[image: image1]Evaluation of Euglena gracilis 815 as a New Candidate for Biodiesel Production

		ORIGINAL RESEARCH
published: 25 March 2022
doi: 10.3389/fbioe.2022.827513


[image: image2]
Evaluation of Euglena gracilis 815 as a New Candidate for Biodiesel Production
Zixi Chen1†, Yehua Chen1†, Hua Zhang1,2, Huan Qin1, Jiayi He1, Zezhou Zheng1, Liqing Zhao3, Anping Lei1 and Jiangxin Wang1*
1Shenzhen Key Laboratory of Marine Bioresources and Eco-environmental Science, Shenzhen Engineering Laboratory for Marine Algal Biotechnology, Guangdong Provincial Key Laboratory for Plant Epigenetics, College of Life Sciences and Oceanography, Shenzhen University, Shenzhen, China
2Shenzhen Academy of Environmental Science, Shenzhen, China
3College of Chemistry and Environmental Engineering, Shenzhen University, Shenzhen, China
Edited by:
Kanhaiya Kumar, Norwegian University of Science and Technology, Norway
Reviewed by:
Ihana Aguiar Severo, Federal University of Paraná, Brazil
Ankush Karemore, Georgia Institute of Technology, United States
Marcin Debowski, University of Warmia and Mazury in Olsztyn, Poland
* Correspondence: Jiangxin Wang, jxwang@szu.edu.cn
†These authors have contributed equally to this work
Specialty section: This article was submitted to Bioprocess Engineering, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 02 December 2021
Accepted: 07 March 2022
Published: 25 March 2022
Citation: Chen Z, Chen Y, Zhang H, Qin H, He J, Zheng Z, Zhao L, Lei A and Wang J (2022) Evaluation of Euglena gracilis 815 as a New Candidate for Biodiesel Production. Front. Bioeng. Biotechnol. 10:827513. doi: 10.3389/fbioe.2022.827513

Euglena comprises over 200 species, of which Euglena gracilis is a model organism with a relatively high fatty acid content, making it an excellent potential source of biodiesel. This study isolated and characterized a new strain named E. gracilis 815. E. gracilis 815 cells were cultivated under light and dark conditions, with either ethanol or glucose as an external carbon source and an autotrophic medium as control. To achieve maximum active substances within a short period i.e., 6 days, the effects of the light condition and carbon source on the accumulation of bioactive ingredients of E. gracilis 815 were explored, especially fatty acids. In comparison with the industrially used E. gracilis Z strain, E. gracilis 815 exhibited high adaptability to different carbon sources and light conditions, with a comparable biomass and lipid yield. The content and composition of fatty acids of E. gracilis 815 were further determined to assess its potential for biodiesel use. Results suggested that E. gracilis 815 has biodiesel potential under glucose addition in dark culture conditions and could be a promising source for producing unsaturated fatty acids. Therefore, E. gracilis 815 is a candidate for short-chain jet fuel, with prospects for a wide variety of applications.
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INTRODUCTION
Extensive global industrialization has driven an increasing energy demand and caused a severe energy crisis. Therefore, alternative and renewable sources of energy are urgently needed. Estimates suggest they can provide 30% of the worldwide energy demand without compromising on food production (Koonin, 2006). Since biomass energy is massive, renewable, and environmentally friendly (Wu et al., 2012; Chew et al., 2017; Chandra et al., 2019; Dębowski et al., 2020a), it has become an essential source of alternative energy (Williams, 2007; Li et al., 2008).
Biodiesels are complex in composition and mainly include palmitic acid, stearic acid, oleic acid, linoleic acid, and other long-chain fatty acids and esters formed by alcohol (Vicente et al., 2007). Rising demand for traditional biofuels, which were originated from food crops such as soybeans, corn, rapeseed, and castor oil, has inadvertently worsened the food crisis. Microalgae biodiesel may be a solution to this problem (Brennan and Owende, 2010; Lei et al., 2012). Microalgae convert light energy into chemical energy, subsequently storing energy as lipids in their cells (Chisti, 2007; Lam and Lee, 2012; Kang et al., 2022; Li et al., 2022). Since the carbon chain lengths of these lipids are similar to that of diesel, these lipids can be transformed into biodiesel via transesterification (Chisti, 2007; Ramos et al., 2009; Jung et al., 2021; de Carvalho Silvello et al., 2022). Because fatty acids are the precursors for biodiesel production, many researchers in this area have focused on comparing the content and composition of fatty acids among different oleaginous algae (Harwood and Guschina, 2009). Other studies have shown that fatty acid composition significantly impacts the fuel characteristics of biodiesel (Ramos et al., 2009), including essential indicators for evaluating biodiesel potentials such as cetane number (CN), iodine value (IN), and saponification value (SN) (Lei et al., 2012).
