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Abstract

:

Palmitoleic acid, one scarce omega-7 monounsaturated fatty acid, has important applications in the fields of medicine and health products. Tribonema has been considered as a promising candidate for the production of palmitoleic acid due to its high lipid and palmitoleic acid content and remarkable heterotrophic ability. The high-density heterotrophic cultivation of Tribonema minus was conducted in this work, and the highest biomass of 42.9 g L−1 and a relatively low lipid content of 28.7% were observed. To further enhance the lipid and palmitoleic acid accumulation, induction strategies under two regimes of phototrophy and heterotrophy with different conditions were investigated and compared. Results demonstrated encouraging promotions both by heterotrophic and phototrophic ways, and the final lipid contents reached 41.9% and 49.0%, respectively. In consideration of the time cost, however, the induction under heterotrophic conditions was much more advantageous, by which the highest lipid and palmitoleic acid productivities of 1.77 g L−1 d−1 and 924 mg L−1 d−1 were obtained respectively, with the lipid yield on glucose of 0.26 g g−1.
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1. Introduction


Palmitoleic acid (16:1, ω-7), one of omega-7 fatty acids, has been paid increasing attention in recent years due to the immune metabolic effects relevant to chronic metabolic diseases such as obesity, insulin resistance, nonalcoholic fatty liver disease (NAFLD), and atherosclerosis [1]. Palmitoleic acid acts as a lipokine modulating several metabolic processes in other tissues [2], reduces liver inflammation with NAFLD [3,4] and slows the progression of atherosclerosis in obese mice [5] by reducing inflammatory gene expression, lowering the production of inflammatory cytokines [5,6] and increasing differentiation to an anti-inflammatory phenotype [6,7]. Palmitoleic acid has also been described as a powerful blocker (of activity and expression) of stearoyl-CoA desaturase 1 (SCD-1), reducing insulin resistance to control obesity [2,8,9]. Therefore, it was identified as a specific lipid hormone or a “lipokine” responsible for linking the adipose tissue to systemic metabolism. Moreover, palmitoleic acid is considered to be an ideal material to produce biodiesel [10,11] and 1-octene [12,13]. Currently, the major sources of palmitoleic acid are sea buckthorn (Hippophae rhamnoides L.) berry containing about 40% of palmitoleic acid in its total lipid, macadamia nut containing 30% of palmitoleic acid in its total lipid and fish oil containing 10% of palmitoleic acid. However, the low lipid content (e.g., 3.5% for the sea buckthorn berry) or the poor agronomic characteristics of those sources inevitably results in the limitation of producing palmitoleic acid commercially [14,15]. Large scale planted oil crops, such as sunflower and jatropha, have been found only containing less than 2% of palmitoleic acid in their oil [16,17]. It has been also identified that most oleaginous microalgae could accumulate 8–25% of palmitoleic acid in the extracted fatty acids [18,19,20,21,22,23].



Tribonema sp., a filamentous oleaginous microalga, has been reported to accumulate a high content of lipid (40–60% of dry biomass) and palmitoleic acid (50% around of its lipid) [24,25,26,27]. Moreover, it was found that Tribonema sp. could grow heterotrophically by utilizing organic carbon sources, such as glucose, sucrose, and acetic acid [28]. This heterotrophic ability of Tribonema sp. is helpful to overcome the conditional limitations in a traditional microalgae cultivation such as location, season and light, and provides a feasible way to produce the palmitoleic acid in large scale [29,30]. However, previous work showed that the lipid content of Tribonema sp. under a heterotrophic condition was much lower than that under a phototrophic condition, probably caused by the changes of fatty acids metabolic pathways [29]. The same phenomenon was also observed in Chlorella protothecoides, a promising microalgal strain for lipids production, when a heterotrophic cultivation was employed [20,31,32].



Some nutrient regulation methods are widely identified effective to enhance the lipid accumulation of heterotrophic microalgae, such as depriving nitrogen and phosphorus, increasing the C/N ratio and salt stress, and adjusting the dosage of some metal ions. Shen et al. [33] reported that the highest fatty acid methyl ester (FAME) content (56%) of heterotrophic microalga Chlorella vulgaris fed on acetate was obtained in a nitrogen deficient medium, and the fatty acids productivity under this condition was three times greater than that under nitrogen sufficient conditions. The lipid production of Chlorella regularis cultivated heterotrophically was also promoted significantly under a nitrogen starvation stress [34]. In addition, providing appropriate concentrations of phosphorus, iron, and NaCl were also identified as positive measures for reinforcing the lipid accumulation of heterotrophic microalgae [32,33,35]. However, our previous work showed that the single stress of nitrogen, phosphorus, or iron performed only a slight influence on the lipid accumulation of heterotrophic Tribonema minus [29], indicating that the biosynthesis of lipid in heterotrophic T. minus cells is very likely associated with various nutrients in the medium. Therefore, the combined regulation needs to be further investigated.



Compared with the so called “one pot” method, which means that the cell proliferation stage and lipid induction stage were continuously carried out in one reactor without any replacement of the medium, two-stage cultivation mode (cultivating microalgae heterotrophically at the first stage and then transferring the cells into a new induction medium for subsequent cultivation at the second stage) has been usually used to promote the lipid accumulation of microalgae. Han et al. [21] cultivated three Chlorella species (C. pyrenoidosa, C. ellipsoidea, and C. vulgaris) heterotrophically at first and then the heterotrophic biomass was diluted and cultured under phototrophic conditions for the lipid accumulation. Results showed that the total lipid content of those Chlorella species increased from about 9% to 30% after four days of phototrophic cultivation. This method had a better performance on Chlorella protothecoides, according to the work published by Li et al. [36]. When the heterotrophy–photoinduction cultivation regime (HPC) was employed, the lipid content of C. protothecoides increased from 15.08% to 50.5% by 48 h of photo-induction, with the rapid decrease of starch and protein after 12 h of photo-induction. Chlorella sorokiniana was also tested using the same method and it was proved effective to promote the lipid production [37]. However, all above researches were focused on a unicellular Chlorella sp., no attempts of the lipid promotion for heterotrophic filamentous microalgae such as Tribonema sp. were reported.



