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Abstract

:

Microbial lipids called a sustainable alternative to traditional vegetable oils invariably capture the attention of researchers. In this study, the effect of limiting inorganic phosphorus (KH2PO4) and nitrogen ((NH4)2SO4) sources in lipid-rich culture medium on the efficiency of cellular lipid biosynthesis by Y. lipolytica yeast has been investigated. In batch cultures, the carbon source was rapeseed waste post-frying oil (50 g/dm3). A significant relationship between the concentration of KH2PO4 and the amount of lipids accumulated has been revealed. In the shake-flask cultures, storage lipid yield was correlated with lower doses of phosphorus source in the medium. In bioreactor culture in mineral medium with (g/dm3) 3.0 KH2PO4 and 3.0 (NH4)2SO4, the cellular lipid yield was 47.5% (w/w). Simultaneous limitation of both phosphorus and nitrogen sources promoted lipid accumulation in cells, but at the same time created unfavorable conditions for biomass growth (0.78 gd.m./dm3). Increased phosphorus availability with limited cellular access to nitrogen resulted in higher biomass yields (7.45 gd.m./dm3) than phosphorus limitation in a nitrogen-rich medium (4.56 gd.m./dm3), with comparable lipid yields (30% and 32%). Regardless of the medium composition, the yeast preferentially accumulated oleic and linoleic acids as well as linolenic acid up to 8.89%. Further, it is crucial to determine the correlation between N/P molar ratios, biomass growth and efficient lipid accumulation. In particular, considering the contribution of phosphorus as a component of coenzymes in many metabolic pathways, including lipid biosynthesis and respiration processes, its importance as a factor in the cultivation of the oleaginous microorganisms was highlighted.
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1. Introduction


Among oleaginous microorganisms capable of accumulating lipids exceeding 20% of cell dry weight, the species Yarrowia lipolytica stands out as a model organism [1]. Moreover, the non-conventional yeast Y. lipolytica is a permissive species with wide-ranging biotechnological applications. Considering well-studied metabolism, fully sequenced genome and secretion capabilities that provide opportunities to obtain new microbial products previously obtained through other routes, they have become a model for oleaginous species in many basics and applications studies [2,3,4,5,6]. Single cell oil (SCO) extracted from cells of oleaginous microorganisms is promising for food technology and nutrition notably due to its content of polyunsaturated fatty acids. It is reported that SCOs in addition to polysaccharides or single cell proteins (SCPs) could be a valuable food additive. Microbial lipids may increase the nutritional value of the final product enriched with these components, being at the same time a potential substitute for vegetable lipids, e.g., palm oil, cocoa butter and other fatty acids of industrial importance [7,8].



Nowadays, PUFA-rich SCOs are mainly extracted from microalgae due to the innate ability to synthesize valuable fatty acids and lipid production efficiency, such as Schizochytrium sp. 50–77% of dry weight, Nitzschia sp. 45–47%, Nannochloropsis sp. 31–68% or Neochloris oleoabundans 35–54% oil content [9]. Oleaginous yeasts, compared to microalgae, have a rather lower ability to synthesize SCO. Remarkably, wild yeast strains of Y. lipolytica metabolizing glucose are able to store lipids up to 36% of cell dry weight, and even up to 50–60% in the case of feeding biomass with hydrophobic substrates [6,10]. In SCO production, lipid yield per unit dry weight is a critical factor; thus, solutions are still being sought to improve it [11]. Fields such as synthetic and system biology, along with metabolic engineering techniques, are used to improve lipid storage yield and obtain lipids rich in polyunsaturated fatty acids (PUFAs). By using various molecular biology methods, it has been possible to obtain Y. lipolytica yeast mutants capable of accumulating up to 25% eicosapentenoic acid in the total content of the fatty acids [12].



Oleaginous yeasts, depending on the type of carbon substrate in the culture medium, accumulate lipids through two different biochemical pathways: de novo for hydrophilic and ex novo for hydrophobic substrates. In recent years, research has been conducted to define and analyze genes associated with the activity of enzymes specific to both biosynthetic pathways [2,13]. There are reports that sometimes cellular lipid accumulation may occur through two pathways simultaneously [2].



The yeast Y. lipolytica is well known for its ability to metabolize complex lipid substrates, including industrial waste products [14]. Studies on SCO synthesis using including pork lard, stearin-an industrial derivative of animal fat, waste glycerol, molasses and other lignocellulosic wastes have been reported in the literature [11,15,16,17]. Nowadays, processed vegetable oils (waste cooking oils—WCO) have been considered a waste product with high potential for biotechnological application [18]. Y. lipolytica strains are able to produce many metabolites in media with waste cooking oils: citric acid [19], erythritol [20], lipases [21,22], and microbial lipids [23,24,25]. In this manner, environmentally burdensome wastes have found application in the cell culture of Y. lipolytica species. The enormous potential of Y. lipolytica in the utilization and management of hydrophobic industrial wastes was presented in a review by Wierzchowska et al. [26].