Euglena species lack cell walls and have high nutrient availability (Zakryś et al., 2017; Shao et al., 2019). They could be cultivated on a large scale and used in various industrial applications (Mahapatra et al., 2013; Sun et al., 2018; Wu et al., 2020; Wu et al., 2021b). Some Euglena species produce medium and long-chain fatty acids, making them potential candidates for having biodiesels to meet the demands of the energy market, and such as in jet fuel (Zeng et al., 2016; Gupta et al., 2021).
Euglena species are highly adaptable and evolutionarily distinct. Notably, Euglena species possess characteristics of both plants and animals, and they can grow autotrophically, mixotrophically or heterotrophically with glucose, ethanol, glutamic acid, malate, pyruvate, lactate, and other carbon sources (Barsanti et al., 2000). Some studies on Euglena have shown that the addition of a carbon source can induce cell division and promote growth (Hurlbert and Rittenberg, 1962; Rodríguez-Zavala et al., 2006; Wu et al., 2021b), as well as increase the content of total lipids, mainly neutral lipids (Coleman et al., 1988; Thuillier-Bruston et al., 1990). Mainly, organic carbon sources such as ethanol and glucose have been found to participate in different metabolic pathways of Euglena and strongly influence their growth and accumulation of active substances. When Euglena metabolizes ethanol, it is rapidly oxidized to acetate and converted into acetyl-CoA and participates in the tricarboxylic acid cycle (TCA cycle) (Garlaschi et al., 1974; Zimorski et al., 2017). In comparison, glucose is mainly metabolized through glycolysis and pentose phosphate pathways (PPP) similar to that of other organisms (Hurlbert and Rittenberg, 1962).
The industrial use of Euglena has developed rapidly in recent years owing to its commercial potential and value. However, the selection and culture of different Euglena species remain a significant obstacle, and most strains have limited application capabilities. Therefore, efforts to screen and identify excellent Euglena strains are crucial to expand the range of potential industrial applications for Euglena and reduce production costs (Suzuki et al., 2015).
In this study, a new E. gracilis strain, E. gracilis 815, which uses glucose and ethanol as additional carbon sources, was isolated and cultured under both dark and light conditions. To achieve a high yield of active substances within a short period (i.e., a 6-day culture period), the effects of nutrient and light conditions on the growth, biomass, paramylon, and total lipid accumulation of E. gracilis 815 were investigated. Meanwhile its fatty acid composition and contents were also determined. To assess the potential value of E. gracilis 815 for biodiesel applications, its properties were compared with that of the industrially used E. gracilis Z strain. Finally, the potential for the industrial application of E. gracilis 815 was discussed and evaluated.
MATERIALS AND METHODS
Isolation and Cultivation of Euglena Strains
The Euglena strain was collected from water samples taken from a fishpond in Fuzhou, China (26°08′N, 119°28′E) in August 2018. Single cells were separated using a capillary pipette and cultured in 96-well plates. They were cultivated autotrophically using Cramer-Myers (CM) medium (Cramer and Myers, 1952) under 25°C and 80 μmol photons·m−2·s−1.
Culture Medium and Growth Conditions
The culture of E. gracilis 815 strain at log phase were inoculated into a 1 L Erlenmeyer flasks containing 250 ml fresh CM medium. Two carbon sources which were commonly used in the cultivation of E. gracilis Z (Rodríguez-Zavala et al., 2006; Rodriguez-Zavala et al., 2010), glucose (15 g/L) or ethanol (1% v/v), were added after the medium was autoclaved and cooled for the static culture of E. gracilis 815. The autotrophic group was cultured under autotrophic light conditions (CM(L), 80 μmol photons·m−2·s−1), while the mixotrophic and heterotrophic groups were cultured as follows: ethanol + light (CM + E(L), 1% v/v, 80 μmol photons·m−2·s−1), glucose + light (CM + G(L), 15 g/L, 80 μmol photons·m−2·s−1), ethanol + darkness (CM + E(D), 1% v/v, 0 μmol photons·m−2·s−1), and glucose + darkness (CM + G(D), 15 g/L, 0 μmol photons·m−2·s−1). Apart from the parameters described above, all groups were statically cultured under 25°C.The initial density in each group was set to 1.7 × 105 cells/ml. Three replicates of each group were cultured simultaneously.
To further compare the biomass accumulation between E. gracilis 815 and E. gracilis Z, these two strains were cultivated in 1.2 L photobioreactors containing 600 ml fresh CM medium and 1% v/v ethanol as carbon sources. All samples were grown under 25°C, with 80 μmol photons·m−2·s−1 white light and bubbled with 12 L/min air, while the initial density was 1.1 × 106 cells/mL. After 6 days, cells were collected, dried, and weighted to compare the biomass.
