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Abstract

:

In order to investigate environmentally sustainable sources of organic carbon and nutrients, four Nordic green microalgal strains, Chlorella sorokiniana, Chlorella saccharophila, Chlorella vulgaris, and Coelastrella sp., were grown on a wood (Silver birch, Betula pendula) hydrolysate and dairy effluent mixture. The biomass and lipid production were analysed under mixotrophic, as well as two-stage mixotrophic/heterotrophic regimes. Of all of the species, Coelastrella sp. produced the most total lipids per dry weight (~40%) in the mixture of birch hydrolysate and dairy effluent without requiring nutrient (nitrogen, phosphorus, and potassium—NPK) supplementation. Overall, in the absence of NPK, the two-stage mixotrophic/heterotrophic cultivation enhanced the lipid concentration, but reduced the amount of biomass. Culturing microalgae in integrated waste streams under mixotrophic growth regimes is a promising approach for sustainable biofuel production, especially in regions with large seasonal variation in daylight, like northern Sweden. To the best of our knowledge, this is the first report of using a mixture of wood hydrolysate and dairy effluent for the growth and lipid production of microalgae in the literature.
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1. Introduction


Microalgal mass culture has been carried out mainly under photoautotrophic conditions, using light as energy and CO2 as a carbon source [1]. Although metabolite production is relatively high, this cultivation method is frequently associated with low biomass concentrations as a result of the light limitations in the major part of the algal culture [2,3]. Self-shading and/or photoinhibition are common problems in culturing photosynthetic organisms [2,3]. To eliminate the light requirement, microalgae can instead be heterotrophically cultivated to increase cell density and biomass production [4,5]. Additionally, heterotrophic cultivation promotes the accumulation of lipids at the expense of proteins in the biomass, which is a desired feature for biodiesel production from microalgae [6,7,8]. Species of the genera Chlorella, Tetraselmis, and Nitzschia were shown to grow at higher rates under heterotrophic conditions compared with photoautotrophic systems [9,10,11,12]. However, not all microalgae can grow in total darkness. In order to perform heterotrophic growth, microalgal species require special physiological abilities to divide and metabolize in darkness, as they have to rapidly adapt to the new environment and withstand hydrodynamic stresses. For large scale biomass generation, growth in inexpensive and easily sterilized medium is required [12]. A drawback of heterotrophic cultivation is the high production cost of the organic carbon source, a weakness that can be overcome by the use of organic carbon sources recovered from waste streams [13,14].



In mixotrophy, microalgae use light as the main energy source to perform photosynthesis, but both CO2 and organic compounds are equally essential as a carbon source. Depending on the light intensity, concentration of CO2, and availability of organic compounds, the microalgae will either grow photoautotrophically or heterotrophically [15]. Mixotrophy is a suitable culture method for microalgal species that are not able to grow in complete darkness. Although this growth regime is less studied, most microalgal species investigated so far have been shown to produce higher biomass yields along with higher lipid, starch, and protein productivities compared with photoautotrophic regimes [11,16,17]. Therefore, the production of mixotrophic microalgae allows for the integration of photosynthetic and heterotrophic metabolisms during the diurnal cycle, thus reducing the impact of biomass loss during dark-respiration, and decreasing the costs of the organic substances utilised during growth in daylight [18]. For these reasons, mixotrophic cultivation should be preferred within the microalgae-to-biofuels process. Notwithstanding, the cost of the organic carbon source, such as glucose, can account up to 79.3% of the total raw material cost during biodiesel production [14]. To investigate alternative, cheaper carbon and nutrient sources, in this study, we tested a mixture of wood hydrolysate and dairy effluent as a growth medium for the microalgae. The nutrients existing in the dairy effluent can serve as a source of medium nutrient, and the glucose present in the wood hydrolysate can function as an organic carbon source. Dairy effluents and wood hydrolysates are available waste streams in Sweden, and can easily be used as a substrate for the cultivation of microalgae. The dairy industry is generally considered to generate the highest amount of wastewater among the various food processing industries. It is estimated that the production of one litre of milk generates on average between 6 and 10 litres of wastewater [19,20]. The highly diversified processes of this industry, leads to the generation of wastes of diverse quality and quantity. Even though dairy pollutants mainly consist of organic compounds [21], their discharge into freshwater streams can cause pollution problems [20]. Considering that lignocellulose biomasses represents about 50% of the total amount of biomass worldwide [22], it is very relevant from an environmental point of view to recycle different forest residues, such as wood hydrolysate, that consist of sugar-rich fractions comprising derivatives of hemicellulose and cellulose by-products, which can be reused and valorised in a safe and environmental-friendly way [23].



The objectives of this study were as follows: (1) to develop a cheap and effective growth regime (mixotrophic and a two stage mixotrophic/heterotrophic process) for the local green microalgae Chlorella sorokiniana, Chlorella saccharophila, Chlorella vulgaris, and Coelastrella sp.; (2) to enhance biomass and lipid production; and (3) to investigate the simultaneous treatment of dairy wastewater and to valorise the hydrolysate from birch wood chips. Although various sources of plant biomass have already been investigated in the literature [24,25], only a few studies have assessed the potential of wood hydrolysate as an organic carbon source for microalgae cultivation [26,27]. To date, the present study is the first to evaluate the feasibility of a mixture of wood hydrolysate and dairy effluent for the growth and lipid production of microalgae.