The oleaginous yeast accumulates significant amounts of SCO under stress conditions caused by limited access to nutrients. Biosynthesis of microbial oil is enhanced in media depleted of nutrients other than carbon. The key issue for efficient lipid accumulation is limiting access to nitrogen [27]. Unlike nitrogen, access of microorganism cells to carbon should be unrestricted, at a constantly high level [28]. There is a notion that a high carbon/nitrogen ratio and a high carbon/phosphorus ratio in the medium composition promotes lipid accumulation in oleaginous yeast cells [29]. Many studies have been carried out on the potential of oleaginous microorganisms to accumulate high lipid contents in medium with a limiting element (nitrogen, magnesium, phosphorus, iron, zinc, etc.) [29,30,31,32,33,34,35]. However, most of works was concerned the analysis of the effects of nutrient limitation on the synthesis of storage lipids via the de novo pathway. Therefore, there is still some need to explore how its limitation involves the ex novo biosynthesis route.



The dynamics of microbial processes is inextricably linked to the response of microorganisms to changes in the environmental conditions in which they grow. To ensure optimal production efficiency on an industrial scale, tolerance of microorganisms to environmental stress is highly desirable. In particular, this is due to the growing interest in microbial biotechnological processes. Understanding how physiological systems respond to changing environmental conditions resulting in a specific level of growth or production of desired metabolites is critical to finding new and optimizing already developed applications [36].



This paper attempts to evaluate the effect of limiting inorganic phosphorus and nitrogen sources as well as duration of culture on the efficiency of microbial oil production, fatty acid composition and growth of Y. lipolytica yeast with simultaneous waste valorization. The work assumed the use of oleaginous yeasts to manage waste from the food industry, specifically rapeseed post-frying oil, as an essential carbon source for cell growth.




2. Materials and Methods


2.1. Yeast strain and Culture Conditions


In the current work, the yeast strain Y. lipolytica KKP 379 from the Collection of Industrial Microorganisms Cultures belonging to Professor Wacław Dąbrowski Institute of Agricultural and Food Biotechnology—State Research Institute in Warsaw (Poland) was used. The yeast culture was stored at −20 °C using cryovials containing ceramic beads and cryoprotective agent (Protect Select, Technical Service Consultants Ltd., Heywood, UK).



Inoculation culture was conducted in YPG medium with the following composition: 10 g/dm3 yeast extract (Y), 20 g/dm3 peptone (P) and 20 g/dm3 glucose (G). The flasks were incubated at 28 °C for 24 h with a rotation amplitude of 140 rpm.



The yeast cells were incubated in 500 cm3 flasks at 28 °C with 140 rpm rotary shaker speed. Each flask contained 200 cm3 of sterile medium. Batch cultures were also conducted in a BIOFLO 3000 laboratory bioreactor from New Brunswick Scientific (USA) with a working volume of 4 dm3, fermentation temperature 28 °C and 0.025% (v/v) inoculum. Oxygenation control was applied using compressed air to maintain the relative degree of oxygenation in the culture medium at a level not lower than 30% of the initial oxygen concentration (variable agitation speed 300–600 rpm). The dissolved oxygen level was measured using an oxygen electrode. Changes in pH values were also monitored using a selective electrode. Parameters of cellular lipid biosynthesis in a batch culture of Y. lipolytica strain were calculated according to Fabiszewska et al. [2].



The yeast grew in a mineral medium containing 1.5 g/dm3 MgSO4, 0.16 g/dm3 FeSO4·H2O, 0.15 g/dm3 CaCl2, 0.08 g/dm3 MnCl2·4H2O, 0.02 g/dm3 ZnSO4 and KH2PO4, Na2HPO4, and (NH4)2SO4 at different levels. All inorganic chemicals were purchased from Avantor Performance Materials Poland S.A (Gliwice, Poland). In all batch cultures, the carbon source was waste rapeseed post-frying oil at 50 g/dm3. Waste oil, in which cod (Gadus morhua) fillets were fried at 170 °C in full immersion, came from a fish processing company in Podlaskie Voivodeship (Poland). The preliminary batch shaking flask cultures in duplicate have been conducted with statistical planning of experiments using a Latin square plan (4 × 4) (Table 1).



Bioreactor batch cultures have been conducted in media containing variable concentrations of KH2PO4, Na2HPO4 and (NH4)2SO4 (Table 2)




2.2. General Analytical Techniques


Yeast biomass yield was determined by cell dry weight measured by thermogravimetric method. Cells were harvested by centrifugation at 8000 rpm, 4 °C for 10 min, washed using distilled water and dried at 105 °C to constant weight.



Determination of nitrogen content in the culture medium after biomass removal was carried out by the modified Kjeldahl method [37] with the sample mineralization step omitted. From 90 cm3 of the culture medium sample, ammonia was distilled (50 cm3 40% NaOH, distillation time—4 min) into 25 cm3 4% boric acid. The solution was titrated with 0.1 M HCl in the presence of Tashiro indicator. The nitrogen content of the sample was converted to the level of ammonium sulfate remaining in the medium.



