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Abstract

:

Sugarcane bagasse is a potential raw material for microbial lipid production by oleaginous yeasts. Due to the limited sugar concentrations in bagasse hydrolysate, increasing carbon the concentration is necessary in order to improve lipid production. We aimed to increase carbon concentration by incorporating glycerol as a co-substrate into unconcentrated bagasse hydrolysate in the cultivation of Rhodotorula glutinis TISTR 5159. Cultivation in hydrolysate without nitrogen supplementation (C/N = 42) resulted in 60.31% lipid accumulation with 11.45 ± 0.75 g/L biomass. Nitrogen source supplementation increased biomass to 26.29 ± 2.05 g/L without losing lipid accumulation at a C/N of 25. Yeast extract improved lipid production in the hydrolysate due to high growth without altering the lipid content of the cells. Mixing glycerol up to 10% v/v into the unconcentrated hydrolysate improved biomass and lipid production. A further increase in glycerol concentrations drastically decreased growth and lipid accumulation by the yeast. By maintaining C/N at 27 using yeast extract as the sole nitrogen source, hydrolysate mixed with 10% v/v glycerol resulted in the highest lipid yield, at 19.57 ± 0.53 g/L with 50.55% lipid content, which was a 2.8-fold increase compared to using the hydrolysate alone. In addition, yeast extracts were superior for promoting growth and lipid production compared to inorganic nitrogen sources.
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1. Introduction


Microbial oils can be used as an alternative feedstock for biodiesel production because they have similar fatty acid compositions to those of plant oils [1]. Microorganisms that can accumulate more than 20–25% w/w of their total cell weights are considered oleaginous [2]. The oil from these microorganisms is in triglyceride (TAG) form [3]. Oleaginous microorganisms can be bacteria, fungi, microalgae, and yeasts [4]. Many yeast genera possess lipid accumulation abilities, such as Candida spp., Cryptococcus spp., Rhodotorula spp., Trichosporon spp., Lipomyces spp., and Yarrowia spp. [5,6]. Microbial oil production by yeasts has been of interest due to its advantages, which include limited space requirements, short life cycles, high growth rate and lipid yield, lower effect by season and climate, and ability to use various carbon sources, including low-cost raw materials [6,7].



Lignocellulosic biomass has been a raw material of choice as a carbon source in microbial lipid production due to its low cost and abundant availability of agricultural waste from the agroindustry [8,9]. Agricultural wastes, including corn cobs, corn stover, and rice straw, have been studied as raw materials for microbial oil production [10,11]. Sugarcane bagasse is another agricultural waste that has been studied as a carbon source in microbial lipid production [9,12]. Oleaginous yeasts like Rhodosporidium toruloides [13], Yarrowia lipolytica [12], and Rhodotorula glutinis [14] have been used to produce lipids from lignocellulosic biomass.



Increasing carbon concentration in cultivation is necessary to improve lipid production, since the sugar concentrations produced from hydrolyzing lignocellulosic waste are constrained, with combined glucose and xylose concentrations ranging from 60 to 115 g/L [15,16]. A direct approach to increasing the carbon concentration when using lignocellulosic hydrolysate is to increase the hydrolysate concentration. The extent of hydrolysate concentration varied in different studies, ranging from 2-fold concentrated to 7-fold concentrated [17]. Not only was sugar in the hydrolysate increased, but other components also increased, including inhibitors. A report on the concentration of corncob hydrolysate showed that glucose increased 7-fold, while acetic acid, an inhibitor, concurrently increased from 2.54 g/L to 8.82 g/L [17]. Likewise, 5-fold concentration of sugarcane bagasse hydrolysate increased the concentrations of acetic acid from 3.33 g/L to 6.47 g/L [1]. Apart from the increase in inhibitor concentration, which could potentially affect yeast cultivation, concentration by evaporation, which was the most used method, was an energy-intensive process.



Supplementing other carbon sources is another option for increasing carbon concentration in the lignocellulosic hydrolysate. This option is possible due to the ability of oleaginous yeasts to use various substrates, including cellobiose and glycerol [18]. Glycerol could be a good option, as it is a concentrated carbon source, and there is the possibility of using crude glycerol, which is a by-product of the biodiesel process [18]. Several oleaginous yeasts have shown the ability to use glycerol, including Rhodosporidiobolus fluvialis [19], Candida viswanathii [20], and Rhodotorula glutinis [21].



Glycerol is high in carbon content without nitrogen. Using it with hydrolysate obtained from lignocellulosic biomass, especially agricultural wastes, enhances the C/N ratio of the media, as the wastes often contain high nitrogen content due to the fertilizers used in modern agriculture [22]. Several studies have shown that adding glycerol to the hydrolysate of agricultural wastes to increase the C/N ratio, and hence increase carbon source concentration, could improve lipid accumulation and growth of the cells [23,24]. A study on Cutaneotrichosporon oleaginosum showed that glycerol worked synergistically with glucose to improve lipid accumulation [25]. In Cryptococcus curvatus, synergistic work between the two substrates was not evident, but when xylose was present, the three substrates worked synergistically to improve lipid accumulation [24]. Therefore, the effect of mixing glycerol into sugar substrate seems to be dependent on yeast strain.



This study aimed to investigate lipid production by the previously selected strain of Rhodotorula glutinis by using sugarcane bagasse hydrolysate as the prime substrate. Glycerol was used in fermentation to increase the carbon source concentration. We attempted to clarify the effect of the C/N molar ratio on the lipid production of the yeast. The endogenous nitrogen of the hydrolysate was evaluated to determine whether it should be considered in the C/N ratio calculation for the media. As the hydrolysate already contained some nitrogen, with a C/N molar ratio of 42, a series of experiments was carried out, aiming to achieve high lipid accumulation and high yeast growth. The results of this study would suggest a primary cultivation medium for lipid production from lignocellulosic biomass. They would also provide helpful information for the further modification of the cultivation media, such as the use of crude glycerol or yeast autolysate in lipid production from yeast cells.




2. Materials and Methods


2.1. Oleaginous Yeast Strain and Its Propagation


Rhodotorula glutinis TISTR 5159, the oleaginous yeast used in this research, was obtained from Bangkok MIRCEN, Thailand Institute of Scientific and Technological Research. This strain was the most potent strain for lipid production reported in previous research [26]. The yeast stock was maintained in 30% glycerol at −20 °C. It was propagated to single colonies in YM agar media, which comprised 3.0 g/L of yeast extract, 3.0 g/L of malt extract, 5.0 g/L of peptone, 20 g/L of glucose, and 17 g/L of agar to prepare the yeast for cultivation. The incubation period was 72 h at 30 °C.