2. Results and Discussion


Four locally isolated microalgal strains (i.e., C. sorokiniana, C. saccharophila, C. vulgaris, and Coelastrella sp.) [27] were cultivated in a medium containing birch wood hydrolysate and dairy effluent in the presence or absence of NPK (nitrogen, phosphorus, and potassium) supplementation. The dilution ratio of the birch hydrolysate with dairy effluent was selected in order to provide an adequate nutrient supply to the growth medium (Table 1), and to achieve about a 2 g L−1 glucose concentration. Although the microalgae biomass increases when the glucose concentration is increased from 0 to 10 g L−1, high glucose concentrations have been shown to negatively affect the lipid accumulation of Chlorella species under a mixotrophic condition [28,29]. In addition, when high glucose concentrations are used, most of the glucose is not consumed by the microalgae and remains instead in the medium [29]. For instance, C. sorokiniana cultured in a mixotrophic regime for 12 days with 5, 10, and 15 g L−1 of glucose produced 0.57 ± 0.06, 0.67 ± 0.07, and 0.53 ± 0.06 g L−1 of lipids, respectively, and utilized 93 ± 6, 73 ± 2, and 36 ± 2% (w/w) of the glucose added [29].



The microalgae production of biomass, lipids, and fatty acid methyl esters (FAMEs) were tested in mixotrophic growth for 7 and 14 days (MT 7d and MT 14d), or during a two-stage growth regime including mixotrophic growth for 7 days, followed by heterotrophic growth (H) for 7 days (MT 7d + H 7d). The two stages’ cultivation strategies, including separate steps for growth and for cell stress, have been shown to enhance lipid accumulation in microalgae [30,31,32]. Therefore, during the first 7 days in mixotrophy, the microalgae were expected to use most of the nutrients and organic carbon, and during the following H 7 days, they were hypothesized to use the remaining organic carbon for lipid accumulation. In MT 14 days, however, the microalgae can photosynthesise during the entire period of time. Both the nutrient and organic carbon limitation in the last 7 days of culture (MT 14d and MT 7d + H 7d) represent a stress factor (Table 1). In medium lacking algae inoculation (control), the total suspended solids were very low (Table 2).



All of the microalgal strains cultivated in the birch hydrolysate and dairy effluent had significantly higher biomass concentrations under MT 14d than under the two-stage mixotrophic/heterotrophic growth, independent of the presence of NPK, with the exception of C. vulgaris, where, in the presence of NPK, no statistically significant difference was observed (Figure 1A and Figure 2A), resulting in higher biomass productivities (Table 3). The biomass production during the mixotrophic regime for 7 days (MT 7d), was higher than the mixotrophic regime for 14 days (MT 14d) and of the MT 7d + H 7d, independent of the presence of NPK. The algae already consumed between 50% and 60% of the total organic carbon (TOC) during MT 7d (Table 1), and the TOC consumption was only slightly changed over time. Hence, we speculate that the remaining sugars (i.e., xylose) were not available to algae. Generally, the heterotrophic step had a detrimental effect on the algal biomass, resulting in a lower biomass production, which was particularly evident in C. sorokiniana and C. saccharophila (Figure 1A and Figure 2A). As observed by others, the dual carbon assimilation (inorganic atmospheric CO2 and organic carbon uptake from the medium) of the mixotrophic microalgae resulted in a higher biomass productivity, which subsequently might lead to the formation of energy storage products as a result of the increased availability of carbon [15,28,30]. Accordingly, the percentage of carbon in the biomass of all of the microalgae strains was slightly higher at MT 14d than at MT 7d + H 7d, which was mainly noticed in the cultures without NPK (Table 3). During MT 7d, a rapid growth of microalgal biomass was facilitated by the presence of sufficient nutrients and carbon (Table 1), while at the stress phase of H 7d, a trophic–metabolic change from a mixotrophic to a heterotrophic process, as well as a potential depletion in organic carbon, resulted in a decrease of biomass production [32]. In the mixotrophic stress phase of MT 14d, in the absence of NPK supplementation, the results were species dependent. NPK supplementation led to higher biomass productivities, independent of the growth regime (Table 3). In the presence of NPK, C. sorokiniana produced the highest biomass (Figure 2A, 1.84 ± 0.02 (MT 7d), 1.97 ± 0.03 (MT 14d), and 1.38 ± 0.02 g L−1 (MT 7d + H 7d)).