Extraction of cellular lipids from dry material was performed in Soxhlet extractor using n-hexane as a solvent. The authors used modified Folch et al. [38] method extraction for batch shaking cultures by treating the dried and washed biomass four times with portions of a chloroform and methanol (2:1) mixture (1 cm3/1 gd.m). The solvents were separated by distillation under reduced pressure of 360 mbar. Distillation was carried out in a Buchi Rotavapor R-200 evaporator (Flawil, Switzerland). The lipid substrate consumption in the culture was evaluated using a simple extraction method with 10 cm3 portions of hexane. Magnesium sulfate was then added to the oil phase to remove water. After 10 min, the whole was filtered to remove the drying agent. The solvent was evaporated from the organic phase and the remaining oil was weighed.




2.3. Gas Chromatography


Microbial lipid samples extracted from yeast cells were derivatized with 14% solution of BF3 (boron trifluoride) in methanol added in equal volumes and heated for 2 h at 60 °C. Fatty acid composition of microbial lipids was determined by gas chromatography using a flame ionization detector (GC-FID) in an Agilent Technology 7820 (Santa Clara, CA, USA) with Zebron ZB-FFAP Capillary GC Column (30 m × 0.25 mm × 0.25 µm). Nitrogen has been used as a carrier gas at a flow rate of 35 mL/min. The temperature program was as follows: 80 °C (2 min) to 200 °C (10 min) (5 °C/min). Injector temperature: 250 °C; detector temperature: 290 °C; injection volume: 1 µL.




2.4. Statistical Analyses


Statistical elaboration of the results was performed using Statistica 13.0 set plus software (Statsoft, Cracow, Poland). A design of experiment was applied as a tool in investigating the effect of selected culture conditions on Y. lipolytica growth and lipid biosynthesis yield. A 4 × 4 latin square design method was used in the experiment provided in shaken flasks and p-value was then estimated at 0.01 (Table 1).





3. Results


3.1. Flask Scale Experiments


The preliminary experiment has been designed to evaluate the effect of culture time as well as limiting components such as phosphorus and nitrogen source on the growth of Y. lipolytica yeast biomass, cellular lipid yield, and the utilization of hydrophobic substrate as a carbon source. The cultures have been conducted in 16 medium variants, in which the concentrations of KH2PO4 (3.0, 7.0, 9.0, 11.0 g/dm3) and (NH4)2SO4 (4.0, 6.0, 8.0, 10.0 g/dm3) have been modified according to the experimental scheme (Table 1). The incubations were terminated after 3, 4, 5 and 6 days. As can be seen in Figure 1A, the value of biomass yield was closely related only to the time of culture (p-value 0.01). The effect of the duration of yeast cultivations was also significant for intracellular lipid content. The yeast cells accumulated higher amounts of lipids on the 5th and 6th days of culture. The level of KH2PO4 supplementation appeared to be a significant factor influencing lipid accumulation efficiency (p-value 0.01) (Figure 1B). Higher lipid biosynthesis yield was correlated with lower doses of inorganic phosphorus source in the medium. In the case of the level of the nitrogen source additive in the form of (NH4)2SO4, no significant relationship was found in the studied concentration range. It is noteworthy that none of the three analyzed factors was significantly associated with changes in the content of waste post-frying oil (carbon source) in the medium. Nevertheless, it decreased with time of culture (Figure 1C).




3.2. Bioreactor Scale Experiments


Four batch cultures of Y. lipolytica KKP 379 strain in a laboratory bioreactor have been conducted to evaluate the effect of the previously selected factors. In each culture, changes in the pH of the culture medium and the rate of oxygen consumption have been monitored (Figure 2). Generally, in all variants of the culture medium, the yeast completed the logarithmic growth phase after nearly 16 h, thus entering the stationary phase associated with the production of metabolites such as acids, which was reflected in a significant decrease in pH, but most importantly the cells began to accumulate storage lipids.



For M1 medium, in addition to the modification related to KH2PO4 (3.0 g/dm3) and (NH4)2SO4 (3.0 g/dm3) doses, the level of Na2HPO4 supplementation (1.1 g/dm3) was also adjusted due to the buffering properties of the medium. The molar ratios C/N and C/P were 71.8:1 and 114.9:1, respectively. A significant increase in the oxygen demand of the cells has been observed from the 20th hour of culture onwards, resulting in a decrease in the dissolved oxygen content of the medium (Figure 2A). During the entire cultivation process, the biomass yield value was marginal. Therefore, the high oxygen demand could be related to the increased lipid synthesis process due to the beginning of the stationary growth phase rather than to the oxygen demand caused by the intensive biomass growth, which did not occur. After 63 h of cultivation in mineral medium M1 with phosphorus and nitrogen source limitation, the efficiency of intracellular lipid accumulation by wild-type Y. lipolytica cells was 47.44%, which is considered an astonishing result. The yeast cells also efficiently utilized the waste carbon source, leaving only 9.11 g/dm3 unused. Despite the lipid yield result, considering the increase in biomass, the amount of SCO obtained per unit of substrate was very low (Table 3).