2.2. Preparation of Sugarcane Bagasse Hydrolysate


Sugarcane bagasse was from Kumphawapi Sugar Factory, Udonthani, Thailand, during the 2018/19 sugarcane harvesting season. The moisture content of the bagasse was 9.12 ± 0.13%. Sodium hydroxide (NaOH) pretreatment was employed to remove lignin. In a closed container, sugarcane bagasse at 15% (w/v) submerged in 2 M NaOH was heated in an autoclave at 96 °C for 116 min. The solid fraction was washed with tap water until the wash water was approximately pH 7.0. It was then oven-dried at 60 °C. The moisture content of the pretreated bagasse was 0.95 ± 0.22%.



In the hydrolysis step to obtain bagasse hydrolysate, 40 FPU/g of Cellic CTec2 (Novozymes, Copenhagen, Denmark) was used to hydrolyze 15% (w/v) of pretreated bagasse in 0.05 M sodium citrate buffer pH 4.8 [27]. The mixture was incubated in a water bath at 50 °C with constant mixing for 3 days. The slurry was placed in boiling water for 10 min to stop the reaction. It was filtered through Whatman No.1 filter paper to separate the liquid fraction (hydrolysate). The hydrolysate was stored at −20 °C until used.



Sugarcane bagasse hydrolysate prepared by this procedure consisted of 132.81 ± 2.73 g/L of reducing sugar, in which 93.05 ± 1.20 g/L was glucose and 25.88 ± 2.20 g/L was xylose. The hydrolysate was sent to Central Laboratory (Thailand) Co., Ltd. for its nitrogen content analysis. The company employed AOAC (2019) 981.10 method for the analysis.




2.3. Yeast Cultivation and Media Used for Lipid Production


The inoculum for all cultivations was prepared by inoculating single colonies (<2 weeks old) into 100 mL of YM broth, which consisted of the same composition as explained above but without agar. The culture was incubated at 30 °C with orbital shaking at 200 rpm for 24 h. In a 250-mL baffled Erlenmeyer flask, 10% of the inoculum was transferred into 100 mL of media. The culture was incubated under the same conditions (30 °C with orbital shaking at 200 rpm). The initial cell optical density of the cultures was in the range of 2.162 ± 0.237 to 2.801 ± 0.378.



Three types of cultivation media were used in this study: hydrolysate media, glycerol media, and mixed media. They were prepared by mixing the carbon source (hydrolysate, glycerol, or mixture of hydrolysate and glycerol) with a solution of supplementing ingredients at a volume ratio of 95:5. The supplementing components were NH4Cl, yeast extract, KH2PO4, and MgSO4∙7H2O. The pH of the medium was adjusted to pH 7.5 using NaOH and H2SO4. Cultivations were carried out at 30 °C with orbital shaking at 200 rpm.



2.3.1. Assessing Yeast’s Ability on Glycerol Use


R. glutinis TISTR 5159 was cultured in hydrolysate medium, pure glycerol medium, and hydrolysate mixed with glycerol (70:30 (% v/v)) medium. Glycerol used in this study was analytical grade with 99.5% purity (KA241, Kemaus, Cherrybrook, NSW, Australia). In all media, the C/N, C/P, and C/S molar ratios were adjusted to 42.4, 7854, and 1419, which were the value of non-supplemented hydrolysate. In addition, the concentration of carbon sources in all media was 3.93 molars. The concentration was the combined molar concentrations of glucose and xylose in the hydrolysate.



In the glycerol media and hydrolysate mixed with glycerol media, yeast extract was the primary nitrogen source, with no greater than 1.5 g/L being used. NH4Cl was used as an additional nitrogen source in order to meet the nitrogen requirements for a particular C/N molar ratio.




2.3.2. Varying C/N Molar Ratio in the Hydrolysate-Based Media


(1) Varying C/N molar ratio by considering endogenous nitrogen in the hydrolysate



The C/N molar ratios of the media varied at 17, 25, 42, 51, 81, and 116. The ratio of 42.4 was the C/N ratio of the bagasse hydrolysate without any supplementation. The C/P and C/S molar ratios were adjusted to 7854 and 1419, which were also the values in the non-supplemented hydrolysate. For C/N ratios higher than 42.4, glycerol was mixed with the hydrolysate and supplemented with 1.5 g/L of yeast extract as a nitrogen source. For C/N ratios lower than 42.4, the nitrogen source concentration was adjusted using 1.5 g/L of yeast extract with an appropriate amount of NH4Cl. This media preparation accounted for endogenous nitrogen in the hydrolysate.



(2) Varying the C/N molar ratio without considering endogenous nitrogen in the hydrolysate



This media preparation did not account for endogenous nitrogen in the hydrolysate. The C/N molar ratios of the hydrolysate varied at 8709, 348, 87, 58, and 27. These values corresponded to yeast extract supplemented with the hydrolysate at 0.01, 0.5, 1.0, 1.5, and 3.13 g/L.




2.3.3. Effect of Carbon Source Concentration on Growth and Lipid Production


In this experiment, glycerol was added to the bagasse hydrolysate to increase the carbon concentration in the media. Glycerol was added at 0, 5, 10, 15, 20, and 25% (v/v) of hydrolysate. The values of C/N, C/P, and C/S molar ratios were kept at 27, 7854, and 1419 by using yeast extract, KH2PO4, and MgSO4∙7H2O, respectively. The media were prepared by mixing hydrolysate, glycerol, and a solution of supplementing ingredients depending on the ratio of glycerol used. For example, in the medium with 25% (v/v) glycerol, the mixing volume ratios would be 70:25:5 for hydrolysate, glycerol, and solution of supplementary ingredients.




2.3.4. Varying Types of Nitrogen Sources


The nitrogen sources used in this experiment were analytical-grade yeast extract, urea, diammonium phosphate (DAP), and autolyzed yeast powder (YAP, generic, commercial grade). Hydrolysate and 10% (v/v) glycerol were combined to form a base medium. The nitrogen source was combined with the base medium in an amount that made a C/N ratio of 27. C/P and C/S ratios were adjusted to the values of 7854 and 1419 with KH2PO4, and MgSO4∙7H2O.