In this study, T. minus was heterotrophically cultivated at high-density by a fed-batch cultivation in the bubble column. Then, additionally, in order to promote the lipid accumulation, the heterotrophic broth was transferred into two modes of phototrophy and heterotrophy with different conditions for the lipid induction. Results will reveal the characteristics of the lipid and palmitoleic acid accumulation in T. minus and then lead to an effective strategy to strengthen the lipid and palmitoleic acid contents for potential large-scale production.




2. Results


2.1. Cultivation and Lipid Accumulation of T. minus by Heterotrophy


2.1.1. Growth


A high-density cultivation of T. minus was carried out in the bubble column and the results were presented in Figure 1. The growth curve (Figure 1A) showed that T. minus grew very fast in the first three days, and the biomass density reached 42.2 g L−1 at day three. The highest biomass of 42.9 g L−1 was obtained at day four and the growth reached a stationary phase lasting for about three days, and then it entered the decline phase. The specific growth rate (μ) of the first three days was estimated as 0.693 d−1. Consequently, glucose was consumed quickly and fed at day one, two and three, and an average consumption rate of about 17 g L−1 glucose per day was estimated in the first three days, whereas during the stationary and decline phase, only a little of the glucose was consumed. The final glucose concentration was 15.6 g L−1 and the total consumption of glucose was calculated as 54.4 g L−1, which meant that the biomass yield on glucose was as high as 0.67 g g−1 (at day six, before the decline phase). This biomass yield on glucose was much higher than that of the heterotrophic Chlorella reported by Shi et al. (0.39–0.46 g g−1) [38].




2.1.2. Lipid Accumulation


Lipid in the freeze-dried biomass was extracted with methanol-chloroform (2:1, v/v) and the lipid content was then calculated gravimetrically. The lipid contents at day two and day four were only 11.4% and 15.5%, respectively, but it reached a higher value of 26.7% and 28.7% at day six and day eight (Figure 1A). With the increase of the lipid, the carbohydrate content of the heterotrophic T. minus decreased from 66.7% at day two to 49.2% at day eight, whereas the protein content was relatively stable (around 12%). The lipid yield on the glucose of T. minus was estimated as 0.19 g g−1 (at day six) and the lipid productivity was calculated as 1.41 g L−1 d−1, 1.71 g L−1 d−1, and 1.05 g L−1 d−1, at day four, six, and eight, respectively, revealing that if this “one pot” cultivation method was used, the appropriate time to harvest T. minus is the sixth day, i.e., three days after the end of the exponential phase. Compared with the batch cultivation in our previous work [29], the highest biomass was improved from 30.8 g L−1 to 42.9 g L−1 by a fed-batch cultivation in this research, and the lipid productivity was also enhanced by 2.5 folds.




2.1.3. Palmitoleic Acid Accumulation


Fatty acids in the lipid were converted into fatty acid methyl esters (FAMEs) and then analyzed by GC. The fatty acid profiles of T. minus cultivated at day two, four, six and eight were determined and displayed in Figure 1B. Agreeing with our previous work conducted by the phototrophic mode or heterotrophic mode in flasks [24,29], the dominated components in fatty acid profiles of T. minus fermented in the bubble column were the palmitoleic acid (C16:1) and palmitic acid (16:0), taking a total proportion of 68.7% to 78.1%.It is dramatic that the contents of the palmitoleic and palmitic acid changed significantly at different cultivation phases (p < 0.05). The amount of palmitoleic acid in total fatty acids of T. minus cells progressively increased from 32.2% (day two) to 58.2% (day eight), while that of the palmitic acid declined from 45.9% (day two) to 15.3% (day eight). Another interesting phenomenon was that the proportions of other saturated fatty acids such as C14:0 and C18:0 also continuously decreased throughout the fermentation process. This may be due to the activity of desaturases (e.g., Δ9 desaturase) that was enhanced with the extending of the cultivation. Consequently, the total unsaturated fatty acids (UFA) in total fatty acids at the end of the stationary phase constituted up to 81.8%, in contrast to 36.2% at the exponential phase. The palmitoleic acid productivity was estimated as 635 mg L−1 d−1, 958 mg L−1 d−1, and 611 mg L−1 d−1, at day four, six, and eight, respectively, meaning that for this “one pot” heterotrophic cultivation, the most feasible fermentation time for the palmitoleic acid production is six days, consistent with the result of the lipid production hereinbefore.





2.2. Lipid Induction under Different Regimes


The above work showed that the lipid content of T. minus by a heterotrophic cultivation was less than 30%, and there was still a great gap in comparison with the phototrophic cultivation (50–60%) [24]. For the potential industrial production of the palmitoleic acid, a fast lipid induction strategy is desired to greatly and efficiently increase the lipid and palmitoleic acid content. For this purpose, lipid inductions under two regimes of heterotrophy and phototrophy with different induction conditions were investigated. T. minus was heterotrophicly cultivated for four days at first as described in Section 2.1 and then harvested and washed as seeds for later experiments for lipid induction.



