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Abstract

:

The possibility to perform bioprocesses with reduced ecological footprint to produce natural compounds and catalyzers of industrial interest is pushing the research for salt tolerant microorganisms able to grow on seawater-based media and able to use a wide range of nutrients coming from waste. In this study we focused our attention on a Debaryomyces hansenii marine strain (Mo40). We optimized cultivation in a bioreactor at low pH on seawater-based media containing a mixture of sugars (glucose and xylose) and urea. Under these conditions the strain exhibited high growth rate and biomass yield. In addition, we characterized potential applications of this yeast biomass in food/feed industry. We show that Mo40 can produce a biomass containing 45% proteins and 20% lipids. This strain is also able to degrade phytic acid by a cell-bound phytase activity. These features represent an appealing starting point for obtaining D. hansenii biomass in a cheap and environmentally friendly way, and for potential use as an additive or to replace unsustainable ingredients in the feed or food industries, as this species is included in the QPS EFSA list (Quality Presumption as Safe—European Food Safety Authority).
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1. Introduction


In recent years, the importance of developing sustainable processes has been increasing in parallel with the concern regarding global climate change. In this context, microbial fermentations can offer several advantages compared with other systems for the possibility to convert waste into high value products. This technology represents a big opportunity to promote a sustainable economy, and optimization of industrial bioprocesses is very relevant [1]. An efficient cellular performance requires the cultivation of selected microorganisms under conditions suitable for optimal growth and metabolism. In contrast, biotechnological processes are often performed under conditions that can cause cell stress, such as the presence of high osmotic pressure due to high concentration of nutrients, or the presence of inhibitors [2]. Submerged fermentations as well as bioconversions largely consume freshwater. A challenge to perform biotechnological processes, saving this precious resource, can be the use of seawater-based media. It was calculated that the water footprint of bioethanol ranges from 1388 to 9812 litres of water for each litre of ethanol produced. Gerbens-Leenes and Hoekstra [3] concluded that due to the concern about global freshwater shortages, the water usage issue could soon be included in the food and land usage debate [3,4]. Thus, the use of seawater for preparing fermentation media could be an attractive approach for some biotechnological productions. Indeed, some fermentation processes in seawater-based media to produce proteins, secondary metabolites, and other biomolecules are already covered by patents [5,6]. Additionally, seawater contains a spectrum of minerals that can enrich essential nutrients fermentation media. On the basis of these considerations, marine yeasts, possessing several unique characteristics for higher osmo-tolerance compared to their terrestrial counterparts, represent a very useful source of microbial agents. This is also true of their enzymes, which present features often more suitable for developing bioconversions. For these reasons, marine yeasts have great potential to be applied in industrial biotechnological processes [7,8,9,10].



D. hansenii is a yeast species known for halotolerant traits [11], and, being included in the QPS EFSA list (Quality Presumption as Safe—European Food Safety Authority), can be appealing for feed or food-related applications [12,13]. Strains isolated from cheese and fish intestine have recently been investigated for potential probiotic properties [14]. Other strains have been investigated for usage in biocontrol of ochratoxigenic moulds [15], for production of enzymes like exopeptidases and thermophilic β-glucosidases, and for production of xylitol and riboflavin (Vitamin B2) [16]. D. hansenii relevance is linked also to applications for contributing to final aroma and composition in food [17]. However, D. hansenii’s biotechnological potential was suffering because of scarce availability of studies about cultivation in a bioreactor under conditions suitable for industrial bioprocesses. Studies have been in fact carried out mainly for xylitol production due to the biotechnological importance of this compound [18]. Tavares et al. reported on the growth in continuous culture on a chemically defined medium at controlled pH 5.5 for production of xylitol [19]. Studies on genes involved in xylose transport and xylitol production have been reported [20].



Recently, we investigated [21] osmotic stress response in D. hansenii strains isolated from gasteropod gill (Ifremeria nautilei) and from coral [22]. In the present study, we developed processes for cultivation of the marine strain Mo40, evaluating the use of conditions suitable for freshwater-saving processes and waste recycle. Cultivations were performed in a bioreactor on seawater-based media and containing as carbon source a mixture of glucose and xylose, simulating lignocellulosic hydrolysates. In addition, urea was utilized as a cheap nitrogen source. In the aim to optimize conditions for industrial bioprocesses, the influence of low pH on fermentation parameters was analysed. We investigated the potential use of this yeast as a microbial cells factory, for production of natural products like single cell proteins (SCP) as well as of single cell oils (SCO) of industrial interest. Phytase activity was also tested. Phytases are enzymes that catalyse the release of phosphate from phytic acid and are commonly exploited as additives to reduce phytic acid content in feed/food.




2. Materials and Methods


2.1. Yeast Strain


The yeast strain used in this work was D. hansenii Mo40 [22]. For long-term storage, the yeast strain was maintained at −80 °C on 15% (v/v) glycerol and 85% (v/v) YPD medium.




2.2. Media Composition


YPD: yeast extract 10 g/L, peptone 20 g/L and glucose 20 g/L.