In contrast to biomass, the total lipid contents of all of the four strains were generally slightly higher in the absence of NPK than in its presence, independent of the growth regime (Figure 1B and Figure 2B). Nutrient limitation without NPK (Table 1), particularly nitrogen, is known to result in the cessation of microalgal growth, and subsequently, a low biomass content [33,34], but it stimulates the accumulation of reserve lipids, mainly in the form of triacylglicerols (TAGs) [8,30,35]. During photoautotrophic and mixotrophic photosynthesis, the algae assimilate CO2, which is used for growth (proteins) or is stored as carbohydrates, under nutrient limiting conditions. However, TAGs accumulated [30] as nitrogen are not available for protein synthesis [36]. These data are corroborated by the lower total nitrogen content measured in our microalgae grown in the absence of NPK (Table 3), with the exception of C. vulgaris at MT 7d + H 7d; and by the nitrogen concentrations in the medium at the end of the experiments (Table 1). Our results further support the connection between microalgal lipid-production and nitrogen availability. However, the microalgal response to nitrogen deficiency is highly variable and strain-specific. Microalgal strains can respond to nutrient starvation by either a several folds increase of lipids, or no change at all, or they can even slightly reduce their lipid amount. Some strains of Chlorella were found to accumulate starch during nitrogen starvation, whereas others accumulated mainly neutral lipids [37]. Although, in the absence of NPK, the two-stage MT 7d+ H 7d and MT 14d cultivations resulted in an equal or higher lipid concentration than the MT 7d (not significant for all strains and growth regimes), as reported in the literature [30,31,32]; the lipid productivities of the MT 7d+ H 7d and MT 14d cultivations were lower than MT 7d. The reduction of lipid productivity for MT 7d+ H 7d and MT 14d was more noticeable in the presence of NPK. The lipid productivities of MT 7d+ H 7d and MT 14d were equivalent, suggesting that the low lipid productivities were a consequence of the low biomass produced during the last 7 days of culture. In the absence of NPK, the prolonged mixotrophic growth for 14 days instead of 7 days only led to a significant increase of lipid content in C. sorokiniana; its FAMEs content increased as well, but it was not statistically significant (Figure 1B,C). Again, as observed for the lipids, an increase in FAMEs content did not result in higher FAMEs productivities (Table 3). C. saccharophila and Coelastrella sp., however, accumulated significantly more lipids in the two-stage mixotrophic/heterotrophic cultivation system (36.32% ± 1.67% and 39.92% ± 3.68% DW, respectively) than in restricted mixotrophic regimes (MT 7d: 20.01% ± 1.87% and 23.77% ± 4.49%; MT 14d: 23.77% ± 4.49% and 23.93% ± 2.99% DW) (Figure 1B). The switch from mixotrophic to heterotrophic metabolism, which induces FAMEs production, is associated with the degradation of structural membranes, photosynthetic proteins, and chlorophylls in the chloroplast [38,39]. In C. saccharophila grown in the absence of NPK, the FAMEs’ concentration at MT 7d + H 7d was significantly lower than both of the mixotrophic regimes.



Notably, in the presence of NPK, the lipid contents of Coelastrella sp. were significantly lower during the two-stage mixotrophic/heterotrophic growth compared with the mixotrophic growth (Figure 2B). Thus, this suggests that the excess of carbon absorbed by dual carbon assimilation during mixotrophy resulted in a higher lipid production in the Coelastrella sp. mixotrophic cultures [28]. Accordingly, the percentage of carbon in Coelastrella sp. was 3% higher in the MT 14d than in the biomass after the MT 7d + H 7d growth. The total lipid content of the C. vulgaris biomass was significantly higher after the two-stage growth than in MT 7d in the presence of NPK. However, the C. vulgaris FAMEs’ concentrations remained unchanged under this condition (Figure 2B,C).



At the end of MT 7d, all of the microalgae strains cultured without NPK were nitrogen-limited, that is, NH4+-N was reduced 91 to 99% after 7 days of mixotrophic growth (Table 1). NH4+-N is the preferred nitrogen source for microalgae, mainly because it is the most energetically efficient source, as less energy is required for its uptake. When NH4+-N and NO3−-N are supplied together, Chlorella sp. uses NH4+-N first, which is incorporated into the organic compounds produced [9]. In the absence of NPK, the total phosphorous (TP) used for the all microalgae strains growth and development was between 81% and 84% at MT 7d, 45% and 60% at MT 14d, and 74% and 81% at MT 7d + H 7d. In the presence of NPK, the nutrients were also consumed to a great extent in the first 7 days of mixotrophic growth in all of the strains, the NH4+-N concentration was reduced by 86% to 93%, and NO3−-N by 98%, and the TP content depleted by between 74% and 82% (Table 1). Nitrogen accounts for 1%–10% of the dry matter in microalgae, and is the most important nutrient affecting growth and lipid accumulation [40]. The nitrogen content in the biomass of the investigated Nordic species was the lowest in the Coelastrella sp. grown mixotrophically in the absence of NPK (MT 14d: 3.38% ± 0.11% DW) and highest in C. vulgaris grown without NPK in the mixo-/hetero-trophic two-stage regime (MT 7d + H 7d: 11.04% ± 0.03% DW) (Table 4). It is interesting to notice that independent of NPK addition, the algae grown under MT 7d + H 7d had a higher nitrogen concentration and a lower C/N ratio than the algae grown at a mixotrophic condition (MT 14; Table 4). The algal nitrogen content therefore seems to be linked not only to the amount of available nitrogen in the medium (Table 1), but also to the growth regime. Concerning the total carbon content, only slight variations were observed in the different growth regimes in the presence NPK. The highest carbon content was measured in the mixotrophic algal cultures (MT 14d) in the absence of NPK (Table 4). Phosphorous, another essential component for microalgal growth and development, only accounts for about 1% of the total microalgal biomass (approximately 0.3%–0.6%) [41]. The results obtained in the present study are in agreement with previous studies on microalgae grown on a different lignocellulosic biomass [24,27]. C. sorokiniana grown in 12% beech (Fagus sylvatica) wood acid hydrolysate, with approximately 0.37 g L−1 organic carbon (glucose + acetate), produced 0.33 ± 0.01 and 0.22 ± 0.01 g L−1 biomass in 32.5 h, under mixotrophic and heterotrophic regimes, respectively [27]. The total fatty acid content was 5.20% ± 0.18% and 4.44% ± 0.24% DW under mixotrophic and heterotrophic regimes, respectively [27]. C. protothecoides has been found to produce 2.83 g L−1 of biomass with a 56.3% DW lipid content after 60 h of mixotrophic cultivation on a plant biomass (rice straw, Oryza sativa) hydrolysate (10 g L−1 glucose concentration) [24]. In comparison, this microalgae, grown heterotrophically in another plant (cassava, Manihot esculenta), a hydrolysate (10 g L−1 glucose concentration), for 240 h, produced approximately 7 g L−1 of biomass, but only a 22% DW lipid content [25]. In another study of heterotrophic cultivation, Auxenochlorella protothecoides was grown for 120 h using Silver birch (Betula pendula) and Norway spruce (Picea abies) hydrolysates, with a 10 times higher glucose concentration than in the present study. The biomass concentration and lipid content were 8.56 ± 0.21 and 8.37 ± 0.13 g L−1, and 66.00% ± 0.33% and 63.08% ± 0.71% DW for the birch and spruce hydrolysate, respectively [26].