2.2.1. Lipid Induction by Heterotrophy


The T. minus biomass was re-inoculated into three different heterotrophic mediums including the Glu medium (adding glucose in water), Glu+NPMg medium (adding glucose, N, P, and Mg in water), and Glu+BG11 medium (adding glucose in a BG11 medium) and one control medium (pure water). As presented in Figure 2A, T. minus grew well in those tested mediums except in the pure water, and the more abundant the nutrients provided, the faster the growth was and the higher the biomass achieved. The final biomass of T. minus after four days of induction cultivation was 20.6, 23.3, and 25.4 g L−1 in the Glu medium, Glu+NPMg medium, and Glu+BG11 medium, respectively, and the residual glucose in each medium was 12.7, 11.7, and 9.9 g L−1, respectively. According to the consumption of glucose, the final biomass yields on glucose were 0.40 g g−1, 0.48 g g−1, and 0.53 g g−1 (p < 0.05) for the medium Glu, Glu+NPMg, and Glu+BG11, respectively.



Conversely, the lipid content of T. minus in a different medium showed a great difference (Figure 2B). The lipid content of T. minus in a Glu medium fleetly increased from 15.5% at the beginning to 41.9% at day four, while other medium groups only performed a sluggish acceleration in the lipid accumulation, and the more comprehensive the nutrition was, the lower the lipid content increased. With the extension of the cultivation time, the carbohydrate content of T. minus decreased in all kinds of mediums, in which the Glu medium led to a greatest reduction from 61.6% at day 0 to 36.9% at day four. The final carbohydrate contents of T. minus in the Glu+NPMg medium and Glu+BG11 medium were 47.1% and 49.6%, respectively. A surprising result is that when T. minus was induced in pure water, although the biomass accumulation stopped, a sizable rise of the lipid content was observed. The lipid yield on the glucose of T. minus in the Glu medium was 0.26 g g−1, which was much higher than that in the Glu+NPMg medium (0.20 g g−1) and Glu+BG11 medium (0.19 g g−1) (p < 0.05). The lipid productivity was calculated as 1.77 g L−1 d−1, 1.44 g L−1 d−1, and 1.42 g L−1 d−1, in the Glu, Glu+NPMg, and Glu+BG11 medium, respectively, revealing that under the heterotrophic regime, the most appropriate induction medium to further reinforce the accumulation of lipid in T. minus cells was the solution only containing glucose.



According to the results presented in Figure 2C, the highest proportion of the palmitoleic acid in the fatty acid profile was also observed in the Glu medium, calculated as 52.2%, which resulted in a highest palmitoleic acid productivity of 924 mg L−1 d−1. The microscopic images of lipid droplets in T. minus cells stained by Nile Red were shown in Figure 3. It clearly demonstrated that lipid droplets of T. minus in the Glu medium were heaviest and greatest in all groups.




2.2.2. Lipid induction by Phototrophy


In this process, heterotrophic T. minus seeds were re-inoculated into a phototrophic medium, and three factors were investigated including illumination, nutrients, and initial inoculation density. As presented in Figure 4A, there was a lag phase (about two days) for all the tested groups when heterotrophic T. minus seeds were re-inoculated into the phototrophic medium. Compared with the light/dark = 16h/8h (L/D = 16/8) group, continuous illumination was more appropriate for the recovering of the photosynthetic system in T. minus cells, and a higher biomass concentration (15.5 g L−1) was obtained. Both the N and P starvation resulted in a low final biomass density, even though the growth rate was motivated by the P starvation for a short time after the lag phase. In the initial inoculation biomass test, the highest final biomass of 17.7 g L−1 was reached when the inoculation density was 9.6 g L−1. However, in consideration of the biomass productivity, the optimal initial density was 6.4 g L−1, which led to a highest biomass productivity of 0.9 g L−1 d−1 under phototrophic conditions.



The lipid accumulation of T. minus re-cultivated phototrophically was significantly influenced by the induction conditions as plotted in Figure 4B (p < 0.05). The final lipid content under continuous illumination reached up to 36.2% from 15.5% at the beginning of the process, in comparison with 31.4% under a L/D = 16/8 illumination, indicating that reducing the illumination time weakened not only the biomass but also the lipid accumulation. In contrast with full strength of the BG11 medium, the absence of nitrogen in the medium was less advantageous for reinforcing the lipid accumulation of T. minus, which was consistent with the conclusion released by Guo et al. [25] under a phototrophic condition. Nitrogen starvation is generally identified as an effective regulation method for the lipid accumulation to various microalgae strains under phototrophy [39,40,41], but for T. minus, according to our present results, its inductive effect is relatively weak. This specific regulatory mechanism is still unclear, and further researches on the transcriptomics and metabolomics analysis under different N levels may lead to a clearer understanding. There was just a slight lipid promotion in the phosphorus deficient group, probably due to the longer stationary phase (in comparison with the BG11 group), in which lipid is the major product of biosynthesis in the T. minus cells. Among the three inoculation densities, the highest lipid content of 49.0% and lowest carbohydrate content of 29.1% were obtained simultaneously when the initial inoculation density was 3.2 g L−1, and the lipid content decreased when the initial inoculation density was enhanced. The lipid productivity was calculated as 0.45 g L−1 d−1, 0.45 g L−1 d−1, and 0.36 g L−1 d−1 with the three initial inoculation densities, respectively. This result agrees with our previous work [24], and the possible reason is that for the phototrophic microalgae, light is the sole energy to drive the fixation of CO2 and biosynthesis of biomolecules and more photons could be absorbed by algal cells under an appropriately diluted biomass density. By comparing the palmitoleic acid proportion in the fatty acid profiles under a heterotrophic induction (Figure 2C) and phototrophic induction (Figure 4C), a higher palmitoleic acid content was obtained under the latter one, while of which, reducing the illumination time, depriving of N or P in the medium, or inoculating excessive high initial biomass would result in the decrease of the palmitoleic acid proportion.