MMP: mineral medium was employed for pre-inoculum and for fermentation in the bioreactor. Medium composition as reported in [23] with some modifications: glucose 20 g/L, (NH4)2SO4 5 g/L, MgSO4* 7 H2O 0.5 g/L, KH2PO4 3 g/L, trace metals (disodic EDTA 15 mg/L, ZnSO4* 4 H2O 4.5 mg/L, MnCl* 4 H2O 0.1 mg/L, CoCl2* 6 H2O 0.3 mg/L, CuSO4* 5 H2O 0.3 mg/L, Na2MoO4* 2 H2O 0.4 mg/L, CaCl2* 2 H2O 4.5 mg/L, FeSO4 * 7 H2O 3 mg/L, H3BO3 1 mg/L, KI 0.1 g/L) and vitamins (D-biotin 0.05 mg/L, Ca D(+)panthotenate 1 mg/L, nicotinic acid 1 mg/L, myoinositol 25 mg/L, thiamine hydrochloride 1 mg/L, pyridoxol hydrochloride, p-aminobenzoic acid 0.2 mg/L).



MMPSS: sea salts at 40 g/L (S9883 Sigma-Aldrich, St. Louis, MO, USA) were added to MMP.



MMPhy: glucose 20 g/L, (NH4)2SO4 5 g/L, MgSO4* 7H2O 0.5 g/L, phytic acid 0.11 g/L sodium salt hydrate (68388 Sigma-Aldrich, USA), trace metals and vitamins as in MMP. The pH was adjusted at pH 4.5 with the addition of H2SO4.



IMSS (Industrial-like medium): glucose 33 g/L, xylose 16 g/L, sea salt 40 g/L, yeast extract 2 g/L, corn steep solid (C8160 Sigma-Aldrich, USA) 5 g/L, urea 2 g/L, KH2PO4 3 g/L, H2SO4 2 mL/L, CaCl2 0.1 g/L, NaCl 0.1 g/L.



Medium B: glucose 50 g/L, (NH4)2SO4 1 g/L, KH2PO4 1 g/L, MgSO4 * 7H2O 0.05 g/L, NaCl 0.01 g/L, CaCl2 0.01 g/L, yeast extract 1 g/L; 0.1 M MES (2-(N-morpholino) ethanesulfonic acid) buffer/KOH (to maintain pH 6).



“Lapeña” medium [24]: glucose 20 g/L, peptone 30 g/L, yeast extract 20 g/L.




2.3. Fermentation Conditions


Yeast cells were pre-cultured on MMP medium (pH 6 maintained by addition of MES buffer/KOH). Cultivations were run at 28 °C in a rotary shake at 150 rpm in bluffed flasks for 24 hours, cells were harvested by centrifugation at 5000 rpm and washed three times with sterile NaCl solution (9 g/L). They were then used to inoculate the bioreactor at initial OD600nm 0.05.



Aerobic batch cultivations were performed in an Applikon system bioreactor with a working volume of 1 L. The temperature was set at 28 °C, the stirring speed at 500 rpm, and the pH, measured by Applisens pH electrode, was adjusted and maintained at 6 or 4.5 by automatic addition of 5 M KOH or 2 M H2SO4. The dissolved oxygen concentration (maintaining more than 30% of air saturation) was measured by an Applisens polarographic oxygen probe.



For lipid production, cultivations were carried out in 500 mL bluffed flask with 100 mL of Medium B. In this case, pre-inoculum was performed in YPD medium and cells were inoculated at an initial concentration of 0.1 OD600nm from seed cultures.




2.4. Quantification of Biomass and Compounds


Samples were harvested from the bioreactor at appropriate intervals and used to monitor the cell growth measuring the optical density at 600 nm with a spectrophotometer, after appropriate dilution.



For dry weight determination, washed culture samples were filtered on a 0.45 µm glass microfiber GF/A filter (Whatman, Maidstone, UK) and dried 24 h at 80 °C.



The concentration of carbon sources, such as glucose and xylose on supernatants, was determined by commercial enzymatic kits (Roche, cat. numb. 1 0716251 035, Basel, Switzerland and Megazyme cat number K-XYLOSE 04/18, Bray, Ireland respectively). All the assays were performed in triplicate and the standard deviations varied between 1 and 5%. Specific consumption rates of glucose and xylose were calculated during the exponential phase of growth. The yield of biomass was calculated as the total amount of dry weight divided by the consumed carbon sources.



Total nitrogen concentration in culture supernatants was determined by the Kjeldahl method using a SpeedDigester K-376 and a KjelMaster K-375 (Buchi Italia, Cornaredo, Italy).



The content of total amino acids (except tryptophan) was determined on the liofilized samples. Acid hydrolysis and oxidation of cyst(e)ine and methionine to cysteic acid and methionine sulphone, respectively, were carried out according to EC regulation No 152/2009 [25]. The hydrolysate was adjusted to pH 2.2 and analyzed with a Biochrom 30plus amino acid analyzer (Biochrom, Cambridge, UK) adopting the conditions described [26].



Lipid content was determined via the sulpho-phospho-vanilline colorimetric method (Spinreact, Girona, Spain) on washed cell pellets (30 OD600nm), suspended in 0.5 mL of cold redistilled water. The assays were performed in triplicate and standard deviations varied between 1 and 5%. Lipid yield is reported as g lipids/g d.w.




2.5. Phytase Sequence


To isolate genomic DNA, pellets of 30 OD600nm of cells were resuspended in 0.5 ml of 0.05 M Tris–HCl/0.02 M EDTA at pH 7.5. This suspension was transferred to a precooled tube with an equal volume of glass beads (425–600 µm). Mechanical lysis was performed using a TissueLyser LT alternating 2 min of agitation at 50 Hertz with 1 min in ice for 4 cycles. The supernatant was added with 25 μL of SDS 20% (w/v) and incubated at 65 °C for 30 min. Immediately, 0.2 mL of 5 M potassium acetate was added and the tubes were placed on ice for 30 min. Samples were centrifuged at 13,000 rpm for 5 min and supernatant was transferred to a fresh microcentrifuge tube. The DNA was precipitated by adding 1 volume of isopropanol. After incubation at room temperature for 5 min, the tubes were centrifuged for 10 min. The DNA was washed with 70% ethanol and dissolved in 50 µL of TE RNAsi (10 mMTris-HCl, 1 mM EDTA, pH 7.5 RNAsi 100 µg/mL). Samples were incubated at 37 °C for 30 min [27].