Similar to the FAMEs yields, the FAMEs compositions did also not vary significantly in dependence to the growth regime (Figure 3); the dominant FAMEs were C16:0, C18:1, and C18:2 in all four of the strains, with the amount of C18:3 lower than expected. Generally, the FAMEs’ composition of the three Chlorella strains was similar, with some minor differences in the C18 FAMEs proportions (Figure 3). C16:0 was the dominant FAME in the three Chlorella strains (on average 32% of total FAMEs); in Coelastrella sp., methyl oleate (C18:1) was the dominant fatty acid (on average 43%). Interestingly, substantial differences in the FAME composition were observed upon the availability of NPK. In the presence of NPK, the amount of C18:2 increased in all of the strains and growth regimes (Figure 3). Decreased nutrient availability in the absence of NPK (Table 1), and two-stage mixo-/hetero-trophic growth, resulted in a higher relative content of C16:0 and C18:1, while the relative content of C18:3, and potentially other n-3 polyunsaturated fatty acids [42], was lower (Figure 3).




3. Materials and Methods


3.1. Collection and Cultivation of Microalgal Strains


Four microalgal strains were isolated from the municipal wastewater (Vakin AB) located in Umeå (63°86′ N), northern Sweden, and were genetically identified as Chlorella sorokiniana, Chlorella saccharophila, Chlorella vulgaris, and Coelastrella sp. [27]. The microalgal strains were grown for 7 days in a BG11 medium with 1.5% agar [43] under a 16:8 h light–dark cycle at 22 °C (light) and 16 °C (dark) in a growth cabinet (Conviron A1000 IN, Winnipeg, MB, Canada). Light intensity, expressed as PAR (photosynthetic active radiation), was ≈ 150 µmol m−2 s−1. Liquid cultures were prepared by inoculating two loops (2-mm diameter loop) of microalgae in Erlenmeyer flasks of 250 mL total volume, containing 150 mL of mixed birch hydrolysate and dairy effluent (see below for preparation), under the same culture conditions described above, and kept under continuous magnetic stirring at 100 rpm. The Erlenmeyer flasks were covered with aluminium foil. Glassware and the substrate were sterilized by autoclaving them at 120 °C for 20 min.




3.2. Assessment of Birch Hydrolysate and Dairy Effluent as Growth Medium


Wood chips from Silver birch (Betula pendula) were pre-treated with acid catalysed assisted hydrothermal pre-treatment [43]. Briefly, the pre-treatment took place at 190 °C at a holding time of 4–6 min, and sulfur dioxide at a concentration of 0.025 kg kgbiomass−1, was used as catalyst. As a result, a slurry of approximately 21.69% (w/w) solid content [43] was produced. The pH of the slurry was adjusted to 5 prior to enzymatic saccharification, and the slurry was diluted to a solid concentration of 20% (w/w) with a concentrated Na2HPO4–citric acid buffer, to achieve a final buffer concentration of 50 mM in the diluted slurry. For the enzymatic saccharification, the enzyme solution Cellic® CTec2 (with an enzyme activity of 238 FPU/ml (filter paper unit; [44])) from Novozymes A/S (Bagsværd, Denmark), was used at an enzyme load corresponding to 15 FPU g−1 of solids. Saccharification took place in an orbital shaker at 50 °C and 160 rpm for 24 h. At the end of the saccharification, the sugar concentration in the slurry was determined by high-performance liquid chromatography (HPLC; PerkinElmer, Waltham, MA, USA) equipped with a refractive index detector, and a Bio-Rad Aminex HPX-87P column (BioRad, Hercules, CA, USA) operating at 85 °C with 0.6 mL/min of ultrapure water. The sugars’ concentration was to be 61.7 g L−1 glucose and 42.4 g L−1 xylose. The undiluted hydrolysates contained 14.7 g L−1 acetic acid, 1.7 g L−1 furfural, 0.2 g L−1 HMF (determined by HPLC equipped with RI and a Bio-Rad Aminex HPX-87H column operating at 65 °C with 0.6 mL/min of 5 mM H2SO4), and 4.7 g L−1 phenols (determined with the Folin–Ciocalteu method with gallic acid as standard, as described before [45]). The dairy effluent had a glucose concentration of 0.05 g L−1, which was also determined by HPLC.