3. Discussion


Tribonema sp. has been reported to accumulate a high content of lipid (about 60% of dry biomass) and palmitoleic acid (about 50% of its lipid) when it was phototrophically cultivated [24,25,26,27], and this provides a new source for the production of the palmitoleic acid. However, the lipid content would significantly decrease to 20%, if the heterotrophic cultivation, which was considered to be much more feasible to scale up, was employed [29,30]. Several induction methods such as nitrogen deprivation [33,34] and photoinduction [21,36,37] are widely identified effective to enhance the lipid accumulation of the heterotrophic microalgae. In the present study, we focused on the lipid promotion of the heterotrophic T. minus under two regimes of phototrophy and heterotrophy with different inductive conditions. Results revealed that the lipid content was only 15.5% at day four and a little promotion (26.7% at day six and 28.7% at day eight) was observed at the end of the fed-batch fermentation without induction, indicating that for the heterotrophic cultivation of T. minus, a simple extension of fermentation is not a desirable means to improve the lipid accumulation, while the lipid content would be strongly enhanced if appropriate inductions were employed.



Under the heterotrophic induction conditions, the richness of nutrients in the medium played an important role in the lipid accumulation according to our results, and the more comprehensive the nutrition was, the lower the lipid content increased. The highest lipid content (41.9%) of T. minus was obtained in the medium only containing glucose. Results indicated that, under the comprehensive nutrients condition, the major product of biosynthesis in T. minus was the carbohydrate for the cell growth and reproduction, rather than the lipid which is generally synthesized as the energy storage chemical when microalgal cells are exposed to the adverse conditions. While a large amount of lipid would be synthesized if the T. minus cells were inoculated into the medium, which was deficient in various nutrients and only supplied with glucose as an essential carbon source. This was interesting because the previous work mainly focused on the single stress of nitrogen, phosphorus, iron, or salinity [32,33,34,35], and that only performed a slight influence on the lipid accumulation of heterotrophic T. minus [29]. A surprising result of this research is that a sizable rise of the lipid content was observed when T. minus was induced in pure water. A possible explanation is that the de-novo lipid biosynthesis would still be possible while the carbohydrate is consumed for respiration to maintain other biosynthetic pathways under the condition of extreme nutritional deficiency. Under the phototrophic induction condition, there was a lag phase (two days) for the growth of T. minus, and it is reasonable because the photosynthetic system, that is relatively feeble in heterotrophic seeds, needs to be rebuilt under phototrophic conditions and a certain time is necessary. The lipid content of T. minus also could reach 49% after 10 days of phototrophic induction, and this was similar to the results of the traditional phototrophic cultivation [25,26].



A brief comparison of the lipid productivity by the two lipid induction methods of phototrophy and heterotrophy was listed in Table 1. Both the two induction regimes were effective to enhance the lipid accumulation and resulted in a 3-fold increase of the total lipid content. The phototrophic induction had a better performance in the lipid and palmitoleic acid accumulation than the heterotrophic induction did, whereas a longer cultivation time was indispensably required for the phototrophic method, which correspondingly resulted in a little lower lipid and palmitoleic acid productivity. Moreover, the heterotrophic induction was independent of light and could be conducted at a high inoculation density, and these advantages made it more efficient for the lipid and palmitoleic acid production in less space occupation and more feasible in any climatic and seasonal location to scale up. In addition, it should be noted that the T. minus cells could be easily harvested by a gauze or sieve due to the filamentous morphology, and the renewal of the medium and in situ inoculation could be handled aseptically if an inner filter is installed in the fermenter. So, the operation process could be simplified, and the potential contamination problem could be avoided effectively. Therefore, rather than the phototrophic induction method, the heterotrophic induction was much more advantageous for the fermented T. minus, resulting in the highest lipid and palmitoleic acid productivities of 1.77 g L−1 d−1 and 924 mg L−1 d−1, respectively.



It seems that there is only a minor difference between the two lipid productivities of the “one pot” fed-batch fermentation (the highest lipid productivity was 1.71 g L−1 d−1) and the heterotrophic induction cultivation, and the former could be still useful for the production of the lipid and palmitoleic acid owing to its remarkable productivities. Actually, the major drawback of the “one pot” cultivation is the relatively low lipid content, and this will complicate the lipid extraction in a potential large-scale lipid production. However, the two-phase induction method will get over this limitation due to the highly enhanced lipid content.




4. Materials and Methods


4.1. Microalga and Culture Conditions


Filamentous microalga T. minus was purchased from SAG culture collection, University of Gottingen, and maintained in a BG11 medium [42]. Inoculum for the first stage of the heterotrophic cultivation was prepared in 250 mL flasks with 100 mL of a modified BG11 medium (Table 2) by adding glucose and urea according to our previous work on medium optimization [29], and then incubated in an orbital shaker with a stirring speed of 180 rpm and temperature of 27 °C for about three days. The pH value of the medium was maintained between 7 and 7.5 by adding 1 mol L−1 of NaOH or HCl solution in all cases throughout the study.




4.2. Experimental Design


Heterotrophic cultivation: Fed-batch cultivation was performed for eight days at 27 °C in a 1000 mL glass bubble column (covered with silver paper) with 800 mL of a modified BG11 medium, in which the glucose was fed once a day to maintain the glucose concentration at around 20 g L−1. The initial biomass was 5 g L−1, and the air flow rate was 0.5 vvm (air volume/culture volume/min).



Lipid induction: Prior to this process, the T. minus biomass was prepared by repeating the above fed-batch cultivation for four days to achieve the highest biomass (the first stage), and then the algal cells were harvested by a sterilized gauze and washed by sterile water three times carefully in a clean operating cabinet. The harvested T. minus biomass was subsequently used in the lipid induction process (the second stage) by using a 1000 mL glass bubble column with the 800 mL medium at 27 °C. The experimental arrangement for this process was listed in Table 3, and simply described as follows.