Phytase sequences of D. hansenii Mo40 were obtained in this work. The phytase gene was amplified from gDNA using primers: Forward Phy1 CCG ACC ATG GAT GGT ATC GAT TTC C, Reverse Phy2 CAT CGG ATC CTA ATT GTC ACC GGA. Primers were designed employing D. hansenii CBS 767 sequence (GeneID: 2900382). PCR amplification was carried out by denaturing at 98 °C for 7 min, followed by 30 cycles of denaturing at 98 °C for 10 s, annealing at 59 °C for 30 s, extension at 72 °C for 45 s, and a final extension at 72 °C for 10 min. The produced amplicon was cloned in a plasmid psf URA TPI and sequenced by Microsynth AG company (Balgach, Switzerland). Mo40 and CBS767 phytase sequences were aligned and compared using http://multalin.toulouse.inra.fr/multalin/online (accessed on 2 November 2021) tools.




2.6. Determination of Phytase Activity


Cells were pre-cultured for 24 h in YPD, harvested by centrifugation at 5000 rpm, and washed three times with sterile NaCl solution (9 g/L) and inoculated at initial OD600nm 1 in MMPhy. After 48 h of incubation, phytase activity was determined.



Extracellular enzymatic activity was detected on the supernatant and cell-bound (intracellular) activity using whole cells. The activity was measured by orthophosphate production, following the ammonium molibdate blue method as reported in [28] with some modifications. For extracellular activity determination, cell cultures were centrifuged at 13,000 rpm, and 1 mL of supernatant was added to 4 mL buffer composed of 0.2 M Na acetate/acetic acid and 8 mM phytic acid at pH 4.5. To determine cell-bound activity we used a homogeneous cells suspension. We set up enzymatic activity using a standard amount of cells 50 OD600nm (corresponding to almost 10 mg d.w. depending on the strain) in a final volume of 5 mL. Cells were collected and washed twice with 0.2 M Na acetate/acetic acid pH 4.5 and resuspended in a final volume of 1 mL. Cell suspension was added to 4 mL of buffer 0.2 M Na acetate/acetic acid, 8 mM phytic acid at pH 4.5. All buffers employed to test enzymatic activity were prewarmed at reaction temperature. Blank was assembled using 1 ml of 0.2 M Na acetate/acetic acid at pH 4.5 and 4 mL of 0.2 M Na acetate, 8 mM phytic acid and treated as sample.



For enzymatic activity determination, a 5 mL reaction was incubated in 15 mL tube at 37 °C and stirred at 300 rpm. The reaction was immediately stopped (time 0) and stopped after 15, 30, 60, and 120 min. Reaction was stopped by mixing 0.5 mL of reaction with 0.5 mL TCA 5% solution, samples were centrifuged 3 min at 13,000 rpm, and the supernatant was collected. In order to determine orthophosphate concentration, 0.4 mL of supernatant was added to 0.4 mL of molibdate solution. This solution was prepared daily, by mixing solution A and B in a ratio of 4:1 (solution A: 2.6% N6H24Mo7O24* 4H2O and 5.5% H2SO4; solution B: 4.6% FeSO4*7H2O). The sample was incubated 10 min at 25 °C and read against blank at OD700nm. Phosphate concentration was determined using a standard curve for KH2PO4. A unit of phytase is defined as the amount of protein that hydrolyzes 1 µmol phosphorus per min. Specific activity is expressed in mU/mg of cell dry weight. To determine the effect of temperature, samples prepared with prewarmed buffer were incubated at 50 °C and 60 °C.





3. Results and Discussion


3.1. Cultivation in Bioreactor: Optimization of Growth Conditions


With the aim to optimize cultural conditions suitable for industrial bioprocesses, we analyzed the growth of the D. hansenii Mo40 strain in a bioreactor. In a previous work, we studied the effects caused by the cultivation in presence of sea salts in two D. hansenii strains isolated from the marine environment [19]. Based on our results, we decided to proceed with our attention on the Mo40 strain, which showed the best performance even in presence of high salt concentration (2 M NaCl). Simulating the use of seawater-based media, we performed cultures on media containing sea salts (MMPSS medium). For comparison, cultures were arranged also on media without sea salt additions (MMP medium, control cultures). In addition, we evaluated the effect of sea salts on growth parameters at low pH. Cultivation at low pH is preferred for industrial processes because it reduces risks of bacterial contaminations, that are more common at neutral pH. For this purpose, cultures were run at two different pH values, 4.5 and 6, in a bioreactor under controlled aerobic conditions, and the initial pH values were maintained all along the process.