After saccharification, the birch hydrolysate possessed a very dark brown colour, which limited light penetration, and subsequently microalgae photosynthetic activity (data not shown). Additionally, a previous study determined that wood hydrolysate loadings up to 48% inhibited C. sorokiniana growth, potentially because of the toxicity of wood hydrolysates towards microalgae [27]. Therefore, the birch hydrolysate was diluted with deionized water, at a dilution ratio of 1:6 (v/v). After dilution, the pH was adjusted to 7. The diluted birch hydrolysate was mixed with dairy effluent (Norrmejerier, Umeå, Sweden) so as to provide an adequate nutrient supply to the growth medium (Table 1), and to achieve about a 2 g L−1 glucose concentration. The birch hydrolysate and dairy effluent mixture was subsequently filtered at room temperature with two layers of paper towel (100% cellulose), with a water filtration velocity of about 1.3 mL cm−2 min−1 to remove the largest particles, followed by overnight sedimentation at 4 °C. The feasibility of a birch hydrolysate and dairy effluent mixture as a growth medium for microalgae was investigated in the presence or absence of NPK, which was added as sodium nitrate (NaNO3) and dipotassium phosphate (K2HPO4) to a final concentration of 1.5 and 0.04 g L−1, respectively (Table 1).



The four microalgal strains, Coelastrella sp., C. sorokiniana, C. saccharophila, and C. vulgaris, were cultivated under either mixotrophic culture conditions, samples were taken after 7 and 14 days (designated as MT 7d and MT 14d, respectively), or for 7 days under mixotrophic, followed by 7 days under heterotrophic culture conditions (designated as MT 7d and H 7d). The cultures were kept with continuous magnetic stirring at 100 rpm and a 16:8 h light–dark cycle at 22 °C (light) and 16 °C (dark) in a growth cabinet (Conviron A1000 IN, Winnipeg, MB, Canada), with PAR of ≈ 150 µmol m−2 s−1 for the mixotrophic conditions, or total darkness for the heterotrophic conditions. Samples of 10 mL were harvested by centrifugation at 3520 g for 5 min, and the obtained pellets were used to analyse the biomass, total lipids, and FAMEs. The supernatants were stored at −20 °C for nutrient analysis. The control samples deficient of microalgae were taken at MT 7d, MT 14d, and MT 7d + H 7d time points from both mediums of birch hydrolysate/dairy effluent, in the presence or absence of NPK, and were processed similar to the samples. The biomass and total lipid analyses were performed in four replicates, and FAMEs and nutrients analyses in duplicates. The total nitrogen (N) and carbon (C) were determined in triplicates.




3.3. Analytical Methods


3.3.1. Nutrients Analyses


The nutrients—ammonium (NH4+-N), nitrate (NO3−-N), total phosphorus (TP), and total organic carbon (TOC)—were analysed using the commercially available nutrient analyses kits, according to the manufactures’ instructions (Hach Lange, Germany). The absorbance measurements were performed using a DR3900 spectrophotometer (Hach Lange, Germany). All of the supernatant samples were thawed at room temperature before the analyses and were diluted, when necessary, to achieve the concentrations within the kit range.




3.3.2. Biomass Concentration


The microalgal biomass concentration was determined in all of the culture conditions immediately after harvesting. The dry weight of the microalgal pellets was determined gravimetrically after oven drying (Memmert, Schwabach, Germany) at 65 °C overnight. The microalgal biomass concentration was expressed as dry weight g L−1.




3.3.3. Total Lipids Extraction


The total lipids were extracted from a fresh microalgal biomass using the method of Folch et al. [46], simplified as described in Axelsson and Gentili [47]. The lipids were extracted using a mixture of chloroform, methanol, and NaCl (0.73% in water) (2:1:0.8 v/v/v). The recovered lipid phase was vacuum dried in a multi-evaporator (Syncore® Polyvap, Büchi Labortechnik AB, Flawil, Switzerland) at 40 °C, 120 rpm, and 275 mbar for 3 h. The quantity of total lipids was measured gravimetrically, and was expressed as a dry weight percentage.




3.3.4. Fatty Acid Methyl Esters Analysis


The fresh microalgal cells were pelletized and boiled immediately after harvesting in 2 mL of isopropanol at 80 °C for 10 min under gaseous nitrogen atmosphere, and were stored at −20 °C until further analyses. After the total lipid extraction, the fatty acids were isolated and purified on thin layer chromatography (TLC), and subsequently transmethylated into FAMEs according to Lage and Gentili [48], based on Christie and Han [49]. The FAMEs extracts were re-suspended with heptane and injected into a TRACE™ 1310 (Thermo Fisher Scientific, Hägersten, Sweden) GC system equipped with flame ionization detector, and a 30 m FAMEWAX column (Restek Corporation, Bellefonte, Pennsylvania, USA) [48]. The FAMEs were identified by comparison of the retention times with authentic standards. The FAMEs’ concentrations were calculated as weight percent by applying theoretical correction factors, and being normalized against the internal standard pentadecanoic acid methyl ester (C15:0).




3.3.5. Total N and Total C Analyses


The total nitrogen and total carbon measurements were performed at the Department of Forest Ecology and Management, Swedish University of Agricultural Sciences (Umeå, Sweden), as described by Werner et al. [50]. The samples were analysed by elemental analyser-isotope ratio mass spectrometry (EA-IRMS). The instrumental setup consisted of an elemental analyser (Flash EA 2000) connected to a continuous flow isotope ratio mass spectrometer (DeltaV), both of which were from Thermo Fisher Scientific (Bremen, Germany). Each sequence of samples was analysed together with two in-house standards in several replicates. The accepted standard deviation of the in-house laboratory standards was <0.15%. The data were corrected for drift and size before the final results were given.