Lipid induction by heterotrophy: In order to investigate the combined regulation of various nutrients on the lipid accumulation, four different kinds of medium including the Glu medium, Glu+NPMg medium (with the same concentration of nitrogen, phosphorus, and magnesium to the BG11 medium), Glu+BG11 medium, and control medium were designed according to the abundance of the nutrients. The above harvested T. minus was re-suspended in the four different media and cultured in a glass bubble column covered with silver paper. The initial glucose concentration was 20 g L−1 and the glucose was batch-fed to maintain the concentration at around 20 g L−1 during the process.



Lipid induction by phototrophy: For this regime, three factors were investigated including the illumination, nutrient, and initial biomass. The illumination intensity was fixed at 100 μmol photons m−2 s−1, and the carbon source was CO2 enriched air by the ratio of 1%. The glass bubble column used in this section was not covered with silver paper.




4.3. Analytical Methods


The biomass was determined by a gravimetric method. 5 mL of broth (V) was taken from each cultivation per day. The samples were then filtered by pre-weighed 0.45 μm GF/C filter membranes (Whatman, DW0) and washed by distilled water three times. The membranes were dried to a constant weight at 105 °C and weighed (DW1). The dry weight (DW) was calculated as (DW1−DW0)/V [43]. The specific growth rate (μ) for the cultivation was calculated as (lnBt−lnB0)/(t−t0), wherein Bt and B0 were the biomass at time t and t0, respectively.



The lipid content was determined by the way according to Chen et al. [44]. The biomass from a 10 mL broth was filtered and freeze-dried. Approximately 50 mg of dried biomass was extracted with methanol-chloroform (2:1, v/v) after grinding, then the solution was separated into chloroform and aqueous methanol layers by adding the chloroform and 1% NaCl solution to make a final volume ratio of chloroform: methanol: 1% NaCl of 1:1:0.9. The chloroform layer was collected by a pipette and evaporated by nitrogen-blowing, and the lipid content was then calculated gravimetrically.



Fatty acids in the lipid were converted into fatty acid methyl esters (FAMEs) and then analyzed on a Varian 450GC (Varian Inc., Palo Alto, CA, USA). The lipid, containing a nonadecanoic acid (C19:0) added as an internal standard, was converted into FAMEs with the sulfuric acid/methanol (1:50, w/v) and incubated at 85 °C for 2.5 h. Nitrogen was used as a carrier gas during the FAMEs analysis on 450GC, and the injector temperature was set at 280 °C with an injection volume of 2 μL under a split mode of 10:1. The individual FAMEs were identified by a chromatographic comparison with authentic standards (Sigma, St. Louis, MO, USA) and calculated by the way reported by Chen et al. [44].



The Nile Red staining of microalgal cells was operated by the way according to Cooksey et al. [45], and the fluorescence examination was carried out on a fluorescence microscope (OLYMPUS BX35, Tokyo, Japan). The contents of the protein and carbohydrate were determined by the methods described by the national standards of the People’s Republic of China (GB 5009.5-2016 and GB/T 15672-2009, respectively).



The glucose concentration of the medium was analyzed by using a biosensor (SBA-40D, Jinan, China). The biomass yield on the glucose was calculated as (B1−B0)/(G0−G1), wherein B0 and G0 were the initial biomass and total glucose concentration, and B1 and G1 were the final biomass and residual glucose concentration, respectively. The lipid yield on glucose was calculated as (B1 × LC1−B0 × LC0)/(G0−G1), wherein B1 and B0 were the final biomass and initial biomass, respectively, LC1 and LC0 were the final lipid content and initial lipid content, respectively, and G0 and G1 were the total glucose concentration and residual glucose concentration, respectively.



The biomass productivity was calculated as (B1−B0)/T, wherein B1 and B0 were the final biomass and initial biomass, respectively, and T was the culture time. The lipid productivity was calculated as (B1 × LC1−B0 × LC0)/T, wherein B1 and B0 were the final biomass and initial biomass, respectively, LC1 and LC0 were the final lipid content and initial lipid content, respectively, and T was the culture time. The palmitoleic acid productivity was approximately calculated as LP × PC, wherein LP was the lipid productivity and PC was the palmitoleic acid content in the fatty acid profile.




4.4. Statistical Analysis


All the experiments were performed in parallel triplicates and repeated twice for validation, and data were denoted as a mean value ± SE (standard error). The statistical analysis of the data was performed using the SPSS (version 18.0, Chicago, IL, USA). A one-way analysis of variance (ANOVA) was used to evaluate the difference of the biomass and lipid content among the treatments at a confidence level of 0.05 and a LSD Post Hoc test for the ANOVA was applied.








Author Contributions


W.Z. carried out the experiments, data processing and drafted the manuscript; H.W. and L.Z. took part in the laboratory experiments; W.C. and L.G. were responsible for the algal cultivation; T.L. was involved in the conceptual design and helped draft and revise the manuscript.




Funding


This work was financially supported by DICP&QIBEBT UN201801 (Grant: DICP&QIBEBT UN201801) and Dalian National Laboratory for Clean Energy (DNL), CAS, and funded by the key lab of marine bioactive substance, SOA (MBSMAT-2017-04).




Conflicts of Interest


The authors declare that there are no conflicts of interest.