The residual oil content of the substrate was a reflection of the biomass yield in the M2 substrate (C/N = 26.7:1, C/P = 114.9:1). A significant increase in biomass yield after 2 days of culture combined with a decrease in the residual carbon source in the medium was noticeable (Figure 2B). After 88 h of culture, the cells had used almost all of the waste post-frying oil, reducing its initial content in the culture medium from 50 to 1.56 g/dm3, achieving at the same time the highest biomass yield (11.10 gd.m./dm3) among the other yeast culture variants (Table 3). In addition, there was a gradual decrease in oxygen demand at the end of the culture (71 h). Cells no longer multiplied intensively; moreover, lipids were not efficiently accumulated, gaining a final yield of 20.9%.



Oxygen turned out to be a factor worth observing also in the case of the next batch culture in M3 medium. The addition of (NH4)2SO4 was further increased to 10 g/dm3 (C/N = 21.5:1). Similarly, the level of the addition of phosphorus sources was slightly increased, KH2PO4 3.5 g/dm3 and Na2HPO4 2.5 g/dm3 (C/P = 81.6:1). In culture medium, the dissolved oxygen content remained constant from the 15th hour until the end of the cultivation process. The amplitude range of the agitation speed appeared to be sufficient to maintain the oxygenation level of the culture medium at a level close to 30%. The constantly low level of oxygen consumption by the cells indicated low oxygen demand, which could be associated with moderate growth of yeast biomass (Figure 2C). Although, the biomass yield was only 4.56 gd.m./dm3. The final waste post-frying oil content in the medium was relatively low at 12.44 g/dm3. Despite the low biomass yield, yeast consumption of the oily substrate was at a relatively high level, similar to the M1 medium. This is another example of the diversion of the available carbon source to the needs of storage lipid accumulation, not to the energy needs associated with growth. After 63 h, the efficiency of lipid storage was lower in this medium, but still at a satisfactory level of 32.67%.



When Y. lipolytica yeast was cultured in M4 medium, significant changes were observed after 2 days of yeast growth. After about 40 h, dissolved oxygen consumption increased due to the increase in biomass yield, which reached 7.45 gd.m./dm3 (Figure 2D). Thus, this resulted in a decrease in the lipid carbon source content of the culture medium; the final result after 88 h of culturing was a reduction to 5.33 g/dm3. Molar ratios of C/P = 49.6:1 and C/N = 53.1:1 yielded 2.24 g of microbial oil per dm3 of culture medium after 88 h (30.07% cell dry weight). As could be expected, the C/N ratio changed with the duration of the culture. After 24 h, when the most intensive period of cell growth was already over, the ratio decreased to C/N = 30.6:1, after the following hours it was already half (15.5:1), and at the end of the culture the molar C/N ratio was equal to 8.4:1.



The marked observation to emerge from the data comparison (Figure 3) was the dominance of oleic acid (C18:1) in the total fatty acids content of the cellular oils from each medium variant. When analyzing the composition of extracted oils in the context of their potential use as nutritionally valuable products, the content of linoleic (C18:2) and linolenic acids (C18:3) should be considered. The oleic acid content of the oils ranged from 53.89% (M2) to 60.44% (M3), while the linoleic acid content ranged from 17.39% (M4) to 22.58% (M2). For cellular lipids derived from culture in M2 medium, at the same time with the lowest proportion of oleic acid, the highest contents of linoleic acid and linolenic acid (8.89%) were noted. Importantly, considering all variants of the medium, the linolenic acid was at least, 5.82%. Saturated fatty acids were also determined in each of the cellular lipid samples. The highest percentage of stearic acid was found in samples from medium M1-8.40% and M4-10.93%. Palmitic acid (C16:0) from 1.40% for medium M4 to 4.76% for M2, palmitoleic acid (C16:1): 1.06% (M1)—2.62% (M2), arachidic acid (C20:0): 0.98% (M2)—1.55% (M4) and behenic acid (C22:0): 0.90% (M4)—2.42% (M3) were also identified. The content of myristic acid (C14:0) in the total pool of all fatty acids did not exceed 0.91%.





4. Discussion


4.1. Lipid Production in Phosphorus-Limited Media


Phosphorus is one of the basic elements for the cultivation of microorganisms, including oleaginous ones. Due to its incorporation into phospholipids, nucleic acids or coenzymes, the analyzed component has been considered crucial for the structure of yeast cells as well as their functioning. Phosphorus may also be stored as polymetaphosphate in biomass. Interestingly, the non-conventional yeast Y. lipolytica contains nearly half as much phosphorus compared to the common yeast species Sacharomyces cerevisiae [39].