Figure 1 shows the kinetics of growth obtained under different conditions. The absence of any lag phase on media containing sea salts suggested that the marine D. hansenii strain quickly adapted to their presence, being the pre-inoculum cultured on medium without sea salts. A high degree of adaptation under different growth conditions is considered a relevant trait for industrial strains, reducing the time of the process. By comparing the results obtained from cultures at pH 6, we can deduce that the presence of sea salts did not cause significant differences on growth parameters (Table 1), except for glucose consumption rate, which increased. The same is also true if we compare MMP cultures (control cultures) performed at pH 6 and pH 4.5 (Table 1). In this case it is possible to notice that no significantly negative effects on growth rate resulted from lowering the pH of the process. An insignificant lower biomass yield and a slightly lower glucose consumption rate were observed at pH 4.5. In contrast, the presence of sea salts (MMPSS medium) produced differences in all the parameters of cultures performed at pH 4.5. In particular, in the processes carried out at this pH, we observed a reduction of 6% in the growth rate, of 10% in the biomass yield, and of 13% in the glucose consumption rate, in comparison to the process run at pH 6 (Table 1). These results suggest that at lower pH the presence of sea salts in the medium causes a higher metabolic burden, with some negative consequences on growth performance. A strong negative effect on growth was reported to be caused by high pH combined with salt (NaCl) [29]. In contrast, the scale-up in the bioreactor had a strong positive effect on the process performance in terms of biomass yield, in comparison with the cultures performed in shaken flasks [21]. Growth rates and glucose consumption rates are in fact similar to the ones previously reported [21], but biomass yields showed an increase of 36%, from 0.38 gd.w./gc.s. detected in flask fermentations to an average of 0.58 gd.w./gc.s. detected in the bioreactor system (Table 1). This improvement indicates that oxygen limitation, occurring in the flask, exerts a strong negative effect on biomass yield, which can be fully overcome in a bioreactor, where it is possible to maintain the dissolved oxygen concentration over 30% of air saturation. The more efficient aeration system in a bioreactor plays a very important role for reaching high biomass concentration of D. hansenii, which it is known to exhibit a respiratory metabolism [21].



In conclusion, we need to consider that the reductions observed in the presence of sea salts at low pH, although moderate, can be compensated for by the possibility of using conditions that are more advantageous for run bioprocesses. The capability to grow and reach high biomass yield under these conditions is essential because it reduces the use of freshwater and reduces contaminations, keeping in mind that high osmotic pressure and acidic pH are conditions not suitable for the cultivation of most microorganisms.




3.2. Simulation of an Industrial Bioprocess with Reduced Ecological Footprint


In order to set up a process by simulating industrial conditions with reduced ecological footprint, cultivations were performed on a seawater-based medium containing glucose and xylose as carbon sources, a sugar composition similar to a lignocellulosic hydrolisate (IMSS). Urea and corn steep were employed as nitrogen sources. This aspect is also important, because these materials are cheap and widely present in industrial media formulation [30]. These processes were run in a bioreactor under controlled aerobic conditions and at pH 4.5.



Analysis of the growth kinetic reported in Figure 2 leads to the conclusion that D. hansenii is able to efficiently grow under these conditions. As expected, this yeast was able to consume glucose and xylose [18], and in particular, it is interesting to point out that in D. hansenii no glucose repression was observed, being as both carbon sources simultaneously metabolized (Figure 2). This is an appreciated trait in industrial bioprocesses employing agri-food waste because it reduces the production time and, consequently, the costs. This kind of material readily contains mixtures of sugars and other compounds, and the capability to consume all of them at the same time provides advantages in terms of productivity.



The results reported in Table 1 indicate that IMSS composition did not negatively affect D. hansenii fitness. The principal growth parameters, such as growth rate, glucose consumption rate, and biomass yield remained similar in fact to those observed in the process carried out on mineral medium (MMPSS, pH 4.5). In addition, the utilization of urea as nitrogen source, instead of ammonium salts, was likewise efficient. At the end of the process, a biomass concentration of 28.5 g/L was reached, with a biomass yield of 0.6, indicating that this medium is promising for D. hansenii industrial cultivation.



In conclusion, the ability to grow on seawater-based media and at low pH coupled with the use of a wide range of carbon and nitrogen sources makes D. hansenii a good candidate to be employed for developing industrial bioprocesses with a low ecological footprint. This exerts a positive impact on costs and on the environment, addressing one of the main goals of the circular economy, which is the reduction of waste by recycling.




3.3. SCP and SCO Production


The growing world population is forcing the search for alternative nutritional sources that can replace or supplement those currently used. This is true also in the case of animal nutrition, in order to sustain intensive breeding. Yeasts are among the preferred candidates, due to their content of high-value compounds, such as protein, lipids, and vitamins. Studies have illustrated that several yeast proteins exhibit favourable amino acid composition, and yeast biomass can provide vitamins (mainly the B group), showing excellent properties in animal diets, giving immunological and health benefits [31,32]. Lipids, especially TAGs, are accumulated over 20% and up to 70% of their dry cell mass by oleaginous microorganisms that possess this ability. In addition to applications for biofuel production [33], microbial lipids can be considered as components for animal and human diets because they have a composition very similar to vegetable oils [34,35]. There is a strong interest now by industries in finding alternative ways to produced oils and fatty acids (e.g., polyunsaturated fatty acids—PUFAs) to be used as feed/food additives [36]. Oleaginous yeasts belong to the genera Lipomyces, Yarrowia, Cryptococcus, Trichosporon, and Rhodosporidium [37], but D. hansenii was reported also as a lipid accumulating species [18].



