9887. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Quirós, M.; Rojas, V.; Gonzalez, R.; Morales, R. Selection of non-Saccharomyces yeast strains for reducing alcohol levels in wine by sugar respiration. Int. J. Food Microbiol. 2014, 181, 85–91. [Google Scholar] [CrossRef]

	



Glaser, H.-U.; Hofer, M. Effect of ethanol on cell growth, metabolism and cation fluxes in the yeast Metschnikowia reukaufii. J. Gen. Microbiol. 1990, 136, 1265–1270. [Google Scholar] [CrossRef]

	



Sipiczki, M. Metschnikowia strains isolated from botrytized grapes antagonize fungal and bacterial growth by iron depletion. Appl. Environ. Microbiol. 2006, 72, 6716–6724. [Google Scholar] [CrossRef]

	



Sisti, M.; Savini, V. Antifungal properties of the human Metschnikowia strain IHEM 25107. Folia Microbiol. 2014, 59, 263–266. [Google Scholar] [CrossRef]

	



Leverentz, B.; Conway, W.S.; Janisiewicz, W.; Abadias, M.; Kurtzman, C.P.; Camp, M.J. Biocontrol of the food-borne pathogens Listeria monocytogenes and Salmonella enterica serovar Poona on fresh-cut apples with naturally occurring bacterial and yeast antagonists. Appl. Environ. Microbiol. 2006, 72, 1135–1140. [Google Scholar] [CrossRef]

	



Canonico, L.; Ashoor, S.; Taccari, M.; Comitini, F.; Antonucci, M.; Truzzi, C.; Scarponi, G.; Ciani, M. Conversion of raw glycerol to microbial lipids by new Metschnikowia and Yarrowia lipolytica strains. Ann. Microbiol. 2016, 66, 1409–1418. [Google Scholar] [CrossRef]

	



Ferreira, I.M.P.L.V.O.; Pinho, O.; Vieira, E.; Tavarela, J.G. Brewer’s Saccharomyces yeast biomass characteristics and potential applications. Trends Food Sci. Technol. 2010, 21, 77–84. [Google Scholar] [CrossRef]

	



Li, X.; Li, Z.; Zheng, J.; Shi, Z.; Li, L. Yeast extract promotes phase shift of bio-butanol fermentation by Clostridium acetobutylicum ATCC824 using cassava as substrate. Bioresour. Technol. 2012, 125, 43–51. [Google Scholar] [CrossRef]

	



Jeon, B.S.; Moon, C.; Kim, B.-C.; Kime, H.; Umc, Y.; Sang, B.-I. In situ extractive fermentation for the production of hexanoic acid from galactitol by Clostridium sp. BS-1. Enzyme Microb. Technol. 2013, 53, 143–151. [Google Scholar] [CrossRef] [PubMed]








[image: Processes 07 00065 g001 550]





Figure 1. The ozonation system: (A) general scheme; (B) laboratory equipment; 1—oxygen cylinder, 2—ozone generator, 3—ozone analyzer, 4—ozone bubble column, 5—foam trap, 6—residual ozone absorber, 7—computer. 
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Figure 2. Sterilization effect during ozonation. (A) Plate count method. Results obtained for control samples (without ozonation) were compared with those for ozonated samples using one-way repeated measures analysis of variance (ANOVA). Values with different letters are statistically different (p < 0.05). a: p ≥ 0.05; b: 0.005 < p < 0.05; c: p < 0.005. (B) Agar plates after incubation (Yeast extract Peptone Dextrose Agar, YPD agar). 
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Figure 3. Deoxidation process conducted in malt broth (MB) and molasse broth (MSB) using ultrasound (US). Control: samples without US treatment. The results are arithmetic averages of three independent measurements. 
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Figure 4. Deoxidation process conducted in MB (A) and MSB (B) broths using FeSO4 in two doses: 0.1 g/500 mL and 0.01 g/500 mL. Control: samples without FeSO4 treatment. The results are arithmetic averages of three independent measurements. 
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Figure 5. Deoxidation conducted in MB (A) and MSB (B) broths using Meschnikowia sp. yeast cells at two doses: 1% v/v or 10% v/v. Control: samples without yeast treatment. The results are arithmetic averages of three independent measurements. 
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Figure 6. Sugar (A), protein (B), and ash (C) content in MB  [image: Processes 07 00065 i001] and  [image: Processes 07 00065 i002] MSB broths after supplementation with Metschnikowia sp. yeast and complete oxygen removal. Results obtained for control samples (without yeast treatment) were compared with those for samples inoculated with yeast biomass, using one-way repeated measures analysis of variance (ANOVA). Values with different letters are statistically different (p < 0.05). a: p ≥ 0.05; b: 0.005 < p < 0.05; c: p < 0.005. 
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Figure 7. Comparison of oxygen concentration after 2 h of deoxidation by various methods for MB broth (A) and comparison of oxygen concentration after 4.5 h of deoxidation by various methods for MSB broth (B). The results were analyzed using one-way repeated measures analysis of variance (ANOVA). Values with different letters are statistically different (p < 0.05). a: p ≥ 0.05; b: 0.005 < p < 0.05; c: p < 0.005. 
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Table 1. Chemical composition of molasses (% w/w).
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