2.4. Analytical Methods


The samples were analyzed on the basis of carbon consumption and product formation. Carbon consumption included reducing sugar, glucose, xylose, and glycerol. The products of yeast cultivation included cell biomass and lipid.



The analysis of reducing sugar employed the 3,5-dinitrosalicylic acid method. Glucose, xylose, and glycerol concentrations were analyzed with HPLC (LC-20A, Shimadzu, Kyoto, Japan) equipped with an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) and a refractive index detector (RID-6A, Shimadzu, Japan). The column temperature was set to 60 °C. The mobile phase was 5 mM sulfuric acid running at a flow rate of 0.70 mL/min.



Cell biomass was analyzed by drying cell pellets at 105 °C in an oven for at least 16 h until they reached a constant weight. The dried pellets were weighed on an analytical balance, and cell dry weight (g/L) was calculated based on the volume used to prepare the cell pellets.



The lipid content of the yeast cell was determined using the method of Lamers et al. [28] with slight modification. Two mL of cell suspension containing 30 mg of dry cells were mixed with 0.5 mL of 50% NaOH. The mixture was incubated at 100 °C for 24 h. After cooling, 1.1 mL of 37% HCl was added to neutralize the content. The lipid was then extracted by adding 5 mL of ethyl acetate to the cell solution. After thorough mixing and phase separation, the top layer was transferred to a separate tube. The lower layer containing cell debris was re-extracted with ethyl acetate for another 2 rounds. The pooled fractions of the top layer were evaporated to remove ethyl acetate by heating at 70 °C in an oven for 24 h and weighed on an analytical balance. Total lipid concentration was the product of lipid content and cell dry weight.



Fatty acid profiles of the lipids were analyzed through FAME analysis by gas chromatography [29]. A sample was prepared by mixing 5 mg of extracted oil with 1 mL of 2.5% H2SO4 in methanol. The mixture was incubated at 90 °C for 45 min. Then, 1 mL of water and 2 mL of hexane were added and mixed using a vortex mixer for 5 min. After centrifugation at 2000 rpm for 15 min, the upper phase (n-hexane with FAMEs) was transferred to another tube for analysis. Analysis FAMEs in hexane was performed in GC (7890B GCGC-2014, Agilent Technologies Shimadzu, Japan) equipped with a flame ionization detector (FID). A capillary column (106273, Stabilwax Column, Restek, Bellefonte, PA, USA) was used in the analysis. The temperature of the detector and injector was 250 °C. The temperature cycle of the oven started at 150 °C, then raised to 240 °C at 5 °C/min, then held for 15 min. Helium was the carrier gas with constant pressure at 11 psi. The sample injection volume was 1 µL (split ratio 20:1). The FAME standard used was Marine Oil FAME Mix (Cat. No. 35066, Restek, USA).





3. Results and Discussion


3.1. Comparing Lipid Production by R. glutinis TISTR 5159 in Bagasse Hydrolysate and Glycerol


3.1.1. Growth, Substrate Consumption, and Lipid Production


Glycerol is a carbon source that oleaginous yeast can use in addition to sugars. This part of the study investigated the growth and lipid production performance of R. glutinis TISTR 5159 when cultured in hydrolysate, pure glycerol, and the mixture of hydrolysate and glycerol at 7:3 by volume (mixed medium). All media used had the fixed carbon (C) mole at 3.93 mol, which was equivalent to that in the bagasse hydrolysate. The C/N, C/P, and C/S molar ratios of glycerol and mixed media were adjusted to the same value at 42.4, 7854, and 1419. These values were equivalent to those in the hydrolysate.



The results in Table 1 show that R. glutinis TISTR 5159 has the potential to use glycerol for growth and lipid production. However, compared to hydrolysate, glycerol medium resulted in inferior growth and lipid production. When glycerol was used as the sole carbon source, the concentration of biomass and lipid content was reduced by half.



In the medium where hydrolysate and glycerol were mixed, the final biomass concentration was 60% higher when compared to that using the hydrolysate alone. Lipid content also increased by 26.7%, leading to higher lipid production. Enhanced growth and lipid production in mixed medium were also reported in Rhodosporidiobolus fluvialis DMKU-SP314 [23].



By monitoring changes in carbon sources (sugars in hydrolysate and glycerol), it was evident that the fermentation did not complete after 144 h (Figure 1). Regardless of the incomplete use of carbon sources, the obtained data indicate some key fermentation characteristics. Consumption of glucose, xylose, and glycerol occurred simultaneously. Without the addition of any nitrogen source, R. glutinis TISTR 5159 used more than half of the sugars in the hydrolysate within 144 h (Table 2). In glycerol medium and mixed medium, in which the C/N, C/P, and C/S ratios were adjusted to the desired values, the carbon source consumption rates (as indicated by the slopes in Figure 1 had similar patterns and were not much different. Low growth and lipid production in glycerol medium was due to low glycerol consumption, as specified in Table 2. In a mixed hydrolysate–glycerol medium, the yeast benefited from better consumption of sugars and glycerol, resulting in higher growth and lipid production, as mentioned earlier.



Although similar carbon source use was evident in the hydrolysate and mixed media, growth and lipid yield based on carbon source concentrations was highest in mixed media. Distinctly higher lipid yield in the mediums containing hydrolysate sugars and glycerol could be the synergistic results of the two substrates. According to the lipid synthesis pathway, triglyceride synthesis requires Acyl-CoA and glycerol 3-phosphate (G-3-P), synthesized from sugars [30,31]. If glycerol is present as a substrate, it can directly enter the pathway to form G-3-P. Direct glycerol assimilation can leave the G-3-P in the glycolysis pathway to form pyruvate and Acyl-CoA in the subsequent stage. These results reveal a positive effect of glycerol as a supplement to the hydrolysate media that could be helpful in upcoming experiments aimed at increasing the carbon sources in sugarcane bagasse hydrolysate medium in order to increase microbial lipid production.



This experiment was designed such that the medium’s C/N ratio was the same, at 42, by considering the nitrogen content in the hydrolysate (In + Ex in Table 2). We expected the lipid accumulation to be the same, as a result of the similar C/N ratio. Due to these unanticipated results, we recalculated the C/N ratio based only on the external nitrogen source supplied (Ex in Table 2). The results were as expected: lipid accumulation (content) increased with increasing C/N ratio [23,32,33]. In addition to high lipid accumulation, high cell growth was another requirement in producing lipids at high concentrations. Enough nitrogen sources were essential for growth [34]. Separate experiments in the next section investigate the effects of the C/N ratio, both accounting for and not accounting for nitrogen in the hydrolysate.