Because few data about these skills are available in literature for D. hansenii, we decided to test both SCP and SCO production in the marine strain Mo40. To assess protein content and amino acid composition, we utilized biomass generated by batch fermentations using IMSS medium. The protein content was found to be approximately 23% of dry weight. In comparison to values reported in other species [24], this level is lower. However, the amino acid composition was very similar to that reported by Lapeña et al. [24] (Table 2). To understand if the lower protein content was due to the cultivation medium used, which was very different from the one reported by these authors, cells were cultivated in the same medium [24]. We found that the protein content increased to 45%, indicating that medium composition deeply affects the protein content of yeast biomass. By using a rich medium, the protein content of D. hansenii Mo40 was comparable to well established meat alternatives such as Quorn by Fusarium venenatum [38] and oncom by Neurospora intermedia [39].



In order to evaluate the ability to produce SCO, D. hansenii Mo40 cells were cultured on lipidogenic medium characterized by low nitrogen content, known to induce lipids accumulation [27]. Under these conditions (Figure 3), after 24 h of cultivation, due to nitrogen exhaustion, lipids started to accumulate and after 72 h of cultivation the biomass reached a lipid content of 20.7%. Other oleaginous yeast species produce lipids at higher amounts but, due to the QPS status of D. hansenii, this can represent an interesting starting point to improve this process.



In conclusion, we demonstrate the appealing possibility to obtain D. hansenii biomass with good protein and lipid contents, by means of the fermentation processes.




3.4. Phytase Activity


Recently, marine yeasts have been explored as source of enzymes useful in bioprocesses [7,8,9,10]. The salt tolerance showed by these enzymes makes them more resistant to industrial bioprocess conditions [40]. Phytate-degrading activities represent a class of industrially relevant enzymes for the feed and fuel industries [41]. Because monogastric animals are not able to metabolize phytate, their feeds are often fortified with inorganic phosphorus, thus increasing the final cost. In addition, phytic acid has negative effects on health, as it is a chelating agent that reduces bioavailability of proteins and ions [42]. At present, attention about this anti-nutritional compound is increasing also for humans. Phytate degradation in food is mediated mainly by fermentations processes led by phytate-degrading microorganisms [43] or during food processing by the endogenous phytases present in the food matrix [44].



D. hansenii is able to grow using phytic acid as a sole phosphorus source [45]. To characterize phytase activity in the Mo40 strain, we started sequencing the gene encoding in order to compare a marine phytase sequence with its terrestrial counterpart (reference strain CBS 767, isolated from beer [46]). The alignment of the two sequences shows some differences. In particular, the Mo40 gene presents 46 nucleotidic substitutions that result in nine different amino acids (Figure 4). The presence of the conserved motifs RHGERYP (72-79 aa) and HD (334-335 aa) confirms that this enzyme belongs to the phytase acid class. Furthermore, the absence of a secretion signal sequence makes it possible to speculate that D. hansenii phytase could be a cell-bound enzyme. To assess phytase activity, D. hansenii Mo40 was cultivated in MMPhy medium, with phytic acid as the sole phosphorus source. Phytase activity was then assayed on cells as well as on supernatants, at pH 4.5 and at two temperatures, 37 °C and 60 °C. The lack of activity in the supernatant confirmed that phytase in D. hansenii is a cell-bound enzyme, with specific activity corresponding to 0.57 mU/mgd.w. and 5.03 mU/mgd.w., respectively, detected at 37 °C and at 60 °C (Table 3). Resilience at high temperature can be requested at the industrial level because heat treatments are commonly adopted to limit spoilage and during pelleting processes in feed manufacture [40].



In conclusion, Mo40 phytase could be relevant to increase bioavailability of protein and mineral content in feed/food. In addition, this activity can reduce environmental pollution due on the excretion of undigested phytate. In this respect, it could be interesting to evaluate the capability to degrade phytic acid also in seawater, because yeast biomasses can be added to aquaculture feed as sources of nutrients.





4. Conclusions


In this work we studied the optimization of bioprocesses with reduced ecological footprint for potential applications in the circular economy by using a marine strain of D. hansenii. We show that this strain is able to grow at low pH and with high biomass yield on seawater-based media containing glucose/xylose mixtures and urea as cheap nutrients. Preliminary characterizations indicate that this yeast strain can produce SCP and SCO and degrade phytic acid. The above capabilities coupled with its inclusion in the QPS EFSA list make D. hansenii a good candidate to be used in several food/feed industrial fields. By combining these characteristics, it would be possible to produce natural compounds and relevant enzymes by means of seawater-based fermentations coupled with a wide range of cheap carbon and nitrogen sources obtained from waste. This can improve the overall economics of the processes and have a positive impact not only on saving freshwater for other uses, but also on the fulfilment of one of the main challenges of circular economy, which is the reduction of waste by recycle.







Author Contributions


S.D. and C.C. (Claudia Capusoni) contributed at the same extent to the study, for investigations, data curation, analysis and writing the draft. L.P. contributed to nitrogen, proteins, and amino acids analysis and discussion of the results; C.C. (Concetta Compagno): conceptualization, supervision of investigation, writing the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



D’Amato, D.; Droste, N.; Allen, B.; Kettunen, M.; Lähtinen, K.; Korhonen, J.; Leskinen, P.; Matthies, B.D.; Toppinen, A. Green, circular, bio economy: A comparative analysis of sustainability avenues. J. Clean. Prod. 2017, 168, 716–734. [Google Scholar] [CrossRef]

	



Heer, D.; Sauer, U. Identification of furfural as a key toxin in lignocellulosic hydrolysates and evolution of a tolerant yeast strain. Microb. Biotechnol. 2008, 1, 497–506. [Google Scholar] [CrossRef] [PubMed]

	