Cell Growth Monitoring
From Day 0 to the day when all groups came to the plateau phase, samples were collected daily. Before sampling, the algae culture in the Erlenmeyer flask was shaken gently. Then, 1 ml of the algae liquid was transferred into a 1.5-ml EP microtube, and counted using a phase-contrast inverted microscope.
Measurement of Biomass
The photosynthetic autotrophic group reached the plateau phase on Day 6 of cultivation. To ensure data integrity, physiological and biochemical analyses of E. gracilis 815 cells were only carried out on Day 6. Totally 50 ml of E. gracilis 815 or E. gracilis Z cells were transferred from each flask to a pre-weighted 50-ml centrifuge tube. Algal cells were centrifuged at 8,000 rpm for 3 min, collected, lyophilized, and weighted for biomass.
Determination of Paramylon Content
20 mg of E. gracilis 815 lyophilized algae powder was transferred into a 15-ml glass centrifuge tube, mixed with 4 ml acetone on a vortex mixer twice (15 s each time), shook at 150 rpm for 1 h, and centrifuged at 5,000 rpm for 5 min. After aspirating the supernatant, the pellet was resuspended with 1 ml of 1% SDS solution, transferred to a pre-weighed 1.5-ml EP tube, and kept at 85°C for 30 min. Then the sample was centrifuged at 2000 rpm for 5 min. After discarding the supernatant, the sample was placed in an oven at 50°C for drying to a constant weight, and the dried powder was paramylon (Takenaka et al., 1997; Wu et al., 2020; Wu et al., 2021b).
Total Lipids Determination
The modified Bligh-Dyer method extracted and determined the total lipids (Bligh and Dyer, 1959). Totally 20 mg of E. gracilis 815 dry algae powder was transferred into a 15-ml centrifuge tube. To lyse the algal cells and extract the lipids, 9.5 ml of mixed solvent (chloroform: methanol: distilled water = 1: 2: 0.8) was added to the powder. Then the sample was shaken vigorously for 5 min, ultrasonicated for 30 min, and centrifuged at 5,000 rpm for 2 min. After collecting the supernatant, the remaining algae cells were precipitated, followed by repeating the extraction step twice. Then distilled water and chloroform were added to the collected extract and mixed to achieve a final ratio of chloroform: methanol: distilled water as 1:1:0.9. After mixing, the sample was centrifuged at 5,000 rpm for 10 min. The lower chloroform layer containing lipids was collected to a pre-weighed 50-ml glass tube and dried to constant weight by nitrogen blowing. The total lipid yield was then calculated based on the biomass.
Fatty Acid Composition Analysis
Totally 10 mg of E. gracilis 815 dry algae powder was used to quantitatively analyze fatty acid composition. To lyse the algae cells, algae powder was transferred into a glass tube, followed by adding 1 ml of 2 mol/L NaOH-CH3OH solutions and 50 μl of methyl nonadecanoate working solution (5 mg of methyl nonadecanoate dissolved in 10 ml of dichloromethane) as the internal standard, vortexing for 30 s on a vortex shaker, and shaking for a further 1 h on a shaker at 110 rpm. Cell lysate was placed in a 75°C water bath for 30 min for saponification, and cooled down naturally at room temperature. For methyl esterification, 1 ml of 4 mol/L HCl-CH3OH solution and 0.5 ml of concentrated HCl (mass fraction of 38%) were added to the saponified lysate to achieve the sample pH < 2, then the sample was kept in a water bath at 75°C for 30 min, and cooled down naturally at room temperature. Then, 1 ml of n-hexane was added for extracting the lipids, followed by vortexing the sample for 5 min. The sample was centrifuged at 4,000 rpm for 2 min, and the supernatant was transferred to a new glass tube, followed by repeating the extraction step twice. The supernatants were combined, filtered through a 0.22 μm PVDF filter into a new test tube, and the solvent was blown dry with nitrogen. A total of 500 μl of dichloromethane was added into the test tube to fully dissolve the fatty acid methyl ester. The dissolved sample was quickly transferred to the chromatography injection bottle for GC-MS analysis.
A gas chromatography-mass spectrometer (GC-MS, Agilent 7890A-5975C) detected the fatty acid composition. The chromatographic column VF-23 ms (30 m × 320 μm × 0.25 μm) was used, and high-purity helium gas with the purity greater than 99.999% was used as the carrier gas. The injection volume was 2 μl, with a 3 min solvent delay. The injection port temperature was 240°C, the injection port pressure was 1.2 psi, the column flow rate was 1.2299 ml/min, and the split ratio was 10:1. The heating program was as follows: the initial temperature was set at 70°C and held for 1 min, increased to 180°C at a rate of 25°C/min and held for 2 min, increased to 205°C at a rate of 3°C/min and held for 2 min, then increased to 230°C at a rate of 8°C/min and kept for 5 min (Wang et al., 2013; Zeng et al., 2016).