3.1.2. Lipid Profiles from Different Carbon Sources


The fatty acid compositions obtained from the fermentation of R. glutinis 5159 in media with different carbon sources showed that palmitic acid (C16:0) and 18-atom carbon fatty acids accounted for the majority of fatty acids (Table 3). Oleic acid (C18:1) was the main fatty acid found in the cultivation of sugar-based substrate (bagasse hydrolysate), followed by palmitic acid (C16:0). Both fatty acids constituted over 80% of the fatty acids in the lipid product. These results were similar to those reported in Rhodotorula paludigena CM33 and Rhodotorula glutinis R4 [32,35].



The distribution of fatty acids in the yeast changed when cultivated in glycerol media. While the palmitic acid (C16:0) content remained similar to that in the sugar-based medium, the distribution of fatty acids with 18-atom carbon was different. Approximately half of the oleic acid (C18:1) shifted into linoleic acid (C18:2). More alpha-linolenic acid (C18:3) was produced, while stearic acid (C18:0) decreased by half. The increasing and decreasing values of the C18:3 and C18:0 seemed to be related. An increase in the linoleic acid fraction in the lipid when cultivated in glycerol media has also been reported in other Rhodotorula spp. [32].



In the mixed hydrolysate–glycerol medium, the distribution of the fatty acids was between those of both sugars and glycerol substrates. Lower fractions of oleic acid (C18:1) with higher fractions of linoleic acid (C18:2) and alpha-linolenic acid (C18:3) were evident when compared with those of the sugar-based medium. The percentages of the three fatty acids were closer to those of the hydrolysate medium and could occur as a result of higher sugar use compared with the glycerol used (Table 2). It is important to note that the lipid for biodiesel production should ideally contain a high proportion of palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2) with suitable amounts of polyunsaturated fatty acids [36].



The fatty acid profiles in Table 3 were used to estimate the main physicochemical fuel properties of biodiesels from microbial lipids produced from different substrates using the online program BiodieselAnalyzer© (http://brteam.org/biodieselanalyzer accessed on 12 May 2022). The estimated properties presented in Table 4 are given alongside a comparison with the EN14212 standard for FAME used in Europe.



The fatty acid types in FAME followed the fatty acid profiles reported in Table 3, where SFA was similar regardless of the media used in lipid production. FAME from lipids produced when the culture media contained glycerol tended to result in a higher fraction of PUFA. For the regulated properties, FAME from the microbial lipids produced from all media met the standard required, except that derived from glycerol medium, where the oxidation stability (OS) was lower than the specification, regardless of the iodine value (IV) within the standard. Iodine value is a measure of unsaturated oils and fats. Although it could have some relation to oxidative stability, no direct relationship was confirmed [37]. Another point of note is the cetane number (CN). Although the estimated values of CN from all lipid origins complied with the standard, the value derived from lipids from glycerol medium just passed the lower value of 51. It has been claimed that high SFA in FAME results in high CN [38]. However, the difference in this study seemed to be the different fraction of unsaturated fatty acids, causing lower CN values in FAME obtained from glycerol-derived lipids.





3.2. Effect of C/N Molar Ratio on Growth and Overall Lipid Production by R. glutinis TISTR 5159


This part of the study investigated the varying C/N molar ratio in the media using two approaches. In the first approach, the C/N molar ratio calculation included endogenous nitrogen in the hydrolysate. The C/N molar ratio varied at values higher and lower than 42, which was the value of the non-supplemented hydrolysate, by adding nitrogen sources (to decrease C/N) and/or glycerol (to increase C/N). In the second approach, the C/N molar ratio calculation excluded the endogenous nitrogen of the hydrolysate. The ratios were calculated based on the addition of yeast extract to the hydrolysate.



3.2.1. Varying C/N Molar Ratio by Adding Nitrogen Sources or Glycerol (Accounting for Endogenous Nitrogen in the Hydrolysate)


In this experiment, the C/N molar ratio calculation included the endogenous nitrogen in the hydrolysate. The hydrolysate was the base medium with its C/N ratio of 42 as the base (central) value. The results in Figure 2 show the importance of the amount of nitrogen in lipid production. By adding nitrogen sources (lower C/N ratios), higher cell concentrations of 30.77 ± 0.27 g/L and 26.29 ± 2.05 g/L resulted (Figure 2a). While too much nitrogen diminished the lipid accumulation (Figure 2b), a suitable amount balanced cell growth and lipid accumulation, resulting in a high overall lipid production of 14.83 ± 1.94 g/L (Figure 2c).



Increasing C/N ratios by adding glycerol decreased the lipid production of the yeast (Figure 2c). The decrease was the result of lower lipid accumulation and cell growth (Figure 2a,b). The carbon source use results in Table 5 showed that poor carbon source use could inevitably cause the low cell dry weight and lipid production. Increasing in volume fraction of glycerol markedly increased the carbon source concentration. While overall glycerol use was similar at around 58 g/L, lesser glucose and xylose were used during the 10-day fermentation period. The smaller use of glucose and xylose at high carbon source concentrations due to glycerol was an indication of substrate inhibition on substrate uptake, which was also reported in Cryptococcus curvatus, Rhodotorula minuta, R. glutinis and Trichosporon oleaginosus [24,39,40]. Although studies on glycerol uptake in non-Saccharomyces yeast strains have not been well established [41], the glycerol uptake in R. glutinis TISTR 5159 could be constitutive through an active-transport system to ensure that the cells maintain their integrity by balancing the intracellular osmolarity against the environment [42].



The lipid yields shown in Table 5 follow the same trends as the lipid content (Figure 2b). The values were the highest when C/N molar ratios were between 25 and 51, the values accounting for nitrogen in the hydrolysate (In + Ex). The biomass yields clearly showed higher values when higher fractions of nitrogen than carbon sources were supplied or present in the media. For the hydrolysate, although the lipid content, lipid yield, and cell yield were comparable to those with added nitrogen sources, low cell growth resulted in low lipid production. These results emphasize the need for the addition of a nitrogen source to achieve high lipid production.