Gerbens-Leenes, W.; Hoekstra, A.Y. The water footprint of sweeteners and bio-ethanol. Environ. Int. 2012, 40, 202–211. [Google Scholar] [CrossRef] [PubMed]

	



Gerbens-Leenes, W.; Hoekstra, A.Y.; van der Meer, T.H. The water footprint of bioenergy. Proc. Natl. Acad. Sci. USA 2009, 106, 10219–10223. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.S.; Zhang, F.; Miao, L.P.; Zhou, C. Novel Seawater Fermentation Strain Generating Biosurfactant. Patent CN104087525A, 24 August 2016. [Google Scholar]

	



Fenical, W.; Jensen, P.; Mincer, T. Marine Actinomycete Taxon for Drug and Fermentation Product Discovery. Patent US20080070273, 1 February 2011. [Google Scholar]

	



Trincone, A. Marine biocatalysts: Enzymatic features and applications. Mar. Drugs 2011, 9, 478–499. [Google Scholar] [CrossRef]

	



Zaky, A.S.; Tucker, G.A.; Daw, Z.Y.; Du, C. Marine yeast isolation and industrial application. FEMS Yeast Res. 2014, 14, 813–825. [Google Scholar] [CrossRef]

	



Andreu, C.; del Olmo, M. Biotransformation using halotolerant yeast in seawater: A sustainable strategy to produce R-(−)-phenylacetylcarbinol. Appl. Microbiol. Biotechnol. 2018, 102, 4717–4727. [Google Scholar] [CrossRef]

	



Andreu, C.; del Olmo, M. Whole-cell biocatalysis in seawater: New halotolerant yeast strains for the regio- and stereoselectivity reduction of 1-phenylpropane-1,2-dione in saline-rich media. Chembiochem 2020, 21, 621–1628. [Google Scholar] [CrossRef]

	



Prista, C.; Loureiro-Dias, M.C.; Montiel, V.; Garcia, R.; Ramos, J. Mechanisms underlying the halotolerant way of Debaryomyces hansenii. FEMS Yeast Res. 2005, 5, 693–701. [Google Scholar] [CrossRef]

	



Koutsoumanis, K.; Allende, A.; Alvarez-Ordóñez, A.; Bolton, D.; Bover-Cid, S.; Chemaly, M.; Davies, R.; De Cesare, A.; Hilbert, F.; Lindqvist, R.; et al. Update of the list of QPS-recommended biological agents intentionally added to food or feed as notified to EFSA 10: Suitability of taxonomic units notified to EFSA until March 2019. EFSA J. 2019, 17, e05753. [Google Scholar] [CrossRef]

	



Ramos-Moreno, L.; Ruiz-Pérez, F.; Rodríguez-Castro, E.; Ramos, J. Debaryomyces hansenii Is a Real Tool to Improve a Diversity of Characteristics in Sausages and Dry-Meat Products. Microorganisms 2021, 9, 1512. [Google Scholar] [CrossRef] [PubMed]

	



Ochangco, H.S.; Gamero, A.; Smith, I.M.; Christensen, J.E.; Jespersen, L.; Arneborg, N. In vitro investigation of Debaryomyces hansenii strains for potential probiotic properties. World J. Microbiol. Biotechnol. 2016, 32, 141. [Google Scholar] [CrossRef] [PubMed]

	



Iacumin, L.; Manzano, M.; Andyanto, D.; Comi, G. Biocontrol of ochratoxigenic moulds (Aspergillus ochraceus and Penicillium nordicum) by Debaryomyces hansenii and Saccharomycopsis fibuligera during speck production. Food Microbiol. 2017, 62, 188–195. [Google Scholar] [CrossRef] [PubMed]

	



Breuer, U.; Harms, H. Debaryomyces hansenii—An extremophilic yeast with biotechnological potential. Yeast 2006, 23, 415–437. [Google Scholar] [CrossRef]

	



Gori, K.; Sorensen, L.M.; Petersen, M.A.; Jespersen, L.; Arneborg, N. Debaryomyces hansenii strains differ in their production of flavor compounds in a cheese-surface model. Microbiol. Open 2012, 1, 161–168. [Google Scholar] [CrossRef]

	



Prista, C.; Michan, C.; Miranda, I.M.; Ramos, J. The halotolerant Debaryomyces hansenii, the cinderella of non-conventional yeasts. Yeast 2016, 33, 523–533. [Google Scholar] [CrossRef]

	



Tavares, J.M.; Duarte, L.C.; Amaral-Collaço, M.T.; Gìrio, F.M. Phosphate limitation stress induces xylitol overproduction by Debaryomyces hansenii. FEMS Microbiol. Lett. 2016, 29, 1887–1891. [Google Scholar]

	



Pal, S.; Choudhary, V.; Kumar, A.; Biswas, D.; Mondal, A.K.; Sahoo, D.K. Studies on xylitol production by metabolic pathway engineered Debaryomyces hansenii. Bioresour. Technol. 2013, 147, 449–455. [Google Scholar] [CrossRef]

	



Capusoni, C.; Arioli, S.; Donzella, S.; Guidi, B.; Serra, I.; Compagno, C. Hyper-osmotic stress elicits membrane depolarization and decreased permeability in halotolerant marine Debaryomyces hansenii strains and in Saccharomyces cerevisiae. Front. Microbiol. 2019, 10, 64–70. [Google Scholar] [CrossRef]

	



Burgaud, G.; Arzur, D.; Durand, L.; Cambon-Bonavita, M.A.; Barbier, G. Marine culturable yeasts in deep-sea hydrothermal vents: Species richness and association with fauna. FEMS Microbiol. Ecol. 2010, 73, 121–133. [Google Scholar] [CrossRef]