According to Wu et al. [31], phosphorus limitation has the potential to be used as a regulator of lipid production by microorganisms, also in the presence of nitrogen-rich media. In other words, this approach provides new opportunities for microbial lipid biosynthesis in a more economical manner, due to the use of complex waste materials as a carbon source. Before the rapeseed oil after fish frying was used as substrate, in the present experiment, it was mechanically purified from the residue of the fried product suspended in it. In view of the above, the waste was not a source of nitrogen, but only a lipid carbon source. Taskin et al. [29] were the first to attempt to investigate the potential of cheese whey as a substrate for microbial oil production by Y. lipolytica B9. The analyzed by-product consisting of nearly 93% water and about 7% dry matter is particularly rich in phosphorus. One of the factors examined was the effect of supplementation of KH2PO4 as an additional phosphorus source on biomass growth and lipid accumulation levels. Similar to the current study, the authors found that phosphorus limitation increased the lipid content in yeast cells. The additional phosphorus source significantly decreased the efficiency of lipid substance accumulation in yeast cells compared to the medium without supplementation, when the efficiency was 44% on a dry weight basis. The addition of 1 and 2 g/dm3 KH2PO4 contributed to a cellular lipid content of 37 and 26%, respectively.



The effect of limiting access to mineral salts including potassium phosphate on SCO production by Y. lipolytica yeast was also studied by Hoarau et al. [35]. In the study, waste produced by ethanol distilleries named Distillery Spent Wash (DSW) was used. After all, the lipid accumulation efficiency was only 9.15% using a medium with 7.0 g/dm3 KH2PO4 and DSW. Moreover, phospholipids accounted for 34% of all lipids. However, this accumulation efficiency result was higher compared to the culture when raw DSW was used without additional phosphate supplementation (7.18%). The addition of 7 g/dm3 KH2PO4 and 1.5 g/dm3 MgSO4 to the culture medium resulted in the highest biomass yield of 7.34 gd.m./dm3. It is worth noting that the best growth of Y. lipolytica yeast was in DSW with the addition of KH2PO4 in the range of 7.5–8.0 g/dm3. The results of the current study appear to be consistent. Using M4 medium with 7.0 g/dm3 KH2PO4, 1.5 g/dm3 MgSO4 and 4 g/dm3 (NH4)2SO4, the biomass yield was 7.45 gd.m./dm3, but it was not the highest score. The yeast showed the best growth in medium with limiting additions of phosphorus source, 3.0 g/dm3 KH2PO4 and 1.1 g/dm3 Na2HPO4, with a relatively higher nitrogen source addition.



A valuable experiment was conducted by Wu et al. [31], whose results, similar to the current work, showed that better microbial lipid production efficiency correlated with low phosphorus source doses and higher C/P molar ratio. When yeast R. toruloides Y4 was cultivated in the medium with 3.6 g/L of KH2PO4 and 70 g/dm3 initial glucose content, which corresponded to a C/P molar ratio of 72:1, after 96 h of batch shaking the flask biomass yield was 18.6 gd.m./dm3 with a lipid content of 21.2%. Moreover, enhancing the limitation of phosphorus source to C/P= 9552:1 resulted in improved SCO production to 62.1% and better biomass growth of 19.4 gd.m./dm3. Surprisingly, when the nitrogen source was additionally restricted (C/N = 22.3:1), the accumulation efficiency was 63.3% with a biomass yield of 19.9 gd.m./dm3. Under phosphorus-limiting conditions, lipid efficiency was consistently close to 60%, even when C/N = 6.1:1 [31].



In the present experiments, the results of the flask-shaken cultures show that the level of KH2PO4 supplementation appeared to be a significant factor affecting the lipid accumulation efficiency, in contrast to the addition of nitrogen source in the form of (NH4)2SO4, for which no significant relationship was found over the concentration range studied. In a batch culture in a bioreactor, the highest efficiency of cellular lipid production by Y. lipolytica yeast has been observed for M1 medium, in which C/P was 114.9:1 and C/N = 71.8:1. However, in bioreactor culture mode, a comparable relationship was not found for the impact of the molar ratio C/P. At a C/P of 114.9, both the highest and lowest microbial lipid production among all substrates was obtained. Under the established conditions, this nitrogen addition was significant. In the experiment of Fabiszewska et al. [2], Y. lipolytica yeast cultured in YPG medium with high nitrogen content and therefore low C/N ratio did not produce SCO. This is in contrast to mineral media with glucose (MG7) and olive oil (MO7), where the conversion yield of storage lipids per biomass was 0.116 and 0.207 g/gd.m. These could be further examples that confirm the role of nitrogen limitation in culture medium.