Based on the above conclusion, C/N molar ratios were re-calculated to use only the nitrogen from the added sources in the calculation. The revised values ranged from 28 to 232 (Ex in Table 5). According to these newly calculated values, suitable C/N molar ratios for lipid production by R. glutinis TISTR 5159 are between 61 and 118. However, the degree of carbon source use should be determined carefully, as worse carbon use occurs at higher C/N ratios.



The fatty acid content of the lipid produced in different media (Figure 3) showed similar profiles when hydrolysate was the sole carbon source, with oleic acid (C18:1) being the major fatty acid. With added glycerol, more stearic acid (C18:0) was produced, with a lesser fraction of oleic acid present. Linoleic acid (C18:2) increased slightly as glycerol fraction increased.




3.2.2. Vary C/N Ratio of Hydrolysate Medium by Adding Yeast Extract


In this experiment, the calculations for the C/N molar ratios of hydrolysate did not include the nitrogen already present in the hydrolysate. Since the results in Section 3.2.1 suggested that adding a nitrogen source was necessary to support good growth for better lipid production, the C/N molar ratio of the hydrolysate media was varied by adding different amounts of yeast extract (yeast extract contained 0.043 mol/g of nitrogen).



The results in Figure 4a show increases in cell growth with decreasing C/N molar ratio (more nitrogen added). The highest biomass of 29.64 ± 1.61 g/L resulted in a medium with a C/N ratio of 27. The lipid contents remained relatively unchanged over the range of the C/N ratios used in this study, where the values were between 51.62 ± 0.87%–54.61 ± 0.71% (Figure 4b). As a result of high biomass and lipid content, the highest lipid production was at a C/N ratio of 27, where the lipid obtained was 15.17 ± 0.60 g/L (Figure 4c).



The high cell and lipid concentrations obtained from the C/N molar ratio of 27 were clearly due to the complete use of carbon sources (glucose and xylose) in the hydrolysate (Table 6). In addition, lipid and biomass yields also increased with an increasing amount of yeast extract used.



The results of this part of the study contradict those reported by many studies. High lipid accumulation generally occurs in media with high C/N ratios for many oleaginous yeasts, including Trichosporon dermatis 32903, Rhodosporidium toruloides DSMZ 4444, Lipomyces starkeyi where the values of the ratios ranged between 72 and 140 [16,43,44]. Regardless of the general suggestion of high lipid accumulation under high-C/N conditions, our results concurred with another report using R. glutinis BCRC 22360 cultivated under a C/N of 30, where 58.5% lipid accumulation occurred [45].



As we were interested in obtaining a high lipid concentration in this study, high lipid content had to be achieved alongside a high cell concentration. The yeast required a high enough nitrogen source to achieve better growth. We speculated that high lipid accumulation at low C/N ratios (high nitrogen) was due to the significant requirement of a nitrogen source for cell growth. Ammonia is the end-product of all of the nitrogen sources available to the yeast cells, and acts as an intermediate between degradative and biosynthetic pathways [46]. Higher cell growth in media with a high nitrogen source could cause the nitrogen supplied in the media to plummet to the point where the cells need to produce ammonia through the lipid accumulation pathway. In this pathway, citrate was relocated to outside the mitochondria and produced malate, which was transported back into the mitochondria to complete the TCA cycle [30].



In terms of fatty acid composition, since hydrolysate was the sole carbon source in the cultivation, the fatty acid profiles from all conditions followed the same pattern (Figure 5). Oleic acid (C18:1) was the major fatty acid contributing 40.4–45.0%, followed by palmitic acid (C16:0) at 20.0–30.9%. Smaller but distinct fractions of other fatty acids included stearic acid (C18:0) at 10.9–14.9% and linoleic acid (C18:2) at 8.7–11.4%.





3.3. Effect of Increasing Carbon Source Concentration by Addition of Glycerol on Lipid Production


As we were interested in using sugarcane bagasse hydrolysate in its original form, i.e., with no concentration, glycerol was investigated as a potential co-substrate for increasing lipid production by R. glutinis TISTR 5159. The results in Table 5 indicate that glycerol could be a potential substrate with a suitable amount of nitrogen and culture conditions. For the cultivation, the base medium was bagasse hydrolysate, with up to 25% v/v glycerol added to increase the carbon source concentration. The C/N molar ratio was adjusted using yeast extract to obtain a value of 27, which was the value that resulted in high growth and lipid production according to the previous section.



The results in Figure 6 demonstrated that adding glycerol to increase the carbon source concentration improved the growth and lipid production by the yeast. The lipid concentration increased from 11.35 ± 1.27 g/L with no glycerol to 16.65 ± 0.00 g/L and 19.57 ± 0.53 g/L when the hydrolysate was mixed with 5% and 10% v/v of glycerol. However, the hydrolysate mixed with over 10% v/v of glycerol worsened lipid production (Figure 6c). The decrease in lipid production was the combined result of lower cell growth and lipid content in the cell, as demonstrated in Figure 6a,b.



In this part of the study, the amount of the nitrogen source (yeast extract) was proportional to the increased carbon source. Reduced growth at high glycerol, as indicated by a decrease in cell yield (Table 7), was most likely due to an inhibition effect caused by high osmotic pressure resulting from high substrate concentrations in the media. The carbon source profiles in Figure 7 also reflect this point. Faster sugar use was evident in the media with a lower mix of glycerol. Although glucose was exhausted in all media, xylose remained in the medium with the highest glycerol. The inhibition effect was also reported in Trichosporon fermentans and Rhodosporidium paludigenum [47,48]. In addition, mixing the hydrolysate with glycerol also diluted any possible inhibitors present in the hydrolysate and reduced their effect on the yeast growth. Lower lipid accumulation (lipid content) in the cells could indicate that the cells needed carbon sources for cell maintenance, since the cell and lipid yields decreased as the percentage of glycerol in the media increased (Table 7 and Figure 7).



Glycerol use notably appeared unaffected by high substrate concentration, except at a very high concentration, with 25% glycerol mixed with the hydrolysate. The profiles in Figure 7c showed an almost identical trend in glycerol use. Although simultaneous glycerol use to sugar use was evident, the use rate (as indicated by the slopes) was faster when sugars were depleted or near depletion.



Following the results on lipid production, mixing 10% v/v of glycerol with the bagasse hydrolysate was the most appropriate mixture, as it resulted in the highest lipid production. Although glycerol use was not complete, there was the possibility of enhancing the glycerol use, and hence lipid production, when upscaling with an appropriate aeration instrument.