	



Merico, A.; Sulo, P.; Piškur, J.; Compagno, C. Fermentative lifestyle in yeasts belonging to the Saccharomyces complex. FEBS J. 2007, 274, 976–989. [Google Scholar] [CrossRef]

	



Lapeña, D.; Kosa, G.; Hansen, L.D.; Mydland, L.T.; Passoth, V.; Horn, S.J.; Eijsink, V.G.H. Production and characterization of yeasts grown on media composed of spruce-derived sugars and protein hydrolysates from chicken by-products. Microb. Cell Factories 2020, 19, 19. [Google Scholar] [CrossRef] [PubMed]

	



European Commission. Commission Regulation (EC) No 152/2009 of 27 January 2009 laying down the methods of sampling and analysis for the official control of feed. OJL 2009, 54, 1. [Google Scholar]

	



Hogenboom, J.A.; D’Incecco, P.; Fuselli, F.; Pellegrino, L. Ion-exchange chromatographic method for the determination of the free amino acid composition of cheese and other dairy products: An inter-laboratory validation study. Food Anal. Methods 2017, 10, 3137–3148. [Google Scholar] [CrossRef]

	



Donzella, S.; Cucchetti, D.; Capusoni, C.; Rizzi, A.; Galafassi, S.; Gambaro, C.; Compagno, C. Engineering cytoplasmic acetyl-CoA synthesis decouples lipid production from nitrogen starvation in the oleaginous yeast Rhodosporidium azoricum. Microb. Cell. Factories 2019, 18, 199. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, M. Purification and characterization of Phytase from Bacillus suhtilis (natto) N–77. Biosci. Biotechnol. Biochem. 1992, 56, 1266–1269. [Google Scholar] [CrossRef]

	



Sánchez, N.S.; Calahorra, M.; Ramírez, J.; Peña, A. Salinity and high pH affect energy pathways and growth in Debaryomyces hansenii. Fungal Biol. 2018, 122, 977–990. [Google Scholar] [CrossRef]

	



Sukumaran, P.; Nulit, R.; Halimoon, N.; Simoh, S.; Omar, H.; Ismail, A. Formulation of cost-effective medium using urea as a nitrogen source for Arthrospira platensis cultivation under real environment. Annu. Res. Rev. Biol. 2018, 22, 1–12. [Google Scholar] [CrossRef]

	



Øverland, M.; Karlsson, A.; Mydland, L.T.; Romarheim, O.H.; Skrede, A. Evaluation of Candida utilis, Kluyveromyces marxianus and Saccharomyces cerevisiae yeasts as protein sources in diets for Atlantic salmon (Salmon salar). Aquaculture 2013, 402–403, 1–7. [Google Scholar] [CrossRef]

	



Øverland, M.; Skrede, A. Yeast derived from lignocellulosic biomass as a sustainable feed resource for use in aquaculture. J. Sci. Food Agric. 2017, 97, 733–742. [Google Scholar] [CrossRef]

	



Koutinas, A.; Chatzifragkou, A.; Kopsahelis, N.; Papanikolaou, S.; Kookos, I. Design and techno-economic evaluation of microbial oil production as a renewable resource for biodiesel and oleochemical production. Fuel 2014, 116, 566–577. [Google Scholar] [CrossRef]

	



Béligon, V.; Christophe, G.; Fontanille, P.; Larroche, C. Microbial lipids as potential source to food supplements. Curr. Opin. Food Sci. 2016, 7, 35–42. [Google Scholar] [CrossRef]

	



Blomqvist, J.; Pickova, J.; Tilami, S.K.; Sampels, S.; Mikkelsen, N.; Brandenburg, J.; Sandgren, M.; Passoth, V. Oleaginous yeast as a component in fish feed. Sci. Rep. 2018, 8. [Google Scholar] [CrossRef]

	



Uemura, H. Synthesis and production of unsaturated and polyunsaturated fatty acids in yeast: Current state and perspectives. Appl. Microbiol. Biotechnol. 2012, 95, 1–12. [Google Scholar] [CrossRef]

	



Chattopadhyay, A.; Mitra, M.; Maiti, M.K. Recent advances in lipid metabolic engineering of oleaginous yeasts. Biotechnol. Adv. 2021. [CrossRef]

	



Upcraft, T.; Tu, W.; Johnson, R.; Finnigan, T.; Van Hung, N.; Hallett, J.; Guo, M. Protein from renewable resources: Mycoprotein production from agricultural residues. Green Chem. 2021, 23, 5150–5165. [Google Scholar] [CrossRef]

	



Hellwig, C.; Gmoser, R.; Lundin, M.; Taherzadeh, M.J.; Rousta, K. Fungi Burger from Stale Bread? A Case Study on Perceptions. Of a Novel Protein-Rich Food Product Made from an Edible Fungus. Foods 2020, 9, 1112. [Google Scholar] [CrossRef]

	



Andreu, C.; del Olmo, M. Improved biocatalytic activity of the Debaryomyces species in seawater. ChemCatChem 2019, 11, 3085. [Google Scholar] [CrossRef]

	



Vasudevan, U.M.; Jaiswal, A.K.; Krishna, S.; Pandey, A. Thermostable phytase in feed and fuel industries. Bioresour. Technol. 2019, 278, 400–407. [Google Scholar] [CrossRef]

	