4.2. Lipid Production in Nitrogen-Limited Media


Nitrogen is considered to be a special component, the limited amount of which in the medium has the greatest effect on the induction of lipogenesis in the cells of oil-producing species. In other words, when the culture medium is deficient in nitrogenous compounds or when its pool is depleted, the synthesis of nucleic acids and proteins is inhibited and the rate of biomass growth decreases [40]. According to Bellou et al. [32], in addition to magnesium limitation, the restriction of cellular access to nitrogen is the factor for efficient cellular lipid biosynthesis. Continuous culture of the wild yeast strain Y. lipolytica ACA-DC50109 resulted in an accumulation efficiency of 47.5% with a biomass yield of 12.2 g/L. Furthermore, lipid accumulation at high levels was provided by low nitrogen doses, but at levels that allowed Y. lipolytica yeast cells to grow. This correlation was related to the maintenance of the pentose-phosphate pathway properly function, which provides the coenzyme NADPH for the mechanism of lipogenesis. For this reason, understanding the physiology of oleaginous microorganisms is of great importance in efficient cellular lipids production.



Inorganic (NH4)2SO4 was the only source of nitrogen in the present study. The current experiment assumed the use of a medium containing only mineral components, excluding the carbon source. There are reports that the presence of organic nitrogen sources in the medium may stimulate microbial synthesis of lipid components [41,42]. Neither the preliminary study stage nor the bioreactor experiments proved a clear relationship between efficient cellular lipid accumulation via ex novo pathway and the level of nitrogen supplementation. In M3 medium (10 g/dm3 (NH4)2SO4), the lipid accumulation efficiency was 32.67%, while in M2 (8 g/dm3 (NH4)2SO4) it was only 20.90%. It is worth noting that in the medium with a lower dose of ammonium sulfate the biomass yield reached more than twice the value (Table 3). When the low addition of a nitrogen source in the M4 culture medium was compensated by a higher level of a phosphorus source, the accumulation efficiency was close to that for the phosphorus-limited M3 medium. This result further strengthened the hypothesis that the ratio of the two analyzed elements nitrogen and phosphorus can be considered an important factor for both yeast cell growth and lipid accumulation capacity.



The oil-producing species of the yeast Trichosporon oleaginosus, in the presence of xylose and limited access to nitrogen compounds, accumulated over 50% of lipids in the dry mass of cells. The type of limitation used (-N, -C and -CN) had a significant effect on the fatty acid profile of the oil extracted from yeast cells. The content of linoleic acid (C18:2 in the -cis configuration) showed the greatest variation depending on the conditions applied. When the researchers limited the access of the cells to nitrogen and carbon, the C18:2 content was 7.31% and 7.45% (w/w), respectively. When carbon source limitation was applied alone, the content of linoleic acid (as the main component of the cell membrane) increased threefold, accounting for 21.58% of all fatty acids [43]. In the current study, the linoleic acid content of the extracted oils was a maximum of 22.58% of total fatty acids. Notably, nutritionally valuable linolenic acid was present in each of the oil samples, with the highest percentage from M2 cultivation.



In the experiment, the highest percentage of SCO production by Y. lipolytica yeast was obtained for culture medium with 3.0 g/dm3 (NH4)2SO4 and 3.0 g/dm3 KH2PO4 and molar ratios of C/P = 114.9:1 and C/N = 71.8:1. A molar C/N ratio of 20:1 is considered to be the minimum for promoting lipid accumulation in oleaginous yeast cells [44], in the experiment, was not lower than 21.5. As found, simultaneous limited access to phosphorus and nitrogen promoted lipid accumulation, but inhibited biomass growth. When the nitrogen dose was increased, with the phosphorus dose unchanged (M2), yeast growth was improved, but the efficiency of the biosynthesis of lipids was significantly reduced. The decreased nitrogen-to-phosphorus ratio (N/P = 3,8:1) in M3 medium, compared to M2 medium (N/P = 4.3:1), resulted in half the biomass yield with 32% cellular lipid accumulation efficiency. Under different conditions, when the reduced nitrogen rate was accompanied by increased cell access to phosphorus sources in the culture medium (M4—N/P = 1:1), growth needs were met, resulting in one of the best biomass yields of 7.45 gd.m./dm3 with satisfactory SCO production efficiency. It can be summarized that phosphorus is needed by cells for growth, but in this context nitrogen is crucial.



Nevertheless, a greater addition of phosphorus source to a nitrogen-deficient medium may lead to the accumulation of higher storage lipid yields without negative effects on growth caused by reduced access to nitrogen. Both bioreactor experiments and preliminary studies emphasized the role of phosphorus as a substrate component in metabolic processes related to the basic metabolism of the yeast cell and SCO biosynthesis. Still, the role of phosphorus in combination with the issue of media supplementation with a nitrogen source needs further studies.



Using a C/N ratio of 30:1 led to an increase in saturated fatty acid production and a decrease in polyunsaturated fatty acids in Y. lipolytica yeast cells. The application of additional phosphorus limitation (C/P = 1043:1) in the medium did not alter the fatty acid group content of total lipid acids observed previously. Similar to the current experiment, total lipid content increased under limiting conditions, but did not exceed 30%. The highest biomass yield (over 7 gd.m./dm3) was achieved for culture in medium with C/N = 30:1, without limiting phosphorus source (C/P = 6:1) [33].