Before loading each batch of samples, 37 kinds of fatty acid mixed standards (Sigma, catalog number: CRM47885) were tested. The chromatographic peaks of the mixed standard samples were qualitatively and quantitatively analyzed in combination with Agilent ChemStation software (Shao et al., 2019).
Calculation of CN, IN, and SN Values
The SN, IN, and CN values were calculated according to the fatty acid composition and content on Day 6 to evaluate the biodiesel potential of E. gracilis 815 cultured under different conditions. The SN, IN, and CN values were calculated using the empirical using the empirical formulae (1–3) (Krisnangkura, 1986; Azam et al., 2005).
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Pi refers to the weight percentage of each fatty acid, MWi refers to the molecular weight of each fatty acid, and D refers to the number of double bonds in each fatty acid (Lei et al., 2012).
Statistical Analysis
The mean value and standard deviation (SD) across the three replicates in each group were calculated. One-way analysis of variance (ANOVA) was used to test the significance of differences in cell density, cell biomass, paramylon and total lipids, fatty acid composition, SN, IN, and CN under different conditions. When the variances were homogeneous, and the differences among other states were significant (p ≤ 0.05), the Student-Newman-Keuls multiple comparison tests were used to determine the source of the differences. When the variances were not homogeneous, the Dunnett’s C test was used for analysis and comparison. SPSS 17.0 software (SPSS Inc., United States) was used for all the statistical analyses.
RESULTS
Species Identification and Morphological Observation
To identify the newly isolated algal strain, the 18S rRNA sequence of the samples were sequenced. According to the 18S rRNA sequencing results (GenBank sequence numbers LSU: MW690035; SSU: MW690034), the samples were identified as E. gracilis, and this strain was designated as E. gracilis 815. Individual E. gracilis 815 algal cells, with approximately 30–50 μm in length and 10–20 μm in width, were slender and spindle-shaped with tapered ends, lacked cell walls (Figure 1), and could swim freely.
[image: Figure 1]FIGURE 1 | Morphology of E. gracilis 815. Scale bar: 50 μm.
Growth and Biomass of E. gracilis 815 Under Different Conditions
To evaluate the ability of using different carbon sources under light or dark conditions, E. gracilis 815 was cultured under autotrophic (CM(L)), mixotrophic (CM + E(L) and CM + G(L)), and heterotrophic (CM + E(D) and CM + G(D)) conditions. Growth of the autotrophic groups reached the plateau phase on Day 6, when cell densities ranged from 1.90 × 106 cells/ml (CM + E(D)) to 2.30 × 106 cells/mL (CM + G(L)). The CM + E(D) group grew slowly between Day2 to Day5, but there were no significant differences among different conditions on Day 6 (Figure 2). In addition, no significant differences were observed among different conditions in the accumulation of cell biomass, which ranged between 0.78–0.94 g/L on Day 6 of incubation (Figure 3).
[image: Figure 2]FIGURE 2 | Growth of E. gracilis 815 under different conditions. Abbreviations: CM(L), CM medium + light; CM + E(L), CM medium + ethanol (light); CM + E(D), CM medium + ethanol (dark); CM + G(L), CM medium + glucose (light); CM + G(D), CM medium + glucose (dark). Values correspond to the mean ± standard deviation (n = 3).
[image: Figure 3]FIGURE 3 | Biomass (g/L) of E. gracilis 815 cultured under different conditions on Day 6. NS indicates no significant difference according to ANOVA test at p > 0.05.
Paramylon Quantification
E. gracilis 815 cells were collected on Day 6, and lyophilized algae powder was used for extracting paramylon according to the methods described above. Heterotrophic groups, using ethanol or glucose as carbon sources and cultivated in the dark, significantly accumulated more paramylon than the mixotrophic group using glucose and cultivated in light (p ≤ 0.05) (Figure 4). However, no significant differences were observed among the three autotrophic and mixotrophic groups cultivated in light. Quantitatively, the paramylon content of the two heterotrophic groups ranged between 318.3–323.3 mg/g dw (dried weight), and the three autotrophic and mixotrophic groups yielded paramylon between 171.7–250 mg/g dw (Figure 4). In summary, heterotrophic cultivation should be used to produce paramylon in E. gracilis 815, which agreed to the previous results in E. gracilis Z (Zeng et al., 2016).
[image: Figure 4]FIGURE 4 | Paramylon content (mg/g dw) of E. gracilis 815 cultured under different conditions on Day 6. Different letters indicate significant difference according to ANOVA test at p ≤ 0.05.