The fatty acid composition of lipids produced by R. glutinis TISTR 5159 from hydrolysate mixed with glycerol under the C/N molar ratio of 27 is reported in Figure 8. Increasing the amount of glycerol in the media resulted in a decrease in oleic acid (C18:1) with a proportional increase in linoleic acid (C18:2).




3.4. Growth and Lipid Production of R. glutinis TISTR 5159 in Different Nitrogen Sources


This part of the study aimed to evaluate common nitrogen sources for lipid production by the yeast R. glutinis TISTR 5159. Nitrogen sources investigated included AR-grade yeast extract (YE (AR), RM027, Himedia, Maharashtra, India), urea (U6006-1-0500, QReC, New Zealand), diammonium phosphate (DAP, U3008-1-0500, QreC, New Zealand), ammonium chloride (NH4Cl, KA32, Kemaus, Cherrybrook, NSW, Australia), and commercial grade autolyzed yeast powder (AYP). The carbon sources in the media were sugarcane bagasse hydrolysate mixed with 10% v/v of glycerol. A medium had the C/N molar ratio adjusted to 27 by adding an appropriate among of each nitrogen source.



The results shown in Figure 9 demonstrate that nitrogen sources in the media affected the growth and lipid production of R. glutinis TISTR 5159. Organic nitrogen sources, i.e., YE (AR) and AYP, resulted in significantly higher growth, lipid accumulation, and overall lipid production when compared with inorganic nitrogen sources in the study. When using AYP and YE (AR), the highest cell concentrations of 41.98 ± 0.17 g/L and 38.03 ± 0.35 g/L resulted. Organic nitrogen sources were more suitable for growth under nitrogen limitation conditions as they contained some amino acids and vitamins that helped support cell growth [23,49].



Nitrogen sources also affected lipid content (Figure 9b). Using yeast extract (AR) resulted in the highest lipid content of 45.90 ± 2.29% (w/w). The lipid content from using AYP was close and insignificantly different from its organic counterpart at 44.72 ± 0.58% (w/w). However, when using urea and inorganic nitrogen sources, the lipid contents were significantly lower, ranging from 36.02% to 39.62%.



Lipid production followed the trend of cell dry weight, where using YE (AR) and AYP resulted in the highest lipid production of 17.45 ± 0.71 g/L and 18.77 ± 0.32 g/L (Figure 9c). Significantly lower lipid was evident when using urea and inorganic nitrogen sources with concentrations of 15.00 ± 0.92 g/L and lower.



In addition to the fermentation performance, the cost of nitrogen sources required for the fermentation was also evaluated. The estimation was based on the retail price of the nitrogen sources purchased for use in this study, the amount used, and the resulting lipid obtained from the fermentation. The results in Table 8 reveal that DAP was the most expensive nitrogen source, while urea was the cheapest per gram of lipid produced.



The higher cost with AYP as the nitrogen source was due to the much higher amount used to obtain the desired nitrogen level in the media. AYP used in this experiment was the autolyzed yeast with cell debris. A much higher amount was required to obtain the same nitrogen content as the AR-grade yeast extract.



Regardless of the lower cost per gram of lipid when using urea as the nitrogen source, we selected the AR-grade yeast extract as the promising nitrogen source. The reason for choosing AR-grade yeast extract was that there could be a future replacement of this nitrogen source. With the promotion of a bio- and circular economy, waste yeast from breweries or bioethanol plants could be reused or even made into yeast extract to replace AR-grade yeast extract.





4. Conclusions


Glycerol addition was a promising way of improving microbial lipid production from unconcentrated sugarcane bagasse hydrolysate by oleaginous yeast. The endogenous nitrogen content of the hydrolysate was able to support cell growth and lipid production, but to a limited extent. For R. glutinis TISTR 5159, high lipid accumulation (content) was achieved over a wide range of C/N ratios. Therefore, high growth was essential to achieving high lipid production, which was possible by cultivation in a medium with a high concentration of organic nitrogen (low C/N ratio). Glycerol addition at 10% v/v of the unconcentrated hydrolysate supplemented with yeast extract increased lipid production by 2.8-fold.
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Figure 1. Sugars and glycerol profiles in cultivation of R. glutinis 5159 in hydrolysate (HDL), glycerol (GLY) and hydrolysate mixed with glycerol (HDL + GLY). 
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Figure 2. Cell dry weight (a), lipid content (b) and lipid concentration (c) when culturing R. glutinis TISTR 5159 in hydrolysate with different C/N molar ratios adjusted by addition of nitrogen sources (YE/NH4Cl) or glycerol (G), where C/N of 42 represents the hydrolysate (H). Numbers in front of the letters indicate the mixing volume ratio of hydrolysate and glycerol in the media. Different letters above the bars indicated significant differences in mean values at 95% confidence level. 
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Figure 3. Fatty acid profiles when culturing R. glutinis TISTR 5159 in media with different C/N molar ratios based on addition of nitrogen sources (YE/NH4Cl) or glycerol (G), where the central value (42) represents C/N in the hydrolysate (H). Numbers in front of the letters indicate the mixing volume ratio of the hydrolysate and glycerol in the media. 
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Figure 4. Cell dry weight (a), lipid content (b), and lipid concentration (c) when culturing R. glutinis TISTR 5159 in bagasse hydrolysate with different C/N molar ratios obtained by adding yeast extract. Different letters above the bars indicated significant differences in mean values at 95% confidence level. 
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Figure 5. Fatty acid profiles of lipids obtained from culturing R. glutinis TISTR 5159 in bagasse hydrolysate with different C/N molar ratios obtained from varying amount of yeast extract in the media. 
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Figure 6. Cell dry weight (a), lipid content (b) and lipid concentration (c) when culturing of R. glutinis TISTR 5159 in hydrolysate at a C/N molar ratio of 27 while varying the carbon concentration using glycerol at 30 °C with orbital shaking at 200 rpm. Different letters above the bars indicated significant differences in mean values at 95% confidence level. 
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Figure 7. Profiles of carbon sources used in cultivation of R. glutinis TISTR 5159 in bagasse hydrolysate mixed with various amount of glycerol. 
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Figure 8. Fatty acid profiles when culturing R. glutinis TISTR 5159 in sugarcane bagasse hydrolysate mixed with various amount of glycerol. 
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Figure 9. Cell dry weight (a), lipid content (b) and lipid concentration (c) when culturing R. glutinis TISTR 5159 in bagasse hydrolysate mixed with 10% glycerol at C/N molar ratio of 27 in different nitrogen sources for 192 h. Different letters above the bars indicated significant differences in mean values at 95% confidence level. 
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Table 1. Cell dry weight, lipid content, and lipid concentration when culturing R. glutinis TISTR 5159 in hydrolysate (HDL), glycerol (GLY) and hydrolysate mix with glycerol (HDL + GLY) at 30 °C with orbital shaking at 200 rpm for 144 h.
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	Media
	Biomass (g/L)
	Lipid Content (%)
	Lipid Concentration (g/L)