References


	



De Souza, C.O.; Vannice, G.K.; Rosa Neto, J.C.; Calder, P.C. Is palmitoleic acid a plausible nonpharmacological strategy to prevent or control chronic metabolic and inflammatory disorders? Mol. Nutr. Food Res. 2018, 62, 1700504. [Google Scholar] [CrossRef]

	



Cao, H.M.; Gerhold, K.; Mayers, J.R.; Wiest, M.M.; Watkins, S.M.; Hotamisligil, G.S. Identification of a lipokine, a lipid hormone linking adipose tissue to systemic metabolism. Cell 2008, 134, 933–944. [Google Scholar] [CrossRef]

	



Souza, C.O.; Teixeira, A.A.S.; Lima, E.A.; Batatinha, H.A.P.; Gomes, L.M.; Carvalho-Silva, M.; Mota, I.T.; Streck, E.L.; Hirabara, S.M.; Rosa Neto, J.C. Palmitoleic acid (n-7) attenuates the immunometabolic disturbances caused by a high-fat diet independently of PPARα. Med. Inflamm. 2014, 2014, 582197. [Google Scholar] [CrossRef]

	



Guo, X.; Li, H.G.; Xu, H.; Halim, V.; Zhang, W.Y.; Wang, H.; Ong, K.T.; Woo, S.L.; Walzem, R.L.; Mashek, D.G.; et al. Palmitoleate induces hepatic steatosis but suppresses liver inflammatory response in mice. PLoS ONE 2012, 7, e39286. [Google Scholar] [CrossRef]

	



Çimen, I.; Kocatürk, B.; Koyuncu, S.; Tufanlı, Ö.; Onat, U.I.; Yıldırım, A.D.; Apaydın, O.; Demirsoy, Ş.; Aykut, Z.G.; Nguyen, U.T.; et al. Prevention of atherosclerosis by bioactive palmitoleate through suppression of organelle stress and inflammasome activation. Sci. Trans. Med. 2016, 8, 358ra126. [Google Scholar] [CrossRef]

	



Souza, C.O.; Teixeira, A.A.S.; Biondo, L.A.; Silveira, L.S.; Calder, P.C.; Rosa Neto, J.C. Palmitoleic acid reduces the inflammation in LPS-stimulated macrophages by inhibition of NFκB, independently of PPARs. Clin. Exp. Pharmacol. Physiol. 2017, 44, 566–575. [Google Scholar] [CrossRef]

	



Chan, K.L.; Pillon, N.J.; Sivaloganathan, D.M.; Costford, S.R.; Liu, Z.; Théret, M.; Chazaud, B.; Klip, A. Palmitoleate reverses high fat-induced pro-inflammatory macrophage polarization via AMPK. J. Biol. Chem. 2015, 290, 16979–16988. [Google Scholar] [CrossRef]

	



Yang, Z.H.; Miyahara, H.; Hatanaka, A. Chronic administration of palmitoleic acid reduces insulin resistance and hepatic lipid accumulation in KK-Ay Mice with genetic type 2. Lipids Health Dis. 2011, 10, 120. [Google Scholar] [CrossRef]

	



Yang, Z.H.; Takeo, J.; Katayama, M. Oral administration of omega-7 palmitoleic acid induces satiety and the release of appetite-related hormones in male rats. Appetite 2013, 65, 1–7. [Google Scholar] [CrossRef]

	



Knothe, G. Biodiesel derived from a model oil enriched in palmitoleic acid, macadamia nut oil. Energy Fuels 2010, 24, 2098–2103. [Google Scholar] [CrossRef]

	



Cao, Y.J.; Liu, W.; Xu, X.; Zhang, H.B.; Wang, J.M.; Xian, M. Production of free monounsaturated fatty acids by metabolically engineered Escherichia coli. Biotechnol. Biofuels 2014, 7, 59–69. [Google Scholar] [CrossRef]

	



Rybak, A.; Fokou, P.A.; Meier, M.A.R. Metathesis as a versatile tool in oleochemistry. Eur. J. Lipid Sci. Technol. 2008, 110, 797–804. [Google Scholar] [CrossRef]

	



Nguyen, H.T.; Mishra, G.; Whittle, E.; Pidowich, M.S.; Bevan, S.A.; Merlo, A.O.; Walsh, T.A.; Shanklin, J. Metabolic engineering of seeds can achieve levels of omega-7 fatty acids comparable to the highest levels found in natural plant sources. Plant Physiol. 2010, 154, 1897–1904. [Google Scholar] [CrossRef]

	



Wu, Y.M.; Li, R.Z.; Hildebrand, D.F. Biosynthesis and metabolic engineering of palmitoleate production, an important contributor to human health and sustainable industry. Prog. Lipid Res. 2012, 51, 340–349. [Google Scholar] [CrossRef]

	



Yang, B.R.; Kallio, H.P. Fatty acid composition of lipids in sea buckthorn (Hippophae rhamnoides L.) berries of different origins. J. Agric. Food Chem. 2001, 49, 1939–1947. [Google Scholar] [CrossRef]

	



Salas, J.J.; Martinez-Force, E.; Garces, R. Biochemcial characterization of a high palmitoleic acid Helianthus annuus mutant. Plant Physiol. Biochem. 2004, 42, 373–381. [Google Scholar] [CrossRef]

	



Okullo, A.A.; Temu, A.K.; Ogwok, P.; Ntalikwa, J.W. Physico-chemical properties of biodiesel from jatropha and castor oils. Int. J. Renew. Energy Res. 2012, 2, 47–52. [Google Scholar]

	



De Swaaf, M.; Sijtsma, L.; Pronk, J. High-cell-density fed-batch cultivation of the docosahexaenoic acid producing marine alga Crypthecodinium cohnii. Biotechnol. Bioeng. 2003, 81, 666–672. [Google Scholar] [CrossRef]

	



Xiong, W.; Li, X.F.; Xiang, J.Y.; Wu, Q.Y. High-density fermentation of microalga Chlorella protothecoides in bioreactor for microbio-diesel production. Appl. Microbiol. Biotechnol. 2008, 78, 29–36. [Google Scholar] [CrossRef]

	



Wei, A.L.; Zhang, X.W.; Wei, D.; Chen, G.; Wu, Q.Y.; Yang, S.T. Effects of cassava starch hydrolysate on cell growth and lipid accumulation of the heterotrophic microalgae Chlorella protothecoides. J. Ind. Microbiol. Biotechnol. 2009, 36, 1383–1389. [Google Scholar] [CrossRef]

	