Total Lipids Quantification, Fatty Acid Content and Composition
The five groups yielded total lipids between 248.67–340.33 mg/g dw on Day 6 (24.87–34.03% total lipids in dry weight), but no significant differences were observed. However, yields from the two mixotrophic groups (340.33 mg/g dw for CM + E(L) and 309 mg/g dw for CM + G(L)) were slightly higher than those from the autotrophic group (284 mg/g dw for CM(L)) and two heterotrophic groups (294.33 mg/g dw for CM + E(D) and 248.67 mg/g dw for CM + G(D)) (Figure 5). To further evaluate the potential of producing fatty acids using E. gracilis 815, the fatty acid contents and compositions cultivated under different conditions according to the methods described above (Figure 6 and Supplementary Table S1). Totally 19 individual fatty acids were detected, and the fatty acid carbon chain composition was C12-C22. Although only the mixotrophic group with ethanol exhibited significantly higher total fatty acid (TFA) content (p ≤ 0.05), there were significant differences in the contents of different types of fatty acids among all groups. Compared with the autotrophic group, cells cultivated with ethanol significantly accumulated more saturated fatty acids (SAFAs) (p ≤ 0.05), which accounted for 50–70% of total fatty acid content. In addition, the content of monounsaturated fatty acids (MUFAs) in the mixotrophic group using ethanol were significantly higher (p ≤ 0.05) than the others. In groups using glucose, polyunsaturated fatty acids (PUFAs) were mainly found to accumulate in the presence of light, while SAFAs accumulated primarily in the dark. The autotrophic and the mixotrophic groups using glucose accumulated significantly higher (p ≤ 0.05) levels of PUFAs, which accounted up to 70% of total fatty acid content, and these two conditions could be the candidates for the further study evaluation of producing PUFAs.
[image: Figure 5]FIGURE 5 | Total lipid contents (mg/g dw) of E. gracilis 815 cultured under different conditions on Day 6. NS indicates no significant difference according to ANOVA test at p > 0.05.
[image: Figure 6]FIGURE 6 | Heatmap of fatty acid composition (mg/g dw) of E. gracilis 815 cultured to Day 6 under different conditions. Different letters indicate significant difference according to ANOVA test at p ≤ 0.05.
When E. gracilis 815 were cultured in light, significant differences in fatty acid content were observed between the autotrophic and mixotrophic groups. Compared with the autotrophic group, most types of fatty acids in the mixotrophic group using ethanol were significantly higher (p ≤ 0.05). These included medium and long-chain SAFAs (C12-C18), as well as unsaturated fatty acids (UFAs), such as oleic acid (C18:1n9), and C20:3n6. However, the contents of most types of fatty acids in the mixotrophic group using glucose did not differ significantly from those of the autotrophic group.
When E. gracilis 815 was cultured in the dark, the heterotrophic group using ethanol significantly accumulated fewer fatty acids than the mixotrophic groups cultured in light (p ≤ 0.05). Most of these differences were attributed to a decrease in the contents of UFAs, such as C16:2, C16:3, oleic acid (C18:1n9), linoleic acid (C18:2n6), α-linolenic acid (C18:3n6), erucic acid (C22:1n9), and others. Similarly, the heterotrophic group using glucose also significantly accumulated less UFAs than the mixotrophic group, such as C16:2, C16:3, linoleic acid (C18:2n6), α-linolenic acid (C18:3n6), and DHA (C22:6n3). In addition, the two heterotrophic groups accumulated significantly higher (p ≤ 0.05) levels of medium and long-chain SAFAs such as C13-C18.
Evaluation for the Biodiesel Potential of E. gracilis 815
As E. gracilis 815 accumulated various kinds of fatty acids under different conditions, several critical properties of biodiesels, including SN, IN, and CN values were assessed. SN refers to the mass of potassium hydroxide required for the complete saponification of one unit of oil, IN refers to the number of grams of iodine absorbed per 100 g of oil (reflecting the degree of unsaturation of the oil), and CN is an essential indicator for evaluating the ignition performance of diesel. SN and IN can be used to characterize the possibility of fatty acids or fatty acid methyl esters as raw materials for biodiesel and are related to the length of the fatty acid carbon chain and the degree of unsaturation. CN, the leading indicator of biodiesel quality, can be used to evaluate the impact of biodiesel on the stability and combustion process of diesel engines (Lu et al., 2012).