Microbial oil accumulated in lipid bodies consists mainly of TAG and steryl-esters in smaller amounts (neutral fractions), which are enclosed by polar fractions, e.g., phospholipids, glycolipids, and sphingolipids. Generally, the growth of oleaginous microorganisms may be divided into two phases. When cells grow in media rich in all the nutrients necessary for growth, biomass, also free of lipids, is produced. During this phase, lipids with a higher proportion of polar fractions, corresponding to cell membrane lipids, are accumulated. In a situation of limited access to sources such as nitrogen, phosphorus or sulfate, the lipid accumulation phase is stimulated, mainly of neutral fractions [40].




4.3. Cellular Oxygen Demand in Microbial Lipid Production


Based on the authors’ knowledge, there is no clear statement on the effect of the oxygenation degree on the efficiency of lipid accumulation. The link between dissolved oxygen in the medium and accumulation capacity by Y. lipolytica yeast is inconclusive. However, as a result of thought-provoking observations, the issue of oxygen demand by Y. lipolytica yeast appeared to be worth exploring. The concentration of oxygen available in the culture medium is a crucial variable in both the context of growth and efficient microbial lipid production by strictly aerobic yeast Y. lipolytica. It is predicted that an increase in substrate oxygenation may result in the stimulation of cells for growth [45].



The observations highlight the importance of the cellular oxygen demand in relation to growth, but also to the process of cellular lipid accumulation. Despite the negligible increase in biomass yield, the yeast still efficiently used oxygen from the substrate, which could be related to the intensively occurring process of lipid biosynthesis. Interestingly, it may be reasonably assumed that the cells should be exposed to a sufficiently high concentration of oxygen in the medium. Nevertheless, too high a concentration of dissolved oxygen may cause inhibition of cellular metabolism resulting from oxidative stress. Given the need to maintain an appropriate degree of oxygenation of the culture medium, agitation rate is an important parameter. Under conditions of increased cellular oxygen demand, high agitation rate is used. As is widely known, this kind of approach may have negative consequences. High shear forces and mechanical stress may make culture development impossible [46]. Therefore, despite the increase in cellular oxygen demand in bioreactor cultures, the set amplitude of the agitator rotation was not able to meet the demand of the yeast.



According to Bellou et al. [47], high dissolved oxygen (1.5 mg/dm3) in the culture media stimulates cellular lipid synthesis. Upregulation of ATP-citrate lyase (ATP-CL) and malic enzyme (ME), which are involved in microbial lipid synthesis, was observed under such conditions. The importance of malic enzyme for cellular metabolism of oleaginous microorganisms including Y. lipolytica yeast has been recognized as crucial. The product of reaction catalyzed by ME gives the product necessary for fatty acid synthesis, namely, coenzyme NADPH. Under conditions of limited access of cells to nitrogenous compounds, NADPH is produced only by enzymatic reactions involving ME. Conversely, increasing the dissolved oxygen concentration resulted in a decrease in NAD-dependent isocitrate dehydrogenase enzyme activity. When the Krebs cycle is inhibited due to the depletion of nitrogen sources by the cells and allosteric AMP (adenosinemonophosphate) activator concentrations being reduced, ICDH is deactivated. This phenomenon is considered to be characteristic of the de novo biosynthesis pathway [48]. When yeast cultures were conducted in glucose medium, it was observed that limited cellular access to phosphorus, as with nitrogen, results in a reduction in AMP levels to activate cellular phosphorus reserves.



There are two strategies to maximize cellular lipid accumulation. The first one, by deleting genes encoding for acyl-oxidase activity, assumes the prevention of the degradation of storage lipids [49]. The second one aims to support the production via the overexpression of genes encoding for ATP-CL and ME activity [50,51]. Wasylenko et al. [52] using 13C-Metabolic Flux Analysis singled the oxidative pentose-phosphate pathway out as the main source of lipogenic coenzyme NADPH rather than malic enzyme activity. In view of the above, the purpose for research on the role of phosphorus as a coenzyme component in processes related to cellular respiration and provision of energy necessary for SCO biosynthesis has been justified.



Many mechanisms and interactions accompanying the accumulation of lipid compounds via the de novo pathway have been recognized. Nevertheless, there is still a need to search for physiological and biochemical relationships that can explain, and thus support, efficient ex novo biosynthesis. The authors of this paper hypothesized a way in which the de novo and ex novo pathways could be related. The dissimilated fatty acids are degraded in the first step, which is mitochondrial β-oxidation. This process provides the energy necessary for cell growth and development by generating 1 mole of FADH and 1 mole of NADH per every 1 mole of acetyl-CoA produced before it is diverted to the Krebs cycle. Energy is also required for the production of intermediate metabolites [40]. Dissolved fatty acids after entering the cell are degraded in the first step, which is β-oxidation in peroxisomes (Figure 4). β-oxidation is a cyclic process that will be repeated until the lipid substrate is completely broken down. However, there is an anomaly to the cycle, leakage of certain fatty acids from the pathway could be observed, which may be stored in lipid bodies in the next step [48].