3.4. Statistical Analysis


In order to investigate the statistical differences between the biomass, total lipid, and FAMEs’ concentrations means of different medium and growth regimes, analysis of variance (one-way ANOVA) followed by post-hoc Student’s t-test with Bonferroni correction was applied. Analyses were performed with Microsoft Office Excel 2013 Analysis ToolPak.





4. Conclusions


This study shows, for the first time, that birch hydrolysate and dairy effluent can be used, in combination, as an organic carbon and nutrient source for cultivating microalgae in order to produce lipids. All of the microalgae tested, namely C. sorokiniana, C. saccharophila, C. vulgaris, and Coelastrella sp., could grow in this medium mixture, under both mixotrophic and two-stage mixotrophic/heterotrophic regimes, independently of NPK supplementation. In comparison to the growth phase alone (MT 7d), the prolonged (14 days instead of 7 days) two-stage cultivation strategy (growth phase followed by stress phase), that is, MT 7d + H 7d and MT 14d, generally resulted in a reduction of the biomass, lipids, and FAMEs’ productivity. An exception was C. saccharophila, which had a slightly higher lipid productivity at MT 7d + H 7d. For instance, Coelastrella sp., the highest lipid producer of this study, accumulated up to 40% DW of the total lipids in the absence of NPK. In the presence of NPK, the nutrient replete condition of the medium impaired the effect of the stress phase. In conclusion, culturing microalgae in waste streams under mixotrophy has the potential to become a successful strategy for microalgal cultivation in northern Sweden; a region with large seasonal variation in daylight availability.
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Figure 1. (a) Biomass concentration (g L−1) (n = 4); (b) total lipids (% dry weight–DW), n = 4; and (c) total fatty acid methyl esters (FAMEs) (%DW) (n = 2), of C. sorokiniana, C. saccharophila, C. vulgaris, and Coelastrella sp., grown in a birch hydrolysate and dairy effluent mixture without nitrogen, phosphorus, and potassium (NPK) supplementation. The cells were cultured mixotrophic (MT) for 7 and 14 days (MT 7d and MT 14d), or mixotrophic for 7 days, and then heterotrophic (H) for another 7 days (MT 7d + H 7d). Error bars express the standard deviation of the mean. The different letters above the bars of the same microalgae indicate a significant difference (p < 0.05). NA—not available. 
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Figure 2. (a) Biomass concentration (g L−1) (n = 4); (b) total lipids (%DW) (n = 4); and (c) total FAMEs (%DW) (n = 2), of C. sorokiniana, C. saccharophila, C. vulgaris, and Coelastrella sp. grown in a birch hydrolysate and dairy effluent with NPK supplementation. The cells were cultured as mixotrophic for 7 and 14 days (MT 7d and MT 14d), or mixotrophic for 7 days, and then heterotrophic for another 7 days (MT 7d + H 7d). Error bars express the standard deviation of the mean. Different letters above the bars of the same microalgae indicate a significant difference (p < 0.05). NA—not available. 
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Figure 3. FAMEs composition (% total FAMEs) of C. sorokiniana, C. saccharophila, C. vulgaris, and Coelastrella sp. grown in birch hydrolysate and dairy effluent, either in the absence (a–d) or presence (e–h) of NPK. Cells were grown mixotrophic for 7 and 14 days (MT 7d and MT 14d), or first mixotrophic for 7 days, and then heterotrophic for another 7 days (MT 7d + H 7d). Error bars express the standard deviation of the mean (n = 2). 
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Table 1. Nutrients, ammonium (NH4+-N), nitrate (NO3−-N), total phosphorous (TP), and total organic carbon (TOC), concentrations (mg L−1) in the birch hydrolysate and dairy effluent medium, with and without nitrogen, phosphorus, and potassium (NPK) supplementation, at day 0, day 7 (mixotrophic growth—MT 7d), and day 14 (mixotrophic and two stage mixotrophic/heterotrophic growth (H)—MT 14d and MT 7d + H 7d) in the cultures of C. sorokiniana, C. saccharophila, C. vulgaris, and Coelastrella sp. Values are expressed as mean ± standard deviation (n = 2).
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Without NPK Supplementation

	
With NPK Supplementation




	

	

	
NH4+-N

	
NO3−-N

	
TP

	
TOC (mg/L)

	
TOC Reduction (%)

	
NH4+-N

	
NO3−-N

	
TP

	
TOC (mg/L)

	
TOC Reduction (%)






	