	HDL
	15.70 ± 0.49 b
	26.06 ± 1.41 b
	4.09 ± 0.09 b



	GLY
	7.20 ± 0.19 c
	12.06 ± 0.67 c
	0.87 ± 0.03 c



	HDL + GLY
	25.15 ± 0.35 a
	33.03 ± 0.04 a
	8.31 ± 0.13 a







Results are average values from two replicates. Superscripted letters are used to compare the data in the same row. The same letter indicates that the values are not significantly different at 95% confidence levels.
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Table 2. Carbon use, yield of lipid and cell when cultivation of R. glutinis 5159 in hydrolysate (HDL), glycerol (GLY) and hydrolysate mix with glycerol (HDL+GLY) at 30 °C with orbital shaking at 200 rpm for 144 h.
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Media *

	
C/N Molar Ratios **

	
Initial C Source (g/L)

(% Used, Individual)

	
Total C

Source Used

(%)

	
Yp/s#

(g/g)

	
Yx/s#

(g/g)




	
In + Ex

	
Ex

	
Glucose

	
Xylose

	
Glycerol

	

	






	
HDL

	
42

	
-

	
85.33

(73%)

	
23.47

(45%)

	
-

	
66.88

	
0.06

	
0.22




	
GLY

	
42

	
42

	
-

	
-

	
119.29

(21%)

	
21.28

	
0.03

	
0.28




	
HDL + GLY

	
42

	
141

	
73.61

(46%)

	
14.06

(53%)

	
37.37

(42%)

	
62.95

	
0.12

	
0.37








* HDL, hydrolysate medium. GLY, glycerol medium. HDL + GLY, 70% (v/v) hydrolysate mixed with 30% (v/v) glycerol medium. ** In + Ex = C/N molar ratio when calculation of nitrogen content included endogenous nitrogen in hydrolysate; Ex = C/N molar ratio when calculation of nitrogen content only from nitrogen added to hydrolysate. # Yields from overall carbon source (glucose, xylose and glycerol) concentration used.
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Table 3. Fatty acid composition of lipids when cultivated from R. glutinis 5159 in hydrolysate, glycerol, and hydrolysate mixed with glycerol at 30 °C with orbital shaking at 200 rpm for 144 h.






Table 3. Fatty acid composition of lipids when cultivated from R. glutinis 5159 in hydrolysate, glycerol, and hydrolysate mixed with glycerol at 30 °C with orbital shaking at 200 rpm for 144 h.





	
Percent of

Fatty Acid (%)

	
Media




	
Hydrolysate

	
Glycerol

	
Hydrolysate + Glycerol






	
C14:0

	
1.1 ± 0.4 b

	
2.2 ± 0.0 a

	
1.2 ± 0.1 b




	
C14:1

	
0.1 ± 0.1 a

	
0.1 ± 0.1 a

	
0.3 ± 0.4 a




	
C16:0

	
25.2 ± 2.5 a

	
28.2 ± 1.6 a

	
24.5 ± 1.8 a




	
C16:1

	
0.1 ± 0.1 b

	
2.6 ± 0.4 a

	
2.2 ± 0.1 a




	
C18:0

	
8.9 ± 1.8 a

	
4.2 ± 1.0 b

	
8.4 ± 0.3 a




	
C18:1

	
56.0± 0.9 a

	
23.8 ± 0.0 c

	
48.5 ± 1.2 b




	
C18:2

	
8.1 ± 1.9 b

	
33.8 ± 4.3 a

	
11.4 ± 0.3 b




	
C18:3

	
0.1 ± 0.1 b

	
4.4 ± 1.3 a

	
2.8 ± 0.8 a




	
C20:0

	
0.3 ± 0.0 a

	
0.0 ± 0.0 a

	
0.1 ± 0.2 a








Results are average values from two replicates. Superscripted letters are used to compare data in the same row. The same letter indicates that the values are not significantly different at 95% confidence levels.
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Table 4. Biodiesel properties estimated by BiodieselAnalyzer© program using fatty acid profiles of the lipid from R. glutinis 5159 cultivated in hydrolysate, glycerol, and hydrolysate mixed with glycerol media.






Table 4. Biodiesel properties estimated by BiodieselAnalyzer© program using fatty acid profiles of the lipid from R. glutinis 5159 cultivated in hydrolysate, glycerol, and hydrolysate mixed with glycerol media.





	
Biodiesel Properties

	
Media Used for Lipid Production

	
B100 Specification (EN14212)




	
Hydrolysate

	
Glycerol

	
Hydrolysate + Glycerol






	
SFA

	
35.40

	
34.60

	
34.20

	
-




	
MUFA

	
56.10

	
26.40

	
50.70

	
-




	
PUFA

	
8.20

	
38.20

	
14.20

	
-




	
DU

	
72.50

	
102.80

	
79.10

	
-




	
SV

	
203.24

	
204.50

	
202.56

	
-




	
CN

	
58.44

	
51.11

	
56.57

	
>51 (ASTM D613)




	
IV

	
65.40

	
97.26

	
74.12

	
<120 (EN14111)




	
LCSF

	
7.17

	
4.92

	
6.75

	
-




	
CFPP

	
6.05

	
1.02

	
4.73

	
Report




	
CP

	
8.26

	
9.84

	
7.90

	
Report




	
PP

	
2.15

	
3.86

	
1.75

	
-




	
APE

	
72.40

	
100.20

	
76.90

	
-




	
BAPE

	
8.70

	
42.60

	
17.20

	
-




	
OS

	
16.97

	
5.68

	
10.90

	
>10 (EN 15751)




	
HHV

	
39.39

	
39.04

	
39.11

	
-




	
υ

	
3.99

	
3.62

	
3.86

	
3.5 to 5.0 (ASTM D 1298)