The SN values of each group of E. gracilis 815 ranged between 208.1–227.1 (Figure 7A). The current American ASTM D6751 standard requires an SN standard of biodiesel to be less than 370 (Sakthivel et al., 2018). While there were significant differences between different groups, all groups met this requirement. The IN values of mixotrophic and heterotrophic groups varied substantially, ranging between 56.6–200 (Figure 7B). National biodiesel standards require an IN value not exceeding 125 (Luo et al., 2006). The heterotrophic groups and the mixotrophic group using ethanol, met this requirement. The CN values of each group ranged between 27.6–57.6 (Figure 7C). The international minimum standard for biodiesel CN is set at a value of 45, and values between 45–60 are considered suitable. Similar to IN, the heterotrophic groups and the mixotrophic group using ethanol met this requirement. Based on these results, the heterotrophic cultivation and the mixotrophic cultivation using ethanol could be the candidates for the further evaluation of producing biodiesel.
[image: Figure 7]FIGURE 7 | Quality evaluation of biodiesel from E. gracilis 815 cultured under different conditions on Day 6. (A) SN values; (B) IN values; (C) CN values. Different letters indicate significant difference according to ANOVA test at p ≤ 0.05. Arrows indicate the required ranges of these values in several standards.
DISCUSSION
Carbon sources and photosynthesis influence the growth of Euglena. No significant differences in cell density between groups of E. gracilis 815 using photosynthetic autotrophy, as well as groups using ethanol or glucose as carbon sources were observed on Day 6. However, as observed in E. gracilis Z (Zeng et al., 2016), E. gracilis 815 was found to exhibit a comparable cell density among all the conditions in result. Studies on E. gracilis Z under different culture conditions have shown that adding the carbon sources can promote biomass accumulation under dark conditions (Rodríguez-Zavala et al., 2006; Sun et al., 2018). In the present study, however, no significant difference was observed across conditions of E. gracilis 815 in biomass accumulation by Day 6, indicating that this new strain shows strong adaptability to environmental conditions when biomass is harvested in the short term. Since we have proved the possibility of water reuse in the cultivation of E. gracilis Z recently (Wu et al., 2021a), further evaluations in E. gracilis 815 could be expanded to reusing the wastes from other process, such as exhaust gases or wastewater from factories or livestock, in the cultivation of microalgae (Tsolcha et al., 2018; Amenorfenyo et al., 2019; Dębowski et al., 2020b; Geremia et al., 2021; Mathew et al., 2021; Cheng et al., 2022; Lopez-Sanchez et al., 2022; Singh and Singh, 2022).
The biomass of various E. gracilis 815 groups ranged between 0.78–0.94 g/L when their cell density ranged between 1.90 × 106–2.3 × 106 cells/ml. In comparison, the biomass of E. gracilis Z has been recorded to reach 6.61 g/L and 10.8 g/L at cell densities of 1.86 × 107 cells/ml and 2.45 × 107 cells/ml, respectively, with the initial inoculated densities at 1 × 106 cells/ml. Due to the differences in initial inoculated densities and culture conditions between the experiment of E. gracilis 815 and the reference of E. gracilis Z (Zeng et al., 2016), modifications such as increasing the initial inoculated density or optimizing the cultivation conditions can be adopted to increase the biomass accumulation in E. gracilis 815, and are worthy of further research and exploration. When cultivated with the same initial inoculated densities at 1.1 × 106 cells/ml, no significant difference of biomass was found between E. gracilis 815 and E. gracilis Z (Supplementary Figure S1). Previous studies have reported that glucose was more conducive to cell density and biomass accumulation than ethanol in E. gracilis Z (Afiukwa and Ogbonna, 2007; Kim et al., 2021). For example, the cell density of the mixotrophic group with ethanol was only half of that with glucose in E. gracilis Z after being cultivated for 6 days (Afiukwa and Ogbonna, 2007). However, there were no significant differences in cell density and biomass in E. gracilis 815. From the perspective of growth and biomass accumulation, we proposed that E. gracilis 815 has prospects for a wide range of applications and is a potential application-type algae strain.
Paramylon is a product of photosynthesis and the main product of carbon storage in Euglena. Previous work in E. gracilis Z reported that the highest paramylon content was about 200–250 mg/g on Day 4 under heterotrophic conditions (Zeng et al., 2016), which was close to the paramylon content of E. gracilis 815 in autotrophic conditions on Day 6. Garlaschi et al. (1974) have shown that ethanol can benefit the synthesis of paramylon in E. gracilis Z. The accumulation of paramylon was related to the consumption of ethanol in the medium (Garlaschi et al., 1974). Other studies identified that glucose was the best carbon source for the growth of Chromochloris zofingiensis and E. gracilis Z, owing to its ability to increase photosynthetic yield (Santek et al., 2010; Ivušić and Šantek, 2015; Roth et al., 2019). Here, by 6 Days of culture, the accumulation of E. gracilis 815 under light conditions was not significantly correlated with carbon source. Under dark heterotrophic conditions, the accumulation of paramylon in E. gracilis 815 using glucose was considerably higher than that achieved in light. Notably, Schwartzbach et al. (1975) showed that paramylon in E. gracilis Z and the non-photosynthetic mutant W3BUL induced by light, with darkness being conducive to paramylon synthesis (Schwartzbach et al., 1975). This agrees with the results of this paper. No significant differences were observed in the accumulation of paramylon when ethanol was added to the culture, suggesting that the accumulation of paramylon in E. gracilis 815 may not significantly depend on light or dark when using ethanol. However, as the biomass and total lipid accumulation among all the groups did not differ significantly, differences in paramylon accumulation may be related to differences in protein synthesis in E. gracilis 815.