	
Day 0

	
72.70 ± 0.00

	
≤0.50

	
8.56 ± 0.01

	
663 ± 89

	
-

	
98.40 ± 1.60

	
247.60 ± 2.00

	
16.15 ± 0.15

	
654 ± 66

	
-




	
C. sorokiniana

	
MT 7d

	
0.85 ± 0.00

	
7.07 ± 0.07

	
1.58 ± 0.04

	
282 ± 20

	
57.5

	
6.58 ± 0.03

	
5.48 ± 0.12

	
4.15 ± 0.00

	
250 ± 27

	
61.8




	
MT 14d

	
2.12 ± 0.03

	
5.85 ± 0.19

	
4.49 ± 0.07

	
232.5 ± 23.5

	
64.9

	
1.67 ± 0.01

	
5.00 ± 0.01

	
6.15 ± 0.04

	
198 ± 3

	
69.7




	
MT 7d + H 7d

	
1.47 ± 0.00

	
6.10 ± 0.53

	
2.20 ± 0.09

	
245 ± 30

	
63

	
39.15 ± 0.15

	
4.91 ± 0.16

	
4.00 ± 0.01

	
202 ± 8

	
69.1




	
C. saccharophila

	
MT 7d

	
0.33 ± 0.00

	
6.64 ± 0.15

	
1.52 ± 0.03

	
312 ± 38

	
52.9

	
13.65 ± 0.05

	
5.50 ± 0.13

	
3.67 ± 0.02

	
234.5 ± 14.5

	
64.1




	
MT 14d

	
1.52 ± 0.05

	
5.82 ± 0.24

	
3.81 ± 0.09

	
258 ± 22

	
61.1

	
1.28 ± 0.02

	
4.86 ± 0.13

	
6.97 ± 0.30

	
269 ± 11

	
58.9




	
MT 7d + H 7d

	
0.84 ± 0.00

	
5.68 ± 0.52

	
1.87 ± 0.20

	
241.5 ± 2.5

	
63.6

	
54.70 ± 0.40

	
4.76 ± 0.06

	
5.63 ± 0.01

	
229 ± 18.5

	
65.0




	
C. vulgaris

	
MT 7d

	
6.69 ± 0.02

	
7.00 ± 0.20

	
1.65 ± 0.06

	
298 ± 32

	
55.1

	
8.88 ± 0.03

	
6.89 ± 0.20

	
3.05 ± 0.00

	
221.5 ± 7.5

	
66.1




	
MT 14d

	
0.96 ± 0.00

	
5.39 ± 0.22

	
4.70 ± 0.12

	
239.5 ± 0.5

	
63.9

	
20.05 ± 0.15

	
6.30 ± 0.15

	
8.03 ± 0.67

	
200.5 ± 9.5

	
69.3




	
MT 7d + H 7d

	
0.42 ± 0.00

	
6.10 ± 0.57

	
1.64 ± 0.22

	
268.5 ± 9.5

	
59.5

	
15.35 ± 0.05

	
5.08 ± 0.02

	
3.43 ± 0.04

	
187.5 ± 13.5

	
71.3




	
Coelastrella sp.

	
MT 7d

	
0.41 ± 0.00

	
6.88 ± 0.14

	
1.37 ± 0.04

	
304 ± 23.5

	
54.1

	
9.30 ± 0.04

	
42.95 ± 0.55

	
2.98 ± 0.01

	
258.5 ± 2.5

	
60.5




	
MT 14d

	
0.42 ± 0.00

	
5.86 ± 0.22

	
3.44 ± 0.08

	
274 ± 22

	
58.7

	
3.92 ± 0.04

	
16.15 ± 1.95

	
6.75 ± 0.12

	
227.5 ± 2.5

	
65.2




	
MT 7d + H 7d

	
1.97 ± 0.01

	
5.47 ± 0.44

	
2.15 ± 0.21

	
231.5 ± 17.5

	
65.1

	
0.78 ± 0.00

	
5.12 ± 0.03

	
5.31 ± 0.01

	
197 ± 9

	
69.9
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Table 2. Total suspended solids (TSS) concentration (mg L−1) of controls, that is, a birch hydrolysate and dairy effluent medium without microalgae inoculation, with and without NPK supplementation, cultivated for 7 and 14 days mixotrophically (MT 7d and MT 14d, respectively), or for 7 days mixotrophically and then another 7 days heterotrophically (MT 7d + H 7d). Values are expressed as mean ± standard deviation (n = 4).
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Supplementation

	
Growth Regime

	
TSS (mg L−1)






	
With NPK

	
MT 7d

	
15 ± 0.0




	
MT 14d

	
27 ± 1.0




	
MT 7d + H 7d

	
16 ± 0.0




	
Without NPK

	
MT 7d

	
16 ± 1.0




	
MT 14d

	
15 ± 0.0




	
MT 7d + H 7d

	
27 ± 1.0
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Table 3. Biomass (g L−1 d−1), lipids (mg L−1 d−1), and fatty acid methyl esters’ (FAMEs) (mg L−1 d−1) productivities of C. sorokiniana, C. saccharophila, C. vulgaris, and Coelastrella sp. cultured in a birch hydrolysate and dairy effluent medium, with and without NPK supplementation (mixotrophic growth, MT 7d, and 14 days of mixotrophic and two stage mixotrophic/heterotrophic growth, MT 14d and MT 7d + H 7d). Values are expressed as mean ± standard deviation (n = 4 (biomass and lipids) and n = 2 (FAMEs)). NA—not available.






Table 3. Biomass (g L−1 d−1), lipids (mg L−1 d−1), and fatty acid methyl esters’ (FAMEs) (mg L−1 d−1) productivities of C. sorokiniana, C. saccharophila, C. vulgaris, and Coelastrella sp. cultured in a birch hydrolysate and dairy effluent medium, with and without NPK supplementation (mixotrophic growth, MT 7d, and 14 days of mixotrophic and two stage mixotrophic/heterotrophic growth, MT 14d and MT 7d + H 7d). Values are expressed as mean ± standard deviation (n = 4 (biomass and lipids) and n = 2 (FAMEs)). NA—not available.