5. Conclusions


To conclude, the results of the current research suggest that nitrogen limitation in culture media is crucial, but additional phosphorus limitation may further improve the efficiency of microbial lipid biosynthesis. To the authors’ current knowledge, phosphorus is a component of the culture medium, which still needs to be investigated in relation to the optimal level of its limitation in media stimulating SCO biosynthesis. In particular, evaluating the effect of the level of simultaneous substrate supplementation with phosphorus, nitrogen and the ratio of these two components seems to be one of the key issues in the context of efficient microbial lipid production combined with satisfactory biomass yield. Knowledge of the role of phosphorus as a component of coenzymes essential for a number of biochemical transformations occurring in yeast cells may prove crucial to improving microbial lipid biosynthesis and simultaneously supporting biomass growth, as well as considering respiratory processors. Further studies aimed at looking for strategies to stimulate microbial lipid biosynthesis via the ex novo pathway are worthy of consideration, as most of the available research work involves the de novo pathway. The approach is important for the basic research and from the practical points of view, especially if the possibility of oily waste applicability as a substrate in microbial culture is considered.
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Figure 1. Statistical analysis of correlation between (A) biomass yield (gd.m./dm3), (B) cellular lipid content (g/gd.m.), (C) waste post-frying oil content in medium (g/dm3) and concentration of KH2PO4 and (NH4)2SO4, and culture time of Y. lipolytica KKP 379 yeast in medium with 5% addition of post-frying rapeseed oil. 
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Figure 2. Changes in relative oxygen consumption and pH of the strain Y. lipolytica KKP 379 grown in (A) M1, (B) M2, (C) M3 and (D) M4 medium with 5% rapeseed waste post-frying oil as a carbon source. 






Figure 2. Changes in relative oxygen consumption and pH of the strain Y. lipolytica KKP 379 grown in (A) M1, (B) M2, (C) M3 and (D) M4 medium with 5% rapeseed waste post-frying oil as a carbon source.



[image: Applsci 11 11819 g002]







[image: Applsci 11 11819 g003 550] 





Figure 3. Fatty acid composition [% w/w] of cellular lipids in Y. lipolytica KKP 379 grown in M1, M2, M3 and M4 medium with 5% rapeseed waste post-frying oil as a carbon source. 
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Figure 4. A hypothetical combination of de novo and ex novo pathways of cellular lipid biosynthesis in media with hydrophobic carbon sources. CS—citrate synthase, AC—aconitase, ICD—iso-citrate dehydrogenase, ATP-CL—ATP-citrate lyase, MD—malate dehydrogenase, ME—malic enzyme, ACC—acetyl-CoA carboxylase, FAS—fatty acid synthetase. From [40], adapted. 
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Table 1. Latin Square plan 4 × 4-flask experiment design.
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Table 2. Composition of culture media used in yeast cultivation in a laboratory bioreactor.
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	(g/dm3)
	M1
	M2
	M3
	M4





	KH2PO4
	3.0
	3.0
	3.5
	7.0



	Na2HPO4
	1.1
	1.1
	2.5
	2.5



	(NH4)2SO4
	3.0
	8.0
	10.0
	4.0
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Table 3. Parameters of Y. lipolytica KKP 379 yeasts strain culture in media with 5% rapeseed waste post-frying oil as a carbon source.






Table 3. Parameters of Y. lipolytica KKP 379 yeasts strain culture in media with 5% rapeseed waste post-frying oil as a carbon source.





	Parameter
	Unit
	M1
	M2
	M3
	M4





	Molar ratio in the medium [C/N/P]
	mol
	114.9/1.6/1
	114.9/4.3/1
	81.6/3.8/1
	53.1/1/1.07



	Initial concentration of carbon source [S]
	g/dm3
	50
	50
	50
	50



	Time [t]
	h
	63
	88
	63
	88



	Biomass yield [X]
	gd.m./dm3
	0.78
	11.10
	4.56
	7.45



	Maximum concentration of lipids produced [Lmax]
	g/dm3
	0.37
	2.32
	1.49
	2.24



	Conversion yield of biomass per carbon substrate [YX/S]
	gd.m./g
	0.0156
	0.2220
	0.0912
	0.1490



	Conversion yield of storage lipids per biomass formed [YL/X]
	g/gd.m.
	0.4744
	0.2090
	0.3267
	0.3007



	Conversion yield of storage lipids per carbon substrate [YL/S]
	g/g
	0.0074
	0.0464
	0.0298
	0.0448



	Volumetric rate of storage lipids production [qLv]
	g/dm3/h
	0.0059
	0.0256
	0.0236
	0.0254
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