Although there was no significant difference in total lipid accumulation across the non-autotrophic groups, total lipid contents ranged between 24.87–34.03%. Previous studies on other common lipid-producing algae yield have reported similar or even lower lipid contents. For instance, the typical lipid yield of Chlorella was 18.59–37.78%, the lipid content of Scenedesmus obliquus was 30.25–36.17%. In comparison, diatoms (Nitzschia minor and Phaeodactylum tricornutum) and Isochrysis were approximately 20% (Yang et al., 2011). Meanwhile, studies conducted in Euglena showed that the total lipid content of E. gracilis (NIES-48) varied within the range of 18–22% (Wang et al., 2018), and that of Euglena species varied within the scope of 10–30% (Mahapatra et al., 2013). Furthermore, Jung et al. (2021) found that the maximum lipid content of E. gracilis Z during autotrophic culture did not exceed 5%. Under mixotrophic and heterotrophic culture conditions, lipid accumulation in E. gracilis Z strain could not exceed 15 and 25%, respectively. Thus, E. gracilis 815 has a higher total lipids content than common oleaginous algae and E. gracilis Z (Jung et al., 2021). Moreover, Euglena species do not contain cell walls, which could significantly reduce the lipid production costs and enhance production efficiency.
Results showed that E. gracilis 815 accumulated significantly more total fatty acid content when using ethanol than either using glucose or photosynthetic, indicating that E. gracilis 815 has a higher utilization rate of ethanol in the fatty acid synthesis pathway. SAFAs of the ethanol mixotrophic group and two heterotrophic groups were significantly higher than the autotrophic group. In contrast, the autotrophic group and the glucose mixotrophic group promoted the production of PUFAs. According to the result, the addition of ethanol may be involved in the fatty acid saturation process of E. gracilis 815, and light may be involved in the fatty acid desaturation process of E. gracilis 815. Studies have also shown that light-induced culture can significantly increase the content of UFAs in E. gracilis Z, with SAFAs accounting for the primary product in the dark (Barsanti et al., 2000). This observation indicates that the synthesis of UFAs in Euglena is related to the photosynthetic activity.
Previous studies on E. gracilis Z have examined the contents of different types of fatty acids, and these results were compared with the levels achieved in E. gracilis 815. When E. gracilis Z was cultured to Day 7, SAFA contents under mixotrophic and heterotrophic conditions reached 23.7 and 88.3 mg/g dw, respectively (Zeng et al., 2016). In comparison, E. gracilis 815 obtained SAFA contents of 62.1 and 54.9 mg/g dw under mixotrophic and heterotrophic conditions on Day 6, respectively. E. gracilis Z has been reported to reach MUFA contents of up to 9.51 mg/g dw under mixotrophic conditions (Zeng et al., 2016), while E. gracilis 815 reached 17.8 mg/g dw when using ethanol in light. E. gracilis Z has reached PUFA contents of 94 and 42.6 mg/g dw in mixotrophic and heterotrophic conditions (Zeng et al., 2016), whereas E. gracilis 815 reached 50.2 mg/g dw in mixotrophic condition. Therefore, in comparison with E. gracilis Z, the novel strain E. gracilis 815 has a relatively higher capacity for producing MUFA, a relatively lower capacity for producing PUFA, and a similar power for making SAFA.