	

	

	
Without NPK Supplementation

	
With NPK Supplementation




	

	

	
Biomass

	
Lipids

	
FAMEs

	
Biomass

	
Lipids

	
FAMEs






	
C. sorokiniana

	
MT 7d

	
0.13 ± 0.03

	
24.75 ± 4.16

	
NA

	
0.26 ± 0.00

	
24.50 ± 2.33

	
13.71 ± 3.94




	
MT 14d

	
0.06 ± 0.04

	
21.36 ± 0.66

	
9.79 ± 0.82

	
0.14 ± 0.00

	
15.97 ± 1.40

	
9.75 ± 0.56




	
MT 7d + H 7d

	
0.04 ± 0.00

	
18.85 ± 2.07

	
11.03 ± 1.36

	
0.10 ± 0.00

	
13.77 ± 1.94

	
9.74 ± 0.48




	
C. saccharophila

	
MT 7d

	
0.23 ± 0.29

	
25.58 ± 2.31

	
25.37 ± 0.56

	
0.23 ± 0.06

	
31.51 ± 8.66

	
19.96 ± 3.50




	
MT 14d

	
0.09 ± 0.05

	
16.73 ± 1.25

	
11.09 ± 0.73

	
0.13 ± 0.00

	
14.21 ± 1.35

	
11.05 ± 0.00




	
MT 7d + H 7d

	
0.06 ± 0.00

	
25.94 ± 1.03

	
5.00 ± 0.15

	
0.07 ± 0.00

	
12.98 ± 1.93

	
9.61 ± 0.38




	
C. vulgaris

	
MT 7d

	
0.09 ± 0.02

	
NA

	
31.57 ± 2.39

	
0.24 ± 0.03

	
28.36 ± 1.97

	
23.20 ± 0.58




	
MT 14d

	
0.05 ± 0.00

	
17.98 ± 1.60

	
11.54 ± 0.25

	
0.12 ± 0.00

	
16.63 ± 1.61

	
13.70 ± 0.10




	
MT 7d + H 7d

	
0.04 ± 0.00

	
17.76 ± 4.08

	
15.83 ± 1.69

	
0.11 ± 0.00

	
20.33 ± 1.95

	
12.60 ± 0.34




	
Coelastrella sp.

	
MT 7d

	
0.19 ± 0.05

	
33.95 ± 5.56

	
NA

	
0.11 ± 0.04

	
41.80 ± 8.13

	
NA




	
MT 14d

	
0.09 ± 0.01

	
17.10 ± 1.85

	
11.63 ± 0.79

	
0.13 ± 0.00

	
19.02 ± 0.70

	
15.89 ± 0.90




	
MT 7d + H 7d

	
0.06 ± 0.00

	
28.51 ± 2.27

	
NA

	
0.08 ± 0.00

	
12.30 ± 1.82

	
16.28 ± 0.22
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Table 4. Percentage of total nitrogen (N) and total carbon (C) per DW, as well as the C/N ratio of C. sorokiniana, C. saccharophila, C. vulgaris, and Coelastrella sp. grown in a birch hydrolysate and dairy effluent with or without NPK supplementation. The species were cultivated for 14 days mixotrophically (MT 14d), or for 7 days mixotrophically, and then another 7 days heterotrophically (MT 7d + H 7d). Values are expressed as mean ± standard deviation (n = 3).
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Species

	
Supplementation

	
Growth Regime

	
N%

	
C%

	
C/N Ratio






	
C. sorokiniana

	
With NPK

	
MT 14d

	
6.90 ± 0.34

	
50.73 ± 0.45

	
7.37 ± 0.41




	
MT 7d + H 7d

	
9.04 ± 0.57

	
49.81 ± 2.06

	
5.52 ± 0.18




	
Without NPK

	
MT 14d

	
3.89 ± 0.88

	
56.03 ± 1.37

	
15.34 ± 4.23




	
MT 7d + H 7d

	
8.13 ± 0.10

	
51.10 ± 1.35

	
6.28 ± 0.09




	
C. saccharophila

	
With NPK

	
MT 14d

	
6.84 ± 0.14

	
51.50 ± 0.46

	
7.53 ± 0.18




	
MT 7d + H 7d

	
9.33 ± 0.06

	
50.27 ± 0.06

	
5.38 ± 0.03




	
Without NPK

	
MT 14d

	
3.77 ± 0.17

	
56.34 ± 0.06

	
14.98 ± 0.69




	
MT 7d + H 7d

	
5.54 ± 1.01

	
55.99 ± 0.33

	
10.42 ± 1.70




	
C. vulgaris

	
With NPK

	
MT 14d

	
7.15 ± 0.07

	
52.86 ± 0.21

	
7.39 ± 0.10




	
MT 7d + H 7d

	
8.70 ± 0.19

	
52.59 ± 1.02

	
6.05 ± 0.01




	
Without NPK

	
MT 14d

	
7.21 ± 0.34

	
53.82 ± 0.14

	
7.49 ± 0.33




	
MT 7d + H 7d

	
11.04 ± 0.03

	
52.47 ± 0.15

	
4.73 ± 0.02




	
Coelastrella sp.

	
With NPK

	
MT 14d

	
6.75 ± 0.14

	
50.66 ± 0.91

	
7.51 ± 0.12




	
MT 7d + H 7d

	
7.59 ± 0.34

	
52.47 ± 0.72

	
6.93 ± 0.40




	
Without NPK

	
MT 14d

	
3.38 ± 0.11

	
58.18 ± 0.62

	
17.21 ± 0.17




	
MT 7d + H 7d

	
5.87 ± 0.22

	
55.27 ± 1.57

	
9.43 ± 0.64












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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