Han, F.F.; Huang, J.K.; Li, Y.G.; Wang, W.L.; Wang, J.; Fan, J.H.; Shen, G.M. Enhancement of microalgal biomass and lipid productivities by a model of photoautotrophic culture with heterotrophic cells as seed. Bioresour. Technol. 2012, 118, 431–437. [Google Scholar] [CrossRef]

	



Lang, I.K.; Hodac, L.; Friedl, T.; Feussner, I. Fatty acid profiles and their distribution patterns in microalgae: A comprehensive analysis of more than 2000 strains from the SAG culture collection. BMC Plant Biol. 2011, 11, 124–140. [Google Scholar] [CrossRef]

	



Klok, A.J.; Lamers, P.P.; Martens, D.E.; Draaisma, R.B.; Wijffels, R.H. Edible oils from microalgae: Insights in TAG accumulation. Trends Biotechnol. 2014, 32, 521–528. [Google Scholar] [CrossRef]

	



Wang, H.; Gao, L.L.; Chen, L.; Guo, F.J.; Liu, T.Z. Integration process of biodiesel production from filamentous oleaginous microalgae Tribonema minus. Bioresour. Technol. 2013, 142, 39–44. [Google Scholar] [CrossRef]

	



Guo, F.J.; Wang, H.; Wang, J.F.; Zhou, W.J.; Gao, L.L.; Chen, L.; Dong, Q.Z.; Zhang, W.; Liu, T.Z. Special biochemical responses to nitrogen deprivation of filamentous oleaginous microalgae Tribonema sp. Bioresour. Technol. 2014, 158, 19–24. [Google Scholar] [CrossRef]

	



Wang, H.; Zhou, W.J.; Cheng, W.T.; Gao, L.L.; Liu, T.Z. Strategy study on enhancing lipid productivity of filamentous oleaginous microalgae Tribonema. Bioresour. Technol. 2016, 218, 161–166. [Google Scholar]

	



Wang, H.; Gao, L.L.; Zhou, W.J.; Liu, T.Z. Growth and palmitoleic acid accumulation of filamentous oleaginous microalgae Tribonema minus at varying temperatures and light regimes. Bioprocess Biosyst. Eng. 2016, 39, 1589–1595. [Google Scholar] [CrossRef]

	



Belcher, J.H.; Fogg, G.E. Studies on the growth of Xanthophyceae in pure culture. Arch. Microbiol. 1958, 30, 17–22. [Google Scholar] [CrossRef]

	



Zhou, W.J.; Wang, H.; Chen, L.; Cheng, W.T.; Liu, T.Z. Heterotrophy of filamentous oleaginous microalgae Tribonema minus for potential production of lipid and palmitoleic acid. Bioresour. Technol. 2017, 239, 250–257. [Google Scholar] [CrossRef]

	



Wang, H.; Zhou, W.J.; Shao, H.M.; Liu, T.Z. A comparative analysis of biomass and lipid content in five Tribonema sp. strains at autotrophic, heterotrophic and mixotrophic cultivation. Algal Res. 2017, 24, 284–289. [Google Scholar] [CrossRef]

	



Li, Y.Q.; Mu, J.X.; Chen, D.; Han, F.X.; Xu, H.; Kong, F.; Xie, F.; Feng, B. Production of biomass and lipid by the microalgae Chlorella protothecoides with heterotrophic-Cu(II) stressed (HCuS) coupling cultivation. Bioresour. Technol. 2013, 148, 283–292. [Google Scholar] [CrossRef]

	



Li, Y.Q.; Mu, J.X.; Chen, D.; Xu, H.; Han, F.X. Enhanced lipid accumulation and biodiesel production by oleaginous Chlorella protothecoides under a structured heterotrophic-iron (II) induction strategy. World J. Microbiol. Biotechnol. 2015, 31, 773–783. [Google Scholar] [CrossRef]

	



Shen, X.F.; Liu, J.J.; Chauhan, A.S.; Hu, H.; Ma, L.L.; Lam, P.K.S.; Zeng, R.J. Combining nitrogen starvation with sufficient phosphorus supply for enhanced biodiesel productivity of Chlorella vulgaris fed on acetate. Algal Res. 2016, 17, 261–267. [Google Scholar] [CrossRef]

	



Fu, L.; Cui, X.C.; Li, Y.B.; Xu, L.; Zhang, C.F.; Xiong, R.H.; Zhou, D.D.; Crittenden, J.C. Excessive phosphorus enhances Chlorella regularis lipid production under nitrogen starvation stress during glucose heterotrophic cultivation. Chem. Eng. J. 2017, 330, 566–572. [Google Scholar] [CrossRef]

	



Fan, J.H.; Zheng, L.H. Acclimation to NaCl and light stress of heterotrophic Chlamydomonas reinhardtii for lipid accumulation. J. Biosci. Bioeng. 2017, 124, 302–308. [Google Scholar] [CrossRef]

	



Li, Y.Q.; Xu, H.; Han, F.X.; Mu, J.X.; Chen, D.; Feng, B.; Zeng, H.Y. Regulation of lipid metabolism in the green microalga Chlorella protothecoides by heterotrophy-photoinduction cultivation regime. Bioresour. Technol. 2015, 192, 781–791. [Google Scholar] [CrossRef]

	



Zheng, Y.B.; Chi, Z.Y.; Lucker, B.; Chen, S.L. Two-stage heterotrophic and phototrophic culture strategy for algal biomass and lipid production. Bioresour. Technol. 2012, 103, 484–488. [Google Scholar] [CrossRef]

	



Shi, X.M.; Liu, H.J.; Zhang, X.W.; Chen, F. Production of biomass and lutein by Chlorella protothecoides at various glucose concentrations in heterotrophic cultures. Process Biochem. 1999, 34, 341–347. [Google Scholar] [CrossRef]

	