	
ρ

	
0.87

	
0.87

	
0.87

	
0.86 to 0.90 (ASTM D 445)








SFA: Saturated Fatty Acid (%), MUFA: Mono Unsaturated Fatty Acid (%), PUFA: Poly Unsaturated Fatty Acid (%), DU: Degree of Unsaturation, SV: Saponification Value (mg/g), CN: Cetane Number, IV: Iodine Value, LCSF: Long Chain Saturated Factor, CFPP: Cold Filter Plugging Point (°C), CP: Cloud Point (°C), PP: Pour Point (°C), APE: Allylic Position Equivalent, BAPE: Bis-Allylic Position Equivalent, OS: Oxidation Stability (h), HHV: Higher Heating Value (MJ/kg), υ: Kinematic Viscosity (mm2/s), ρ: Density (g/cm3).
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Table 5. Carbon source use, lipid yield and cell yield when cultivating R. glutinis TISTR 5159 for a maximum of 10 days in the bagasse hydrolysate with C/N molar ratio adjusted by adding yeast extract and NH4Cl or glycerol.
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Media *

	
C/N Molar Ratios **

	
Initial C Source (g/L)

(% Used, Individual)

	
C Source Use

	
Yp/s#

(g/g)

	
Yx/s #

(g/g)




	
In + Ex

	
Ex

	
Glucose

	
Xylose

	
Glycerol

	
(%)

	

	






	
H + YE + NH4Cl

	
17

	
28

	
68.54

(99%)

	
21.68

(100%)

	
-

	
99.45

	
0.11

	
0.34




	
H+YE

	
25

	
61

	
72.73

(99%)

	
17.15

(75%)

	
-

	
93.48

	
0.16

	
0.29




	
H %

	
42

	
-

	
45.90

(62%)

	
8.58

(37%)

	
-

	
55.70

	
0.13

	
0.21




	
90H + 10G + YE

	
51

	
118

	
60.96

(98%)

	
14.38

(73%)

	
21.43

(17%)

	
47.42

	
0.15

	
0.26




	
80H + 20G + YE

	
81

	
175

	
39.30

(66%)

	
5.82

(34%)

	
35.07

(14%)

	
24.42

	
0.05

	
0.15




	
70H + 30G + YE

	
116

	
232

	
17.17

(35%)

	
4.81

(33%)

	
46.29

(13%)

	
16.84

	
0.01

	
0.07








* For composition of media: H = hydrolysate, YE = 1.5 g/L of yeast extract and NH4Cl = 3.7 g/L of NH4Cl, the number is the ratio of components in the mixed medium between hydrolysate and glycerol. ** In + Ex = C/N molar ratio when calculating it on the basis of the nitrogen source in hydrolysate and nitrogen supplement; Ex = C/N molar ratio when calculating it on the basis of only the nitrogen supplement. # Yields from overall carbon in use in media. % Final sample was prematurely harvested. Sugar use was expected to continue to completion.
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Table 6. Carbon source use, lipid yield and cell yield when cultivating R. glutinis TISTR 5159 for a maximum of 10 days in the bagasse hydrolysate with C/N molar ratio adjusted by adding yeast extract.
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Yeast Extract

(g/L)

	
C/N Molar Ratios

	
Initial C Source (g/L)

(% Used, Individual)

	
C Source Use

	
Yp/s#

(g/L)

	
Yx/s #

(g/L)




	
Glucose

	
Xylose

	
(%)






	
0.01

	
8709

	
58.32

(77%)

	
11.91

(51%)

	
70.67%

	
0.10

	
0.19




	
0.5

	
348

	
70.01

(92%)

	
14.60

(63%)

	
85.47%

	
0.10

	
0.19




	
1.0

	
87

	
68.85

(94%)

	
18.08

(74%)

	
88.61%

	
0.12

	
0.23




	
1.5

	
58

	
70.97

(99%)

	
19.42

(86%)

	
96.30%

	
0.13

	
0.25




	
3.13

	
27

	
67.94

(99%)

	
22.54

(100%)

	
99.72%

	
0.17

	
0.33








# Yields from overall carbon in use in media.
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Table 7. Carbon source use, lipid yield and cell yield when cultivating R. glutinis TISTR 5159 for 8 days in the bagasse hydrolysate mixed with glycerol at C/N molar ratio of 27.






Table 7. Carbon source use, lipid yield and cell yield when cultivating R. glutinis TISTR 5159 for 8 days in the bagasse hydrolysate mixed with glycerol at C/N molar ratio of 27.





	
Glycerol Concentration

(%)

	
Initial C Source (g/L)

(% Used, Individual)

	
C Source Use

	
Yp/s#

(g/g)

	
Yx/s#

(g/g)




	
Glucose

	
Xylose

	
Glycerol

	
(%)






	
0

	
73.08

(100%)

	
24.27

(100%)

	
-

	
100

	
0.12

	
0.26




	
5

	
70.64

(100%)

	
22.60

(100%)

	
40.58

(74%)

	
92

	
0.14

	
0.30




	
10

	
68.30

(100%)

	
20.91

(99%)

	
85.72

(44%)

	
73

	
0.15

	
0.31




	
15

	
65.48

(100%)

	
20.43

(96%)

	
131.23

(28%)

	
56

	
0.11

	
0.26




	
20

	
60.81

(100%)

	
20.06

(91%)

	
172.91

(23%)

	
47

	
0.07

	
0.19




	
25

	
58.15

(100%)

	
19.32

(76%)

	
224.22

(12%)

	
33

	
0.05

	
0.14








# Yields from overall carbon in use in media.
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Table 8. Comparing the cost of nitrogen sources for lipid production.






Table 8. Comparing the cost of nitrogen sources for lipid production.





	
N Source

	
Lipid Produced

	
Cost of Nitrogen Source *




	

	
(g/L)

	
(bht/100 g)

	
(bht/Lmedium)

	
(bht/glipid)






	
YE (AR)

	
17.45

	
250.40

	
16.03

	
0.92




	
NH4Cl

	
12.75

	
75.00

	
11.01

	
0.86




	
AYP

	
18.70

	
92.00

	
22.97

	
1.22




	
Urea

	
15.50

	
89.00

	
7.33

	
0.49




	
DAP

	
13.35

	
126.40

	
22.90

	
2.02








* Calculation based on retail price as purchase for use in this study.
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