Coban, H.B.; Demirci, A. Phytase as a diet ingredient: From microbial production to its 356 applications in food and feed industry. In Handbook of Food Bioengineering, Microbial Production of Food Ingredients and Additives; Holban, A.M., Grumezescu, A.M., Eds.; Academic Press: Cambridge, MA, USA, 2017; pp. 33–55. [Google Scholar] [CrossRef]

	



Rizzello, C.G.; Nionelli, L.; Coda, R.; De Angelis, M.; Gobbetti, M. Effect of sourdough fermentation on stabilisation, and chemical and nutritional characteristics of wheat germ. Food Chem. 2010, 119, 1079–1089. [Google Scholar] [CrossRef]

	



Leenhardt, F.; Levrat-Verny, M.A.; Chanliaud, E.; Rémésy, C. Moderate decrease of pH by sourdough fermentation is sufficient to reduce phytate content of whole wheat flour through endogenous phytase activity. J. Agric. Food Chem. 2005, 53, 98–102. [Google Scholar] [CrossRef] [PubMed]

	



Capusoni, C.; Serra, I.; Donzella, S.; Compagno, C. Screening for yeast Phytase leads to the identification of a new cell-bound and secreted activity in Cyberlindnera jadinii CJ2. Front. Bioeng. Biotechnol. 2021, 9, 662598. [Google Scholar] [CrossRef] [PubMed]

	



Jacques, N.; Mallet, S.; Casaregola, S. Delimitation of the species of the Debaryomyces hansenii complex by intron sequence analysis. Int. J. Syst. Evol. Microbiol. 2009, 59, 1242–1251. [Google Scholar] [CrossRef] [PubMed]








[image: Jof 07 01028 g001 550] 





Figure 1. Growth of D. hansenii Mo40 strain in mineral media at different pHs without and with sea salts (SS). Blue: MMP pH 4.5, orange: MMPSS pH 4.5, grey: MMP pH 6, yellow: MMPSS pH 6. 
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Figure 2. Growth of D. hansenii in industrial-like seawater-based medium (IMSS). Blue: OD600nm; orange: residual glucose; grey: residual xylose. 
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Figure 3. Lipid production by the Mo40 strain cultivated in lipidogenic medium (high C/N ratio). 
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Figure 4. Alignment between phytase sequences of Mo40 (marine strain) and CBS 767 (D. hansenii type strain). The different amino acids are indicated in blue, the conserved ones in red. 
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Table 1. Growth parameters of D. hansenii Mo40 cultivated in the absence (MMP) or presence of sea salts (MMPSS) and in an industrial-like seawater-based medium (IMSS).
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µ max

	
Final Dry Weight

	
Biomass Yield

	
q Glucose

	
q Xylose




	

	

	
[h−1]

	
[g/L]

	
[gd.w./gc.s.]

	
[mmolglc/gdw/h]

	
[mmolxiyl/gdw/h]






	
pH 4.5

	
MMP

	
0.32 ± 0.010

	
13.5 ± 0.5

	
0.61 ± 0.016

	
2.83 ± 0.098

	
-




	
MMPSS

	
0.30 ± 0.008

	
12.3 ± 0.6

	
0.55 ± 0.015

	
2.47 ± 0.088

	
-




	
IMSS

	
0.30 ± 0.011

	
28.5 ± 0.9

	
0.62 ± 0.018

	
2.56 ± 0.144

	
2.30 ± 0.100




	
pH 6

	
MMP

	
0.31 ± 0.012

	
13.8 ± 0.4

	
0.63 ± 0.012

	
2.57 ± 0.121

	
-




	
MMPSS

	
0.34 ± 0.013

	
13.4 ± 0.5

	
0.62 ± 0.015

	
3.25 ± 0.132

	
-








c.s.: consumed sugar.













[image: Table] 





Table 2. Amino acid composition of Mo40 biomass obtained after growth in industrial-like seawater-based medium containing glucose and xylose (IMSS).
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	mg/gDW
	g/100 g Protein
	mg/gDW (g/100 g Protein) Reported by Lapeña et al. [22]





	Asp
	20
	10.2
	37–48 (7–10)



	Thr
	14
	5.9
	21–26 (4–5)



	Ser
	13
	6.4
	21–28 (4–6)



	Glu
	27
	13.2
	64–76 (13–15)



	Gly
	9.6
	4.8
	19–30 (4–6)



	Ala
	12
	5.9
	23–29 (5–6)



	Val
	13
	5.7
	20–29 (4–6)



	Cys a
	5
	2.5
	3–6 (0.6–1.2)



	Met b
	2.5
	1.1
	4–7 (0.8–1.4)



	Ile
	11
	4.7
	16–24 (3–5)



	Leu
	18
	8.1
	29–38 (6–8)



	Tyr
	6
	3.0
	11–18 (2–4)



	Phe
	10
	4.6
	14–19 (3–4)



	Lys
	16
	7.2
	27–43 (5–9)



	His
	4.5
	2.0
	9–13 (2–3)



	Arg
	10
	4.4
	21–32 (4–6)



	Pro
	8
	4.0
	17–23 (3–5)



	Total
	
	94.7
	







a: cysteic acid; b: methionine sulphone.
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Table 3. Phytase activity (mU/mgd.w) detected in cells grown in the presence of phytic acid as the sole phosphorus source. Enzyme activity was assayed at pH 4.5.
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	Cell-Bound
	Extracellular





	60 °C
	5.03 ± 0.513
	BDL



	37 °C
	0.57 ± 0.071
	BDL







BDL: below detection limit.
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