Since PUFAs have more functions than SAFAs, their value has received widespread attention. PUFAs are essential nutrients for the human body and will cause various diseases if they are lacking. PUFAs can thus be used as nutritional supplements in different food and beverages (Simopoulos, 2000; Nessel et al., 2020). In medicine, PUFAs serve a variety of physiological functions such as anti-inflammation and blood lipid regulation while also necessary for the prevention of cardiovascular diseases and treating schizophrenia (Marion-Letellier et al., 2015). PUFAs are also used in beauty and skin-care products. Here, various types of PUFAs were found in different non-autotrophic groups of E. gracilis 815, for instance α-linolenic acid, AA (arachidonic acid), EPA (eicosapentaenoic acid), and DHA (docosahexaenoic acid). As α-linolenic acid (C18:3n6) is a product of active photosynthesis (Reitz and Moore, 1972; Barsanti et al., 2000), it was higher in E. gracilis 815 cultured in light, regardless of carbon source. In comparison, the observed changes in the content of AA, EPA, and DHA do not seem to be directly related to the carbon source or light. Studies have shown that arachidonic acid and EPA synthesis do not depend on the light. The synthesis of these polyenoic acids is related to non-photosynthetic organelles, such as mitochondria and microsomes. When cultured with CM medium under mixotrophic conditions, E. gracilis Z contained 5.3–23.9, 3.9–5.8, and 0.7–3.4 mg/g dw of AA, EPA, and DHA, respectively, on Day 4 (Barsanti et al., 2000). Here, on Day 6 of E. gracilis 815 culture, the contents of these PUFAs were at 7.71–14.47, 1.53–3.79, and 0.8–2.4 mg/g dw, respectively. Another study culturing E. gracilis Z to the seventh day reported PUFA contents of 23.54, 6.07, and 5.95 mg/g dw in the mixotrophic condition, respectively. However, when E. gracilis 815 was cultured to the sixth day, the contents of these PUFAs were the highest in the mixotrophic group at 14.47, 3.79, and 2.4 mg/g dw, respectively (Zeng et al., 2016). While E. gracilis 815 produces slightly lower PUFAs than E. gracilis Z, the former may still be developed as an essential source of PUFA production. Overall, the differences in fatty acid composition between different carbon sources and trophic conditions in E. gracilis 815 were quite similar to E. gracilis Z, suggesting that these two strains shared similar a pattern of metabolic regulation (Reitz and Moore, 1972). Especially when environmental conditions are reasonably controlled and diversified metabolism characteristics are used, fatty acid production can be achieved purposefully for specific applications in E. gracilis 815.
In this study, some critical properties of biodiesels in E. gracilis 815 were also considered. Based on these indicators of feedstock oil, the actual production process can be assessed. Comparison of SN values of E. gacilis 815 to the American ASTM D6751 standard suggested that E. gracilis 815 is suitable for direct use as a biodiesel feedstock oil. The SN values of E. gacilis 815 were quite similar to those of other familiar sources of biodiesel, such as chicken fat (251.23), mutton fat (244.50), and waste fat oil (204.16) (Sakthivel et al., 2018). Only E. gracilis 815 using ethanol (in both light and dark conditions) and those using glucose in the dark met the standards required for IN and CN. If E. gracilis 815 were to be used as a biodiesel source under other conditions, problems such as diesel engine ignition difficulties and carbon deposits could emerge, making it unsuitable for direct use as feedstock oil. Notably, E. gracilis 815 using glucose in the dark reported the lowest IN and the highest CN. Both values reached the highest, most elevated international biodiesel standards and corresponded to reasonable levels of combustibility. Previous studies have conducted similar biodiesel evaluations on other industrial algae. For instance, Haematococcus pluvialis, a high commercial value algae strain, was evaluated under different environmental stresses and found to achieve SN values between 201.9–205.7, IN values between 100–120, and CN values between 45.9–51.6 (Lei et al., 2012). Chlorella sorokiniana, a potential biodiesel algae strain, was evaluated under different inoculation amounts and growth periods and found to achieve SN values between 197.8–199.4. The majority of IN values fell between 130–150, with the lowest at 113. CN values of only a few groups exceeded the minimum international standard of 45 (the highest CN value was 48.2) (Lu et al., 2012). Compared with these algae species, E. gracilis 815 has a superior CN value of 57.6 (when cultured on glucose in the dark). Totally, under most culture conditions, E. gracilis 815 attained SN, IN, and CN values that meet the required standards, suggesting a good biodiesel performance.
CONCLUSION
In conclusion, a new strain of E. gracilis, E. gracilis 815, was found to have strong adaptability to the environment, fast-growing, relatively high biomass accumulation, and total lipid yield. The accumulation of biomass and total lipids showed no significant differences among all the groups. In contrast, the paramylon content in the mixotrophic group using glucose is lower than the heterotrophic group. Accumulation of total fatty acids and MUFAs in E. gracilis 815 was highest when cultured with ethanol in the presence of light. In contrast, when cultured in the dark, overall fatty acid production showed biodiesel potential. As a novel strain, further research is needed to ascertain the full biodiesel potential of E. gracilis 815. Future research on this strain could focus on combining transcriptomic and metabolic analyses to explore the mechanisms, determine the best environmental conditions for accumulating active substances, and achieve the production goals in a rapid, controllable, purposeful, and large-scale manner. Overall, E. gracilis 815 has demonstrated the potential of industrial production capacity and prospects for broad applications, making it an ideal candidate for industrial biodiesel.
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