Jiang, Y.; Yoshida, T.; Ouigg, A. Photosynthetic performance, lipid production and biomass composition in response to nitrogen limitation in marine microalgae. Plant Physiol. Biochem. 2012, 54, 70–77. [Google Scholar] [CrossRef]

	



Li, Y.; Han, D.P.; Hu, Q.; Sommerfeld, M. Inhibition of starch synthesis results in overproduction of lipids in Chlamydomonas reinhardtii. Biotechnol. Bioeng. 2010, 107, 258–268. [Google Scholar] [CrossRef]

	



Vince, O.; Wendy, A.; Peter, B.; Johanes van, S.; Csaba, L. Changes in lipid, protein and pigment concentrations in nitrogen-stressed Chlorella minutissima cultures. J. Appl. Phycol. 2012, 24, 907–914. [Google Scholar]

	



Stanier, R.Y.; Kunisawa, R.; Mandel, M.; Cohen-Bazire, G. Purification and properties of unicellular blue-green algae (order Chroococcales). Bacteriol. Rev. 1971, 35, 171–205. [Google Scholar]

	



Liu, T.Z.; Wang, J.F.; Cheng, P.F.; Ji, B.; Liu, J.L.; Chen, Y.; Zhang, W.; Chen, X.L.; Chen, L.; Gao, L.L.; et al. Attached cultivation technology of microalgae for efficient biomass feedstock production. Bioresour. Technol. 2013, 127, 216–222. [Google Scholar] [CrossRef]

	



Chen, L.; Liu, T.Z.; Zhang, W.; Chen, X.L.; Wang, J.F. Biodiesel production from algae oil high in free fatty acids by two-step catalytic conversion. Bioresour. Technol. 2012, 111, 208–214. [Google Scholar] [CrossRef]

	



Cooksey, K.E.; Guckert, J.B.; Williams, S.A.; Callis, P.R. Fluorometric determination of the neutral lipid content of microalgal cells using Nile Red. J. Microbiol. Methods 1987, 6, 333–345. [Google Scholar] [CrossRef]








[image: Ijms 20 04356 g001a 550][image: Ijms 20 04356 g001b 550] 





Figure 1. Growth, glucose consumption and cellular components (A), and fatty acid profiles (B) of heterotrophic T. minus in the bubble column. Values shown are averages of three replicates and error bars represent the standard deviations for the replicates. 
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Figure 2. Growth curve and glucose consumption (A), cellular components (B) and fatty acid profiles (C) of T. minus in different mediums under heterotrophic regime. Values shown are averages of three replicates and error bars represent the standard deviations for the replicates. 
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Figure 3. Fluorescence microscopy examination of T. minus in different mediums under the heterotrophic regime (stained with Nile Red). 
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Figure 4. Growth curve (A), cellular components (B) and fatty acid profiles (C) of T. minus under the photoautotrophic regime. Values shown are averages of three replicates and error bars represent the standard deviations for the replicates. 






Figure 4. Growth curve (A), cellular components (B) and fatty acid profiles (C) of T. minus under the photoautotrophic regime. Values shown are averages of three replicates and error bars represent the standard deviations for the replicates.



[image: Ijms 20 04356 g004a][image: Ijms 20 04356 g004b]







[image: Table] 





Table 1. Comparison between the phototrophic and heterotrophic methods to promote the lipid of T. minus. Data is presented as an average of three replicates with standard deviation.
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	Induction Methods
	Phototrophy
	Heterotrophy





	Initial lipid content (% DW)
	15.5 ± 1.4
	15.5 ± 1.4



	Final lipid content (% DW)
	49.0 ± 1.3
	41.9 ± 2.4



	Maximum lipid productivity (g L−1 d−1)
	0.45
	1.77



	Maximum palmitoleic acid content (% fatty acid profile)
	58.0
	52.2



	Maximum palmitoleic acid productivity (mg L−1 d−1)
	261
	924










[image: Table] 





Table 2. Composition of a modified BG11 medium.
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	Modified BG11 Medium
	
	
	





	Glucose
	20 g L−1
	ZnSO4·7H2O
	0.222 mg L−1



	Urea
	2 g L−1
	CuSO4·5H2O
	0.079 mg L−1



	K2HPO4
	400 mg L−1
	MnCl2·4H2O
	1.81 mg L−1



	MgSO4·7H2O
	375 mg L−1
	Na2MoO4·2H2O
	0.39 mg L−1



	CaCl2·2H2O
	180 mg L−1
	Co(NO3)4·6H2O
	0.0494 mg L−1



	Na2CO3
	100 mg L−1
	H3BO3
	2.86 mg L−1



	Citric acid
	30 mg L−1
	Na2EDTA
	5 mg L−1



	Ammonium ferric citrate
	24 mg L−1
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Table 3. Experimental arrangement for the lipid induction.
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Regimes

	
Specific Conditions






	
Heterotrophy

(air flow rate of 0.5 vvm with pure air, initial biomass of 9.4 g L−1)

	
Glu medium (adding glucose in water)




	
Glu+NPMg medium (adding glucose, N, P and Mg in water)




	
Glu+BG11 medium (adding glucose in BG11 medium)




	
Control (pure water)




	
Phototrophy

(100 μmol photons m–2 s−1, air flow rate of 0.5 vvm with 1% CO2 in air)

	
Illumination test

(BG11 medium and initial biomass of 6.4 g L−1)

	
Continuous




	
Alternative (light/dark = 16 h/8 h)




	
Nutrient test

(continuous illumination and initial biomass of 6.4 g L−1)

	
BG11 medium




	
BG11-N medium (N-free)




	
BG11-P medium (P-free)




	
Initial inoculation biomass test

(continuous illumination and BG11 medium)

	
3.2 g L−1




	
6.4 g L−1




	
9.6 g L−1












© 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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